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THE ANNUAL CO; EMISSIONS AND ENERGY COSTS
OF DIFFERENT EXTERIOR WALL STRUCTURES IN RESIDENTIAL BUILDINGS IN
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Abstract: Carbon dioxide emissions are one of the most important causes of global climate change. It is accepted in
the world today that the world urgently needs to reduce carbon dioxide emissions in order to avoid the worst impacts
of climate change. In this study, the optimum thickness of each insulation material is determined depending on the
available costs and the total annual CO: emissions of insulation materials for building external walls with different
structure in the selected cities from different climate regions of Turkey. The different wall types insulated with four
different insulation materials are presented. The results indicate that the optimum insulation thickness varies from 2.5
to 13 cm and is different for each wall type and insulation material. The total annual CO2 emission per unit area of
the wall varies between 3.32 and 10.32 kg CO2/m? depending on the insulation material and wall type.

Keywords: CO: emissions; life cycle cost; Optimum insulation thickness; Eco-efficiency

TURKIYE'DE KONUTLARDA FARKLI DIS DUVAR YAPILARININ YILLIK CO; EMiSYONLARI VE
ENERJi MALIYETLERI

Ozet: Karbondioksit emisyonlari, kiiresel iklim degisikliginin en 5nemli nedenlerinden biridir. iklim degisikliginin en
kot etkilerinden kaginmak i¢in diinyanin acilen karbondioksit emisyonlarini azaltmasi gerektigi bugiin diinyada kabul
gormektedir. Bu ¢aligmada, her bir yalitim malzemesinin optimum kalinhigi, Tiirkiyenin farkli iklim bdlgelerinden
secilen sehirlerde farkli yapiya sahip dis duvarlar i¢in yalitim malzemelerinin mevcut maliyetlerine ve yillik toplam
CO2 emisyonlarina bagli olarak belirlenmistir. Dort farkli yalitim malzemesi ile yalitilmig farkli duvar tipleri
sunulmaktadir. Sonuglar, optimum yalitim kalinliginin 2.5 ile 13 cm arasinda degistigini ve her duvar tipi ve yalitim
malzemesi i¢in farkli oldugunu gostermektedir. Duvarin birim alani basina yillik toplam COz emisyonu, yalitim
malzemesine ve duvar tipine bagh olarak 3.32 ile 10.32 kg CO2/m? arasinda degismektedir.

Anahtar Kelimeler: CO; emisyonlari; Yasam dongiisii maliyeti; Optimum yalitim kalinlig1; Eko-verimlilik

NOMENCLATURE INTRODUCTION

Ca yearly energy cost ($/m? year) Buildings play an important role in consumption of
Ci unit cost of insulation material ($/m?) energy all over the world. The annual global CO:
d discount rate (%) emissions generated by buildings are nearly 40%. The
HDD  heating degree days (°C-days) building operations are responsible from 28% of those
Hy lower calorific value of fuel (J/kg) total emissions annually, while building materials and
i inflation rate (%) construction (typically referred to as embodied carbon)
Kins heat cond. coeff. of ins. material (W/m K) are responsible for an additional 11% of those total
N lifetime (years) emissions annually (Global ABC Global Status Report,
Np payback period (years) 2018).

Rw total thermal resistance of the wall (m? K/W)

S savings ($/m?) The recent works towards energy-saving design is not
To base temperature (°C) only in conditions of providing lower U-values, but also
Ti inside air temperature (°C) in the improving and use of natural and local insulation
To average daily temperature (°C) materials. In last years, the areas of thermal conservation
U total heat transfer coefficient (W/m? K) in buildings are more concentrating on environmental
q annual heat loss from wall (W/m?) properties. Measures to prevent environmental pollution
Qu annual heating load per unit area (kWh/m?) are not only limited to energy savings (Stephan,
Qc annual cooling load per unit area (kWh/m?) Crawford and Myttenaere 2012). The optimum

insulation thickness is determined by some researchers



(Nematchoua et al.2017; Kayfeci, Keg¢ebas and Gedik
2013; Kurekci 2016; Comakli and Yiiksel 2003;
Dombayci, Golcii and Pancar 2006; Bolattiirk 2006;
Akan 2021).

The total CO. emissions of a building consist of
operational and embodied emissions. Operational COz
emissions are emissions from the use of a building's
heating and cooling system. Embodied carbon generally
refers to the carbon dioxide (CO2) emissions associated
with the construction and material life throughout a
building whole life span. Ozel et al. (2015) determined
the optimum insulation thickness using the
environmental and life cycle cost analyses. They
calculated the fuel consumption, the CO2 emission and
the environmental impacts of the system related to
entransy loss. Gaarder et al. (2023) analyzed the
influence of the energy emission factor and future climate
change on the optimal insulation thickness. They used
three independent models for case studies in Greenland
and Norway. Jie et al. (2018) determined the optimum
insulation thickness based on primary energy
consumption, global cost and pollutant emissions and
they analyzed four heat and cold sources for a case study.
Akan and Akan (2022) determined CO2 emissions based
on the energy savings through the thermal insulation
applied to the external walls of the buildings for eighty-
one different zones using four diverse thermal insulation
materials. They found that CO2 emissions decreased by
approximately 66-76% in the heating season and by 46-
69% in the cooling season in buildings with thermal
insulation. The environmental problems like global
warming, acid rain, air pollution, urban sprawl, waste
disposal, ozone layer depletion, water pollution, climate
change affect all the human, animal and nation on world.
The Life Cycle Assessment (LCA) methodology is used
as a tool to assess potential environmental impacts of
products along their life cycle. LCA is applied in many
researches to evaluate the impact of different insulation
materials (Braulio-Gonzalo 2017; Lazzarin, Busato and
Castellotti 2008; Cabeza et al. 2014; Ferrandez-Garcia,
Ibanez-Forés and Bovea 2016; Axaopoulos et al. 2019;
Atmaca 2016; Huang et al. 2020).

As energy consumption in developing countries such as
Turkey increase, environmental pollution and
greenhouse gas emissions are increasing every year.
Residential buildings are very important in reducing
energy needs and greenhouse gas emissions. In this
study, the optimum thickness of each insulation material
is determined depending on the available costs and the
total annual COz emissions of insulation materials for
residential building external walls with different structure
in the selected different cities of Turkey. Firstly, the
optimum value of Insulation thickness is determined by
maximizing the net energy savings for heating, cooling
and both heating and cooling found by the Life Cycle
Costing (LCC) method. Secondly, the optimum
insulation thickness is found by minimizing the total
annual COz emissions. In this study, the four wall types
commonly used in Turkey were selected. The same

methodology can be repeated for other wall types and
different climatic conditions.

METHODOLOGY

The methodology is applied to residential building
external walls with different structure as a case study by
comparing four insulation materials. Methodological
framework is presented in Fig.1.
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Fig.1. Methodological framework.
Description of the building and wall structures

The gross area of studied building is about 140 m? per
story, three stories, and two dwellings per story. Each
dwelling unit has three bedrooms and a living room and
a bathroom. Fig.2 presents the detailed floor plan of
building.

’ 1600

480

Coridor
- 11.61m2
' Bedroom L— = = ~ s
140m? y J R
2 Bath wC
$70m* 3428 /
¥ T ¥ T — =

380 300 180 200
[ " T 600

Fig.2.The floor plan of the studied building

300

+

The heat losses to environment from the external walls of
buildings is occurred. Wall 1 consist of 2 cm inner
plaster, 13 cm brick, insulation material and 2 cm



external plaster. Wall 2 is a sandwich wall which has a
compound structure consisting of 2 cm inner plaster, 10
cm each of two brick layers and 2 cm external plaster.
The materials used in Wall 3 are inner plaster, hollow
concrete block, insulation and external plaster. In this
wall configuration, the assumed total thickness for
concrete is 20 cm, while the thickness for interior plaster
is 2 cm and for exterior plaster is 2 cm. Wall 4 consist of

Table 1. Thermal characteristics of wall structures

2 cm inner plaster, 30 cm CSEB (Compressed Stabilised
Earth Block), insulation material and 2 cm external
plaster. In this working, polyurethane (PU), extruded
polystyrene (XPS), glass wool (GW) and expanded
polystyrene (EPS) are selected as insulation materials.
The physical properties of each material used in the wall
structures are given in Table 1.

Wall type Thickness Thermal Resistance | Insulation | Cross-sectional views of the
(m) conductivity | (m? K/W) | cost investigated external wall
(W/mK) ($/m?) structures.
Wall 1 0.335
4-Interior plaster 0.02 0.87 =
(TS EN 998-1) g
3-Brick 0.13 0.45 =
(TS EN 771-1) =
2-Insulation * 2
1-External plaster 0.02 0.87 =
(TS EN 998-1)
Wall 2 0.490
4-Interior plaster 0.02 0.87
3-Brick 0.10 0.45 g
3-Brick 0.10 0.45 s
2-Insulation * E;«
1-External plaster 0.02 0.87 %
Wall 3 0.379
4-Interior plaster 0.02 0.87
5-Hollow concrete block | 0.20 0.60 [T
(TSEN 771-3) [
2-Insulation * | :
1-External plaster 0.02 0.87 |
| Wall IIT
Wall 4 0.387
4-Interior plaster 0.02 0.87 -
6-CSEB 0.30 0.88 =]
2-Insulation * §§§
1-External plaster 0.02 0.87 %
Insulation Materials
Polyurethane * 0.024 260
(TS EN 13165)
Extruded polystyrene * 0.031 180
(TS EN 13164)
Expanded polystyrene * 0.039 120
(TSEN 13163)
Glass wool * 0.040 75
(TS EN 13167)

* The optimum thickness of insulation material which is found by the life cycle cost analysis




Table 2. The parameters used in calculations (Evin and Ucar,

2019)
Parameter Value
Cities Hatay Batman Elazig Bayburt
HDD 1119 1823 2653 4149
CDD 614 763 337 8
Natural gas
(Heating)
Cr 0.332 $/m’
Hu 34.526 x10°)/m?
Ns 0.90
fu 0.181 kgCO2/kWh
Electricity
(Cooling)
Ce 0.3496 $/kWh
fc 0.588 kgCO2/kWh
fins (CO2 emission factor of materials (kgCO2/kg))
Polyurethane 3.75
Extruded polystyrene 4.42
Expanded polystyrene 2.35
Glass wool 1.16
Brick 0.246
Plaster 0.23
Concrete 0.170
CSEB 51.5
Interest rate, i (TCMB, 2022)  7.5%
Inflation rate, d(TCMB, 2022) 64%
Lifetime, N 10
T; 20°C

Climatic zones

The degree-day method is one of the commonly used
methods to estimate the amount of energy required for
heating or cooling. The total number of annual heating
and cooling degree-days (HDDs and CDDs) is calculated
by

HDD = Zdays(Tb -T)" (1
CDD = Zdays(To —Ty)" 2)

The plus sign above the parentheses indicates that only
positive values are to be counted (Kaynakli 2012). In this
study, the annual heating and cooling degree-days of
studied cities are taken for base temperatures of 18 °C for
heating and 22 °C for cooling. According to the updated
code TS 825 Thermal Insulation Requirements for
Buildings, Turkey is divided into five climatic zones in
relation to their average temperature degree-days of
heating (TS 825, 2013). Energy performance of the
different types of buildings, the calculation method of
annual heating energy demand, thermal transmittance
“U” values for each region, which is defined by using the
“degree day method” in TS-825, and the maximum
heating demand values according to regions were
described (Evin and Ugar, 2019). The heating and
cooling degree-days of each region are different from
each other due to their climatic characteristics. Heating
degree-day values in the cities on the coast have lower
values compared to cities in the eastern and inner regions.

In this study, Hatay from the coastal region and Batman
from the southern region were selected. Elazig and
Bayburt cities with different climatic characteristics of
Turkey were selected from the eastern and inner regions
and optimum values of insulation thickness were found.
The annual heating degree-days of Hatay in the
southernmost of Turkey is 1119, while degree-days of
Bayburt in the north-east of Turkey is 4149. Batman is
a Turkish province southeast of Anatolia and the annual
heating degree-day of its is 1823. The annual heating
degree-days of Elazig is 2653. Table 2 shows the
parameters used in calculations.

Life Cycle Costing (LCC) method

The heat transfer in building walls is realized by three
mechanisms of heat transfer. Firstly, the solar radiation
coming to the outside surface of the building wall is
absorbed by wall surface and then, the heat transfer into
the wall by conduction is occurred. The heat transfer
between ambient air with the outside surface of wall and
also between the inside surface of the wall with indoor
air are occurred by convective.

Heat transfer rate from a unit area of building wall can be
found as

q=UT;—T,) 3)

The annual heat rate from unit area can be determined
using the degree days, as given by the following equation

qu = 86400 HDD U @)
qc = 86400 CDD U 5)

The total heat transfer coefficient for an insulated wall
can be written by

1

U=
1/]’1[ + RW +xins/kins + 1/h0

(6)

where Xins 1s insulation material thickness (m) and kins is
heat conduction coefficient of insulation material (W/m
K). hi is inner convective heat transfer coefficient
(W/m’K) and h, is outer convective heat transfer
coefficient (W/m?K). In this study, the convective heat
transfer coefficient between inner and outer surface
depending on speed and direction of the wind can be
evaluated as follows (Axaopoulos et al., 2015)

1/3
h; =131(Ty; = Ty) (7)
Roww = 1.53v + 1.43 (8)
Ry = 0.90v + 3.28 9)

where v is wind speed, Ti is inside air temperature and
Ts,i is the inner surface temperature of wall. The wind
speed and common direction data are received from
examined weather stations in this working. It is accepted



that Eq. (8) is for the east, north and west facing wall
surface, when Eq. (9) is for the south facing wall surface.

The surface temperatures of wall components are
calculated as follows (Ucar, 2010)

T =T; ~nd (10)
T, =Ty —2a (1n
T, =T1—Ii—22q (12)
T, =Tn_1—li—:‘lq (13)
Too=To —==q (14)

The annual energy needs for heating and cooling can be
calculated by (Evin and Ucar 2019);

86400 U HDD
Ey=——mm 15
H Ho e (15)
86400 U CDD
Ec = cop (16)

where n;s is efficiency of fuel and COP is coefficient of
performance of the heat pump. In this working, the
energy savings of each type of wall is calculated by using
the life cycle cost (LCC) method. The annual heating and
cooling energy cost of per unit area, Ca, is found by (Ucar
and Balo, 2011)

__ 86400 U HDD Cp

Ca ==y " (17)

_ 86400UCDD Ce

Cpc = DD e (18)
where Cr is cost of fuel ($/kg) and Ce is cost of fuel
($/kWh). P1 is the rate of energy savings obtained from
fuel during the life cycle to the energy savings provided
during the first year. P is the rate of expenses during life
cycle to first investment. This method facilitates
economic analysis by collecting all the parameters in the
economic analysis into P1 and P.. The Pi and P2 are
determined by (Ertiirk, 2016; Kumar et al., 2020)

and

N o
1= T ifi=d
P,=1+P Mg—R,(1+d)™N (20)

where i is inflation rate, d is discount rate, N is lifetime,
M is the ratio of the annual maintenance and operation
cost to the original first cost and Ry is the ratio of the
resale value to the first cost. Since there is no

maintenance and operating cost in the insulation
application, the P> value is taken as 1.
The total insulation cost (Cins) can be defined by

Cins = CiXins (21)

Total heating and cooling costs are the total of the cost of
insulation and the annual energy cost and they are
determined as

Cy = CyuPy + PCixips (22)
Cc = CucPy + P Cixipg (23)

The net energy savings for heating and cooling are
determined as

86400 HDD Cp

T
(th+kf"S)Huns
ins

Su = Py = P, C; Xins (24

86400 CDD C,

YT
(th+—km5)cop
ins

Sc = P, — P,C; Xins (25

86400 HDD Cf 86400 CDD C

ST = X; + x; < Pl _PZCL' Xins
ins ins

(th+k )Huﬂs (th+k )COP

ins ins

(26)

The maximum value of the net energy savings for
heating, cooling and both heating and cooling is the
optimum value. In MATLAB optimization Toolbox, Egs.
(24)-(26) were taken as an objective function and the
optimum thickness of insulation was found.

CO: emissions and Eco-efficiency analysis

In 2020, the largest share of CO: emissions in total
greenhouse gas emissions was energy-related emissions
with 70.2%, followed by agriculture with 14%, industrial
processes and product use with 12.7%, and waste sector
with 3.1% (Turkish Statistical Institute, 2020).

The annual total CO2 emissions are divided into
operational and embodied emissions. Operational CO2
emissions are emissions from the use of the building's
heating systems in winter and cooling systems in
summer. The annual heating and cooling CO> emissions
can be calculated by (Axaopoulos et al. 2019);

EMco,n = T 27
Qcf
EMCOZ,C = CCOPC (28)

where fu is CO2 emission factor for thermal energy
production from fuel (kgCO./kWh) and fc is CO:2
emission factor resulting from the electricity
(kgCO2/kWh). Annual embodied CO: emissions are
emissions due to manufacture, transportation and
installation procedures of the insulation material. The



annual embodied CO, emissions of insulation material
can be defined by

EM,',,S — p xins f;ns (29)
N

where fins is CO2 embodied emission factor of insulation
material (kgCO2/kg) and is given in Table 2. The total
annual CO; emissions are calculated as,
EM¢or = EMco, p + EMco, c + EMips (30)
The optimum insulation thickness is calculated by
minimize the total annual CO: emissions. Total annual
CO2 emissions from Eq. (30) is taken as objective
function and the optimum thickness of insulation is
obtained using MATLAB optimization Toolbox.

The products and processes are studied both
economically and ecologically in eco-efficiency analysis.
Eco-efficiency is often defined as a ratio between

reduced environmental impact and increased production.
(Ferrandez-Garcia et al. 2016).

RESULTS AND DISCUSSION

According to the life cycle cost analysis, the heating,
cooling and total energy demands and costs for the
studied building has been calculated with Egs. (15)—(16)
and Egs. (22)—(23). Total heating demands of four wall

Heatingenergy demand (kWh/m?2year)
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W4,GW 20— w2,pU
W3,GW , ‘ L W3,PU
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types and insulation materials for four cities are shown in
Fig. 4. Total energy demand of building in Bayburt is
extremely high, while total energy demand of building
for Hatay in hot region is the lowest. Total heating
demand of the sandwich wall (Wall 2) insulated with
glass wool (GW) is lowest compared to other wall types.
The largest value of total heating load is found for the
external wall (Walll) insulated with Polyurethane (PU)
at the optimum thickness.

Total heating energy demand (kWh/m?2)
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Fig. 4. Total heating energy demand of four wall types and
insulation materials for four cities in Turkey.

Cooling energy demand (kWh/m?year)

v | 4
%

e

\ = 4
WaEPSKTN \
\ '\‘
W3,EPS" /W3, XPS
W2,EPS __—axps

WLEPS

Cooling energy cost ($/m?)
W1,PU

® Elazng

Bayburt

Fig. 5. Heating and cooling energy demand and cost of four wall types and insulation materials for selected cities.
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Fig.5 shows the heating and cooling energy demand and
cost found from the life cycle cost analysis for the studied
building according to four cities by using natural gas as
an energy source. The heating demand for the province
of Bayburt (4149 °C-days), located in the fourth degree
day region of Turkey, is the highest among the three cities
in the other regions. The total heating energy demand of
building in Hatay is lowest, while cooling energy demand
of building is the highest. The total energy costs of
external walls insulated with glass wool (GW) has least
among external walls insulated with other insulation
materials. GW insulation material has the highest thermal
conductivity coefficient among the selected insulation
materials, but it also has the lowest cost.

Fig.6 shows the each orientation percentage of the total
heat transfer per unit area of external wall for different
climatic conditions and insulation materials (for Wall 1).
The heating loss for north facing exterior surface of wall

has highest percentage. The south facing exterior surface
of wall has the lowest values according to other
orientations for all climate conditions and wall structures,
because this surface has the high solar heat gain.

Insulation thicknes versus CO:z emissions for wall 1 type
and Elazig found are showed in Fig.7. The heat loss of
external wall decreases with the insulation thickness
increases. Therefore, the emissions resulting from the
combustion of fuels will also decrease due to the
reduction in annual fuel consumption. The total CO2
emissions, achieved by adding these two values
decreases with increase of insulation thickness until it
reaches a minimum point and it increases again after a
minimum value. This minimum point of total CO:
emissions curve shows optimum insulation thickness.
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The lowest value of CO2 emission per unit area of wall
insulated with GW insulation material were found as 7.19
kg CO: at optimum thickness (13 cm). the highest (13.67
kg CO2) CO:2 emissions were obtained for the wall
insulated with XPS insulation material at the optimum
thickness (4 cm). Fig.8 shows the insulation thicknes
versus annual cost heating and cooling for four insulation
materials and Elazig found using Life Cycle Cost (LCC)
method. The insulation cost increases linearly with
insulation thickness, while operating costs corresponding
to heating and cooling decreases. The optimum insulation
thickness for external wall is minimum value of total cost
which equals the summation of the insulation cost and
operating cost.

The optimum insulation thickness for external wall
insulated with PU has lowest value among other
insulation materials. The optimum thickness for external

wall insulated with XPS insulation material is 0.0368 m,
whereas in case of insulation with EPS there is 0.0526 m.
The optimal insulation thickness for external wall
insulated with PU has lowest value among other
insulation materials.

Fig. 9 shows the environmental impacts per unit area
(Global warming, kg CO2 eq.) of each construction
material for the selected four wall types. In global
warming potential (GWP) impact category, XPS
insulation material has the highest GWP impact among
the four insulation materials and the lowest impact
belongs to GW which is 68% lower than XPS. The GWP
of concrete (83.47 kg CO2/m?) used in wall 3 is quite high
compared to materials used in the other external wall
types. It is obtained that the CO2 emissions of CSEB used
in wall 4 is lowest than brick and concrete used in the
other external wall types.
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Fig. 9. The environmental impacts per unit area (GW, kg CO; eq.) of each construction material for the selected four wall types
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The percentages of environmental impacts per unit area
(Global warming, kg CO2 eq.) each construction material
for the selected four wall types are shown Fig. 10. 69%
of total GWP for wall 3 type belongs to hollow concrete
block while 71% of total GWP for wall 1 type belongs to
brick. While the highest CO2 emission of natural gas
which is used as an energy source is found for wall 4, the
lowest CO2 emission is obtained for wall 1. COz
emissions of EPS in the optimum thickness found using
Life Cycle Cost (LCC) method present 3-6% of total CO2
emissions for all wall types. Fig.11 shows the insulation
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thicknes versus annual cost and CO: emissions for
selected cities. The difference between the optimum
thicknesses of XPS insulation material found using these
two method is 37-50% for the four selected cities. The
optimum thickness of the insulation, where the total cost
is minimum is 4.52 cm in Elazig, while it is 2.6 cm in
Hatay. The optimum thicknesses of insulation for
minimum CO; emissions for Bayburt and Batman are 9.3
cm and 6.6 cm, respectively.

—e—Totalcost —e—TotalCO2 emissions

45 15
40 / 139
y 2
35 11w
c
o
20 g @
Y 4 - -
0,0389 pe £
25 . S b7 é’.
BATMAN O

0 5

003 005 007 009 011

Insulation thickness (m)

013 015

—e—Totalcost —e—TotalCO2 emissions

N 75 “a
> 4 -8
45 2%
- s
40 ; 15 E
ks SUSSPPOS- L 10 &

£
0,061 S é
BAYBURT| O

001 003 005 007 008 011 013 0.5

Insulation thickness (m)

Fig.11. Insulation thicknes versus annual cost and COz emissions for selected cities (for wall 1 type and XPS insulation

material)

The environmental impacts per unit area (Global
warming, kg CO2 eq.) of the selected four cities and
insulation materials is shown in Fig.12. It can see that
CO: emissions of XPS insulation material are highest
compared to the other insulation materials for four wall
types and selected cities. The sandwich wall (wall 2)
among all wall type studied displays greatest advantage
with respect to the reduced CO2 emissions per unit area
of the wall.

The environmental impact assessments for selected four
wall types and insulation materials are given in Fig.13.
The four regions - Eco-Friendly, Stay Clear, Profiteering,
and Eco-Efficient — are shown in each figure. Reduction
in environmental impact and an increase in cost
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characterize this region. Despite the eco-friendly region,
the Profiteering region is a region where there is a
decrease in cost with the increase in global warming
potential. While both the global warming potential and
cost are the highest in Stay Clear region, they have the
lowest values in the Eco-efficient region. Eco-efficient
region displays contrasting features with the Stay Clear
region. The external walls insulated with PU at the
optimum thickness fall into the Eco-Efficient quadrant
for the category global warming potential and the abiotic
depletion of fossil resources. All constructions of the
insulated external wall with glass wool positioned in
region, which has low environmental impact and high
cost.
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Fig. 14 shows a sensitivity analysis result of optimum
insulation thickness for XPS insulation material and wall
1 type. It appears that the sensitivity degrees of increase
in the interest rate, discount rate and heating degree-days
the impacts on the optimum insulation thickness of wall
are greater than other parameters.

CONCLUSION

The optimum insulation thicknesses are calculated
depending on the heating-cooling energy need and
energy cost using Life Cycle Cost (LCC) method for
external walls with different structure in the selected
cities. In addition, the annual embodied CO2 emissions of
each building material are calculated for four wall types.
It was presented from these results that The heating loss
for north facing exterior surface of wall has highest
percentage. The south facing exterior surface of wall has
the lowest values according to other orientations for all
wall structures and all climate conditions. The heating
demand for the province of Bayburt, located in the fourth
degree day region of Turkey, is the highest among the
three cities in the other regions. The total energy costs of
external walls insulated with glass wool (GW) has least
among external walls insulated with other insulation
materials.

The lowest value of CO2 emission per unit area of wall
insulated with GW insulation material were found as 7.19
kg CO: at optimum thickness (13 cm). The highest
(13.67 kg CO2) CO2 emissions per unit area of wall were
obtained for the wall insulated with XPS insulation
material at the optimum thickness (4 cm). XPS insulation
material has the highest global warming potential (GWP)
impact among the four insulation materials and the
lowest impact belongs to GW insulation material which
is 68% lower than XPS. The GWP of concrete (83.47 kg
CO2/m?) used in wall 3 is quite high compared to
materials used in the other external wall types. The
sandwich wall (wall 2) among all wall type studied
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displays greatest advantage with respect to the decreased
CO: emissions per unit area of the wall. In addition, the
external walls insulated with PU at the optimum
thickness are located in Eco-Efficient quadrant for the
category global warming potential and the abiotic
depletion of fossil resources.

This study was applied here in to four wall different and
residential building, but the same methodology can be
replicated to other kinds of buildings and to different
climatic conditions. In addition, the results acquired in
this study will be helpful guide the choice of insulation
and wall type for building in different climates.

Carbon dioxide emissions are one of the most important
causes of global climate change. It is accepted in the
world today that the world urgently needs to reduce
carbon dioxide emissions in order to avoid the worst
impacts of climate change. The annual CO2 emissions
can be importantly reduced with the correct selection of
wall type, insulation material and insulation thickness.
Therefore, this study contributes to the fight against
climate change caused by future carbon dioxide
emissions.
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Abstract: COz booster refrigeration systems have higher energy efficiency and are more environmentally friendly.
Therefore, the CO2 booster refrigeration cycle with flooded evaporators and parallel compressors (BFP), BFP with
mechanical subcooling (BFP-MSC), and BFP with evaporative cooling (BFP-EVC) are investigated for supermarkets
in this study. For the first time in the literature, these systems are analyzed to present which system performs better in
terms of energy and environmental performance for Tiirkiye. According to the results of the investigation, BFP-MSC
has a better coefficient of performance (COP) values than BFP, with up to a 16.67% increase at equivalent dry bulb
temperatures. Meanwhile, BFP-EVC has the lowest annual energy consumption (AEC) in each city, followed by BFP-
MSC and then BFP. Annual savings obtained by BFP-EVC over BFP vary between 10.81% to 25.47%. Additionally,
BFP-EVC offers more substantial savings in cities with lower humidity levels, as it was analyzed with respect to wet
bulb temperatures.

Keywords: Booster systems, COz, Energetic analysis, Environmental analysis, Supermarket refrigeration.

TURKIYE'DEKI SUPERMARKETLER ICIN YAS EVAPORATORLU VE PARALEL
KOMPRESORLU CO; BOOSTER SOGUTMA CEVRIMLERININ ENERJi VE CEVRE
ANALIZi

Ozet: CO; booster sogutma sistemleri yiiksek enerji verimliligine sahip olup ¢evre dostudur. Bu nedenle, bu calismada
stipermarketler icin CO: akiskanl yas evaporatorlii ve paralel kompresorlii sogutma ¢evrimi (BFP), BFP’ye mekanik
agir1 sogutma eklenen sogutma cevrimi (BFP-MSC) ve BFP’de buharlagsmali sogutma kullanilan sogutma c¢evrimi
(BFP-EVC) incelenmistir. Bu sistemler analiz edilerek enerji ve gevre performansi agisindan hangi sistemin daha iyi
performans gosterdigi literatiirde ilk kez Tirkiye'deki siipermarketler icin ortaya konulmustur. Arastirma sonuglara
gore, BFP-MSC’nin ayni kuru termometre sicakliklarinda BFP'ye gore %16.67'ye kadar daha yiiksek sogutma
performans katsayisina (COP) sahip oldugu belirlenmistir. Bunun yan sira, her sehirde BFP-EVC, en diisiik y1llik enerji
tilketimine (AEC) sahiptir, onu BFP-MSC ve ardindan BFP takip etmektedir. BFP-EVC'nin BFP'ye gore sagladif yillik
tasarruf %10.81 ile %25.47 arasinda degismektedir. Ek olarak, BFP-EVC, yas termometre sicakliklarina bagl olarak
analiz edildigi i¢in, nem oraninin diisiik oldugu sehirlerde daha yiiksek tasarruflar saglamaktadir.

Anahtar Kelimler: Booster sistemleri, CO2, Enerji analizi, Cevre analizi, Siipermarket sogutma.

NOMENCLATURE n overall compressor efficiency
1,2... refrigerant state points EVC  evaporative cooling
a recycling factor FGBV flash gas bypass valve
add additional gc gas cooler
AEC  annual energy consumption GWP  global warming potential
amb ambient h specific enthalpy (kJ/kg)
BFP  booster refrigeration cycle with flooded HS high stage

evaporators and parallel compressor [HX  internal heat exchanger
Comp compressor LS low stage
cond condenser LT low temperature
COP  coefficient of performance LVS  liquid/vapor separator
DBT  dry bulb temperature m mass flow rate (kg/s)
EES  engineering equation solver MSC  mechanical subcooling
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MT medium temperature

n total operation time (years)

P pressure (kPa)

PAR  parallel compressor

Q cooling capacity, heat rejection (kW)
R ratio

RC regional electricity conversion factor
SC sub cooler

T temperature (°C)

W energy consumption (kW)

WBT  wet bulb temperature

X quality

INTRODUCTION

The use of CO2 as a refrigerant in supermarket
refrigeration systems attracts attention with its
thermophysical properties and nature-friendly behavior
(Gullo et al., 2018). However, COz refrigeration systems
have some difficulties such as higher equipment costs
because of CO2’s high working pressures (Goetzler et al.,
2014) and critical temperature of CO2 which is 30.98 °C
causing CO: systems to operate transcritical (heat
rejection at supercritical zone). In the literature review,
there are studies dealing with the use and improvement
of COz refrigeration systems both theoretically (Ersoy
and Bilir, 2012; Ge et al., 2015; Gullo and Hafner, 2017;
Mylona et al., 2017; Sarkar and Agrawal, 2010; Sawalha,
2008a, 2008b) and experimentally (Chesi et al., 2014;
Fricke et al., 2016; Fritschi et al., 2017; Llopis, Sanz-
Kock, et al., 2015; Nebot-Andrés et al., 2021). Alongside
these studies focusing on the improvement of the
systems, there are also city-based studies (Cui et al.,
2020; Gullo et al., 2016; Isik, 2022; Karampour and
Sawalha, 2018; Lata et al., 2021; Mitsopoulos et al.,
2019; Sooben et al., 2019; Tsamos et al., 2017) to show
the outcomes when they are used in supermarkets in daily
operations.

The literature on COx transcritical refrigeration systems
encompasses a wide range of studies aimed at both
understanding the key parameters influencing their
performance and enhancing their overall efficiency.
While some researchers have delved into understanding
the aspects of these systems, others have focused on
innovations to improve their functionality. Notably,
modifications to the classical one-evaporator cycle have
been explored, including the incorporation of auxiliary
compressors, two-stage compressors, and internal heat
exchangers. Additionally, researchers have examined the
expansion process, exploring alternatives such as ejectors
(Atmaca et al., 2018) or turbines (Bayrakgei et al., 2014).
For instance, Bayrakgi et al. (2014) demonstrated that the
utilization of a turbine can lead to a remarkable 10%
increase in performance. However, a unique challenge
arises in the context of supermarket refrigeration
systems, where the need for two evaporator stages,
catering to both fresh and frozen food sections,
necessitates innovative solutions to adapt CO2
refrigeration systems for optimal use in this specific
application. This ongoing research strives to address the
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complex demands of supermarket refrigeration while
maximizing the benefits of CO: transcritical technology.
According to studies in the literature, booster
refrigeration systems come to the fore as they can meet
the two temperature levels (low temperature and medium
temperature) refrigeration needs of supermarkets in one
single cycle with higher efficiency than traditional
systems (European Commission, 2008; Mylona et al.,
2017). Moreover, booster systems have lower annual
energy consumption (AEC) when compared to R404A
systems (Cui et al., 2020), which are frequently used in
supermarket refrigeration (ICF Incorporated, 2020). This
outcome has been presented in the literature by city-
based studies by annual performance metrics for various
climatic conditions. Several studies have highlighted the
advantages of booster refrigeration systems over
traditional R404A systems in terms of energy
consumption. Mitsopoulos et al. (2019) have conducted
research in Athens and found that some types of booster
systems consumed less energy annually. Similarly, Gullo
etal.'s (2016) study in cities like Valencia and Seville has
yielded similar results, further emphasizing the
superiority of booster systems in reducing energy
consumption. Cui et al.'s (2020) examination of these
refrigeration systems in five Chinese cities has revealed
that energy savings were primarily observed in the
coldest city, suggesting that booster systems may require
further enhancements to optimize performance in warmer
climates. These findings underscore the need for
continued research and development to adapt booster
systems for a wider range of environmental conditions.

The use of flooded evaporators has been presented in the
literature as a method that increases energy savings for
warmer climates. In the study of Karampour and Sawalha
(2018), approximately 12% annual energy savings have
been shown when both cooling level evaporators are
flooded for Barcelona and Stockholm. Up to 155.1 MWh
energy savings have been demonstrated for Indian
context (Lata et al., 2021) and more than 10% annual
energy efficiency ratio improvement over standard COz
booster refrigeration system have been shown for China
by using flooded evaporators (Cui et al., 2020).

There are also studies considering the use of parallel
compressors (Amaris et al., 2019; Caliskan and Ersoy,
2022; Dai et al., 2022), which is a step towards reducing
the power consumed by the high-pressure compressor in
booster refrigeration cycles. Besides Sacasas et al.'s
(2022) study for Chile has shown that CO2 booster
systems with parallel compressors consume less energy
than standard booster systems, similar results have been
revealed for New Delhi, Seville, Phoenix, and Teheran
(Purohit et al., 2017). Energy savings have also been
obtained in Athens, London (Tsamos et al., 2017) and
Chinese cities (Sun et al., 2020) with CO2 booster
systems with parallel compressor. Furthermore, the best
annual energy efficiency ratios have been obtained for
the CO2 booster refrigeration cycle with flooded
evaporators and parallel compressor (BFP) for all 5 cities
considered in the study of Cui et al. (2020). Accordingly,
the most energy savings have been achieved with the



BFP in Stockholm and Barcelona (Karampour and
Sawalha, 2018) and 12 cities of Tiirkiye (Isik, 2022; Isik
and Bilir Sag, 2023). Although only medium temperature
evaporator is flooded, the BFP has presented the lowest
AEC for Rome, Valencia, and Seville (Gullo et al., 2016).

The application of mechanical subcooling as a
modification to the booster systems has also been
exhibited as advantageous in the literature. While Cui et
al. (2020) have presented mechanical subcooling
increases annual energy efficiency ratios for Chinese
example, annual energy savings of 3% for Stockholm and
7.5% for Barcelona have been provided by mechanical
subcooling in the standard CO: booster cycle
(Karampour and Sawalha, 2018). In these two studies,
the mechanical subcooling cycle used R290 as a
refrigerant. In the study of Llopis et al. (2015) for one
stage CO: refrigeration cycles, COP improvement
percentages have shown almost the same according to
different subcooling cycle refrigerants such as R290,
R1270,R1234yf, R161, R512a, and R134a. To get rid of
the negative effects of high ambient temperatures, an
advantage can be provided for refrigeration systems by
evaporative cooling (Lata and Gupta, 2020; Sooben et al.,
2019). These systems are based on the evaporation of
water to reduce the temperature of air, where the gas
cooler/condenser releases heat. In the study of Lata et al.
(2021), it has been shown that annual energy savings are
achieved in the range of 120.2 MWh - 238.6 MWh for
the standard COz booster cycle with evaporative cooling,
and in the range of 103.2 MWh - 205.9 MWh when
evaporative cooling has been performed in the CO:
booster refrigeration cycle with flooded evaporators.

According to recent studies, CO2 booster systems are an
energy-efficient and eco-friendly beneficial option,
particularly for usage in supermarket refrigeration. This
is especially significant in countries with many
supermarkets, such as Tiirkiye. Tiirkiye is also dedicated
to reducing COz emissions in the future, emphasizing the
importance of COz booster systems. Additionally, due to
the diverse climates of Tiirkiye's cities, it is essential to
investigate COz booster systems and their environmental
effects in a variety of outdoor conditions. Therefore,
three systems have been investigated in this study for the
first time in the open literature, to the best of the authors'
knowledge: the CO: booster refrigeration cycle with
flooded evaporators and parallel compressors (BFP), the
BFP with mechanical subcooling (BFP-MSC), and the
BFP with evaporative cooling (BFP-EVC). The aim is to
determine which of these systems performs better in
terms of both energy efficiency and environmental effect
across nine Tiirkiye cities.

CO2 BOOSTER REFRIGERATION CYCLE WITH
FLOODED EVAPORATORS AND PARALLEL
COMPRESSOR

The schematic diagrams of systems examined in this
study are given in this section with their P-h diagrams.
The basis system in this study is the CO: booster
refrigeration cycle with flooded evaporators and parallel
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compressor (BFP) shown in Fig. 1. BFP was chosen as
the main system as it has previously been shown the most
energy saving system for supermarkets of Tiirkiye when
compared to Dbooster systems without flooded
evaporators or parallel compressor (Isik and Bilir Sag,
2023). The other two systems have modifications on that
BFP basis.
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Fig. 1. The schematic (a) and P-h diagram (b) of the BFP.
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In the BFP, CO; entering the gas cooler (condenser when
it is a subcritical operation) rejects heat to the
environment between points 5 and 6. The refrigerant is
then throttled at the expansion valve (EV). The
refrigerant, whose pressure and temperature are reduced,
is divided as saturated liquid and saturated vapor at
liquid-vapor separator (LVS). The saturated vapor of the
separated refrigerant enters the flash gas bypass valve
(FGBYV) at point 8, while the saturated liquid proceeds to
the internal heat exchangers (IHX) before the medium
temperature (MT) and low temperature (LT) evaporators.
In IHX 2, heat is transferred from saturated liquid CO2 to
saturated mixture CO2 coming from MT evaporator.
Similarly, in IHX 2, CO2 coming from LT evaporator
takes heat from compressed liquid CO: on the other side



of the heat exchanger. As a result, the quality of
refrigerant entering the evaporators is decreased while
the superheated vapor state of refrigerant is provided for
compressors to operate appropriately.

The refrigerant taking heat from the frozen food cabinet
between points 16 and 17 leaves the IHX 1 as
superheated vapor at state 1 and is compressed in the low
stage compressor (Compts) to state 2. On the other hand,
the fresh food cabinet is cooled by MT evaporator where
refrigerant leaves the evaporator at state 14. It exits IHX
1 as state 11 and reaches state 3 by mixing with the
refrigerant at state 2. The refrigerant at point 3 and the
refrigerant exiting the FGBV at point 9 mix and enter the
high stage compressor (Compss) in the state point 4 to be
compressed. Finally, the refrigerant enters the gas cooler,
and the cycle continues.

When the parallel compressor is active, the refrigerant
from the LVS does not enter the FGBV and is
compressed in the parallel compressor (Comppar). In this
case, the CO2 at state 3 enters Compus directly. The
refrigerant comes out of the Compns and Comppar mix
and enters the gas cooler to complete the cycle.

In this system, LVS and the use of FGBV equipment
between points 8-9 are providing refrigerant to enter the
evaporators with a high saturated liquid ratio and flooded
evaporators provide lower quality and more wet surface
for evaporators. Also, Comppar reduces the work done
by Compess.

Mechanical subcooling (MSC) and evaporative cooling
(EVC) are the selected modifications to improve the BFP
system. The schematic diagram and P-h diagram of BFP-
MSC are demonstrated in Fig. 2 while Fig. 3 shows BFP-
EVC’s diagrams.

The integration of a mechanical subcooling cycle,
positioned at the outlet of the gas cooler/condenser, plays
a pivotal role in enhancing the performance of this
refrigeration system. This innovative addition effectively
reduces the quality of the refrigerant entering the liquid-
vapor separator (LVS) by the transfer of heat from CO2
to R290 in the subcooler (SC). Consequently, this
reduction in refrigerant quality leads to decreased vapor
mass flow rates at LVS and a subsequent reduction in the
work done by the compressors. This improvement is
crucial for achieving energy savings and enhancing the
performance of the refrigeration system.

In the BFP-EVC system, a key strategy for reducing the
temperature of the air involves employing evaporative
cooling until it reaches the wet bulb temperature. This
approach yields a significant advantage as the wet bulb
temperature consistently registers lower values than the
dry bulb temperature. Consequently, the BFP-EVC
system exhibits lower power consumption compared to
the BFP system operating at the same dry bulb
temperature. Lower operating temperatures provide

lower inlet quality for LVS, leading to a reduction in the
mass flow rates within the system.
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Fig. 2. a) Schematic diagram and b) P-h diagram of BFP-MSC.

MATHEMATICAL MODELING
Energy Analysis Model

For energy analysis, cities with different climates from
different geographical regions of Tiirkiye are selected
and the annual energy consumption (AEC) results of the
systems in question are examined.

Ambient temperatures are divided as Subcritical 1,
Subcritical 2, Transition, and Transcritical operating
zones (Table 1) (Cui et al., 2020; Mitsopoulos et al.,
2019). While subcritical operation occurs with saturation
conditions, gas cooler pressure at transcritical operation
zone has an optimum value (Kauf, 1999; Liao et al.,
2000; Ozgiir et al., 2009) calculated by the Engineering
Equation Solver (EES). Values for Transition zone are
assumed to have a linear change between Subcritical 2
and Transcritical zones.



The cooling capacity of the low temperature (LT)
evaporator for frozen foods is taken as 35 kW
(Karampour and Sawalha, 2018) at -32 °C evaporator
temperature, (Gullo et al., 2016) while the cooling
capacity of the medium temperature (MT) evaporator to
be used in the preservation of fresh foods is taken as 165
kW at -7 °C evaporator temperature (Cui et al., 2020) as
this load is the average for Tiirkiye (Isik, 2022).
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Fig. 3. a) Schematic diagram and b) P-h diagram of BFP-EV

In the CO2 booster refrigeration cycle with flooded
evaporators, parallel compressor and mechanical
subcooling (BFP-MSC), the temperature of the CO:
leaving the gas cooler is reduced by the mechanical
subcooling cycle. In this way, COz releases heat, and the
quality of the refrigerant entering the liquid vapor
separator (LVS) is reduced. The activation of the parallel
compressor starts when the ambient temperature is 14°C
due to getting enough vapor for the auxiliary compressor
(Mitsopoulos et al., 2019). The mechanical subcooling
starts at the ambient temperature of 19°C (Cui et al.,
2020). As a result of the reduction in quality of the
refrigerant entering the LVS with subcooling, the parallel
compressor goes out of its proper operating range and
shuts down. Then it is activated again at 29 °C ambient
temperature and operates together with mechanical
subcooling as given in Table 2.

The assumptions done for the mathematical model are as

follows:

e Heat losses and pressure drops in the heat
exchangers and pipes are neglected.

e [t is assumed that all expansion valves perform
isenthalpic processes.

e The CO: flooded evaporator outlet vapor quality is
accepted as 0.95 (Cui et al., 2020).

e Intermediate pressure is assumed to be 3500 kPa
(Cui et al., 2020; Gullo et al., 2016; Tsamos et al.,
2017).

o [HX effectiveness is taken 0.65 (Cui et al., 2020).

e R290 evaporator temperature is 10 °C with 10 °C
superheat (Cui et al., 2020).

e R290 condenser temperature is 10 °C higher than the
ambient temperature (Cui et al., 2020).

e Evaporative cooling occurs until saturation (ambient
temperatures assumed as wet bulb
temperatures)(Lata and Gupta, 2020).

e  Additional work (W, 44)(fans etc.) is assumed 3% of
the heat rejected from gas cooler/condenser (Cui et
al., 2020).

Table 1. Pressure and temperature values due to ambient temperature operating zones.

Operating Zones Ambiento Temperature Gas coolero outlet/condenser Gas cooler /condenser
Ranges (°C) temperature (°C) pressure (kPa)

Subcritical 1(Cui et al., 2020) Tamb <2 10 Psu@10 °C

Subcritical 2(Cui et al., 2020) 2 < Tamm <14 Tamb + 8 Psat@Teond

Transition 14 < Tamb <28 0.642 Tamy + 13.007 98.283 Tamb + 4627.03

Transcritical 28 < Tamb Tamb + 3 optimized

Table 2. Activation temperatures of parallel compressor and mechanical subcooling for systems.

Mechanical  Reference

Subcooling

) (Mitsopoulos
etal., 2019)
(Cui et al,

19 < Tamb 2020)

Svstems Parallel
Y Compressor
BFP 14 < Tamb

14 < Tamv <18
BFP-MSC 59 < Tum
BFP-EVC 14 < Tamb

(Mitsopoulos
etal., 2019)




After determining all operating zones, operating
conditions, and assumptions, COP and power
consumption values are calculated as the following
procedure explained below.

Conservation of mass and energy laws are applied at all
calculations. Mass flow rates are determined as given
below for LVS for all systems considered in this study:

Mg = m;X; (D
my, = m,(1—-x;) (@)
m; = mg + My, (€))

Heat exchanger energy balances are calculated by Eqn.
(4) and Eqn. (5).

My (hyo —hyp) = my3(hyy —hyy) “
hy, —h;s =h; —hy; )
Energy balances at mixing points are presented as:

mzh; = m,h, + m;;hyy 6)
m,h, = mzh; + mgh, @)
tg hg, = shs + 1, hs, ®

In MSC cycle, the heat rejected by COz is absorbed by
R290 refrigerant within the subcooler. Energy balance of
this process is given by Eqn. (10). The COz is subcooled
10 °C after the gas cooler/condenser before entering LVS
(Cui et al., 2020).

rhlB(h18 - h21) = msr(hs - h7,) (10)

MT and LT evaporator loads are calculated by the
following equations.

an
(12)

QLT =1yg * (hy; —hye)
QMT =1y3 * (hyy —hy3)

The heat rejected from CO: gas cooler/condenser is
calculated with Eqn. (13).

Qgc/cond = g, * (he, — hg) 13)
Power consumption value of low stage compressor is
calculated as given in Eqn. (14) as its overall efficiency
is calculated by Eqn. (15) related with compression ratio.

All overall efficiency correlations are taken from the
study of Cui et al.(2020).

. _ rh1*(h2,s—h1)
WCompLs -

(14)

NcCompy,g

Ncompys = —0-0111R% ;s + 0.0793Rp ;5 + 0.8030 (15)
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Similar to low stage, high stage compressor and parallel
compressor’s power consumptions are obtained as
follows:

_ mgx(hss—hy)

WCompHs - NCompys (16)
Ncompys = —0-01R3 s + 0.0468Rp s + 0.6134 (17)
. rhs/*(h ! _h8)

Weomppar = 5o (18)

NCompppar
Ncomppag = —0-0102R3 pag + 0.0571Rp pag + 0.5987 (19)

Additionally, in the BFP-MSC, one more compressor

consumes power (Eqn. (20,21)) in mechanical
subcooling cycle.
; myg*(h19s—hqg)
W, =8 19s 8 20
CompRragp NCompRraso ( )
NComprago = —0.0866R12)_R290 + 0.4521Rpry9o + 0.0854 21

Finally, COP value is calculated by Eqn. (22). When

there is no mechanical subcooling, Weompg,o
diminishes.
COP = — QumT+QLT (22)

WCompLS +WCompHS +WComppAR+WCompRzgo +Wadd

Bin hour indicates the time spent at an ambient
temperature for the period of consideration. Since hourly
temperature data are obtained from the Turkish State
Meteorological Service (2021) for the selected cities in
the period of 2016-2020 for 5 years, bin hour values are
divided by five. An annual average of the bin-hour data
set is generated for dry bulb temperatures (DBT) (Fig. 4)
and wet bulb temperatures (WBT) (Fig. 5). As can be
seen from Fig. 4, Erzurum is the city with the lowest DBT
while Mersin and Antalya attract attention with
temperatures that do not fall into negative values.
Diyarbakir, which has a significant amount of time at the
highest temperatures, can also have values around -10 °C.
In Istanbul and Samsun, on the other hand, it is seen that
the hot and cold extreme points do not take long times in
a year, but middle temperatures cover significant amount
oftime. In Fig. 5, itis seen that the cities with the highest
WBT are the ones with high humidity such as Mersin,
Antalya, [zmir, Samsun, and Istanbul. Diyarbakir, which
has very high DBT bin-hour data, has much lower WBT
values due to the dry air of the city. As a result of dry air,
Erzurum, Ankara, and Konya also spend longer times in
lower WBT than other cities.

According to the bin-hour data, the amount of the time
spent at the cities in four operating zones in a year are
given in Fig. 6. In each city, the periods spent in
subcritical regions are longer at WBT than DBT.
Transcritical operating time according to WBT is only
0.16% in Antalya and 0.02% in Mersin. However, in
other cities, WBT are lower than 28 °C which is the first
operating point for Transcritical zone.



Environmental Analysis Model

Countries have targets to reduce CO: equivalent
emissions due to international regulations (Goetzler et
al., 2014). The emission values of the systems discussed
in this paper should also be calculated to provide an
overview to overcome the responsibilities of regulations,
which Tiirkiye is also under obligation (Republic of
Tirkiye Ministry of Environment Urbanization and
Climate Change, 2022).

Refrigeration systems contribute to these emissions
directly due to leaks in the installation and indirectly
through electricity consumption. The direct contribution
depends on the total amount of refrigerant (Mcharge), the
recycling factor (@), the leaks (Mieakage), and the global
warming potential (GWP) of the fluid. Indirect
contribution is calculated by annual energy consumption

(AEC), regional electricity conversion factor (RC) and
total operation time (n). The values used in Eqn. (23,24)
are given in Table 3.

Direct Contribution = (Mleakagen + Mcharge(1 — a)) GWP (23)

Indirect contribution = RC * AEC * n 24)

Table 3. Parameter values in environmental analysis (Cui et al.,

2020).
Parameter Value
Mcharge R290 (kg/kW) 2
Mcharge CO, (kg/kW) LT:3; MT:3
a 0.95
RC (kg CO/kWh) 0.997
GWP CO, 1
GWP R290 3
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Fig. 7. Flow chart of analysis steps.

The flow chart of analyses is given in Fig. 7. Ambient
temperatures at the flow chart should be considered as
WBT for the BFP-EVC and DBT for others.

RESULTS AND DISCUSSION

The energy and emission analysis results of the systems
whose analysis steps and assumptions are defined before
are given in this section. The COP and power
consumption values of the systems in question are
compared and the city-oriented energy consumption
values on an annual basis are presented.

Model Validation

The COP values obtained by the Engineering Equation
Solver (EES) for the BFP (main system in the present
study) were compared with the COP values extracted
from the study of Cui et al. (2020) for the same system.
Validation model was categorized into four distinct
operating zones (the transcritical zone, transition zone,
and two subcritical zones). Gas cooler/condenser outlet
temperature and pressure values were determined
according to the descriptions given in the reference paper
(Cui et al., 2020).

In this validation model, the low-temperature (LT) load
remained constant at 40 kW, while the medium-
temperature (MT) load varies with ambient temperature.
At 10°C, the MT load is 100 kW, and it linearly increases
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to 130 kW as the ambient temperature rises to 20°C.
Beyond that, when the ambient temperature reaches
40°C, the MT load reaches its peak at 250 kW.
Furthermore, LT evaporator temperature of -27°C and
MT evaporator temperature of -7°C were kept fixed
throughout validation. The activation of the parallel
compressor occurred at 15°C ambient temperature which
is a crucial parameter in the system's operation.
Additionally, intermediate pressure of 3500 kPa, heat
exchanger effectiveness of 0.65, and evaporator outlet
quality of 0.95 were applied in validation analysis due to
the assumptions of the reference paper. In this paper, the
same three parameters were employed as those utilized in
the reference paper chosen for validation. The average
difference in COP values between the present study and
the reference study was determined to be 2.33%.
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Fig. 8. COP comparison between the EES model and the study
of Cui et al.(2020).



Energy Analysis Results

It has been mentioned in Energy Analysis Model section
that there is an optimum gas cooler pressure value that
maximizes the COP value above the critical point for CO2
refrigeration cycles. The change of gas cooler pressure
and COP value for different ambient temperatures of CO2
booster refrigeration cycles is demonstrated in Fig. 9. A
peak point on lines where COP is maximum for a specific
gas cooler pressure demonstrates the optimum gas cooler
pressure fact. In this study, all gas cooler pressures were
optimized for each ambient temperature considered.

Within the scope of this study, there were no WBT values
over 29°C available for selected Turkish cities. So, only
BFP and BFP-MSC systems’ COP values with respect to
gas cooler pressure is presented in Fig. 9.

Fig. 10 provides valuable insights into the optimum gas
cooler pressure values concerning ambient temperatures.
One noteworthy observation from the data is that the
optimum gas cooler pressures for the BFP consistently
exceed those of the BFP-MSC across all ambient
temperature conditions. It's important to note that higher
gas cooler pressures can lead to increased energy
consumption on compressors. This demonstrates that the
utilization of mechanical subcooling enhances the
performance of the BFP system. According to the
meteorological data, the BFP-EVC system operates
transcritical only at temperatures of 28 and 29 °C.
Consequently, the optimum gas cooler pressure for this
specific operating range is not shown in Fig. 10.
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Fig. 11 provides a representation of the distinct sections
observed in mass flow rates, and these variations can be
attributed to mechanical subcooling and the operation of
parallel compressors, as indicated in Table 2. Once the
parallel compressor comes into action, the HS
compressor's mass flow rate is decreased to a specific
value and stays constant. This reduces the work done by
the HS compressor, thereby reducing total energy
consumption. It becomes evident that any increase in
energy consumption is primarily attributed to the
influence and operation of the parallel compressor in the
BFP at ambient temperatures over 14 °C. This situation is
also the same for the BFP-EVC for wet bulb temperatures
over 14 °C. Since the BFP and the BFP-EVC have equal
mass flow rates with respect to ambient temperatures, the
BFP-EVC’s values were not displayed in Fig. 11 to
simplify the plot. However, the ambient temperatures
become wet bulb temperatures when the BFP-EVC is the
system under consideration. Additionally, the mass flow
rates of the LS compressor were not shown on Fig. 11
because they were constant at 0.1295 kg/s for each
system under all ambient conditions.

Mass flow rates of parallel compressors are equal for
BFP and BFP-MSC at 14 °C - 19 °C ambient temperature
range. Above 19 °C, parallel compressor of BFP-MSC is
turned off until 29 °C due to the operation of mechanical
subcooling. Over 29 °C ambient temperatures, mass flow
rates of parallel compressors increase with respect to
ambient temperature. Additionally, BFP-MSC’s parallel
compressor mass flow rate is lower than BFP’s parallel
compressor at all ambient temperatures above 29 °C. The
reason of it is the mechanical subcooling which reduces
the quality of the refrigerant separated at LVS. Moreover,
HS compressor’s mass flow rate of BFP and BFP-MSC
are equal except 19 °C - 29 °C ambient temperature range.
In this temperature period, BFP-MSC system’s parallel
compressor is deactivated as it was previously
mentioned. As a result, all the refrigerant is compressed
at HS compressor at that period in BFP-MSC.

BFP HS Compressor

BFP Parallel Compressor
BFP-MSC HS Compressor
BFP-MSC Parallel Compressor
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Fig. 11. Mass flow rates of HS Compressor and Parallel
Compressor with respect to ambient temperature.

The variation of COP and power consumption according
to the ambient temperatures for each cycle is given in Fig.
12. The performance of refrigeration systems is
influenced by ambient temperature conditions. Research
has consistently shown that the highest COP values are
attained when the ambient temperature is at its lowest. In
fact, under such conditions, the COP can reach



approximately 5. This emphasizes the efficiency of these
systems when operating in colder climates. Conversely,
as the ambient temperature rises, COP values exhibit a
significant decline. At approximately 45 °C ambient
temperature, the COP drops to around 1. These results
align with the expected trends observed in the existing
literature (Mitsopoulos et al., 2019). This inverse
relationship between COP and ambient temperature
highlights the critical importance of considering
environmental factors in the design and operation of
refrigeration systems, as well as the challenges of
maintaining efficiency in warmer climates.

Since the parallel compressor is first activated at the
ambient temperature of 14 °C, the COP of all systems are
same below 14 °C. The COP value of the CO2 booster
refrigeration system with flooded evaporators and
parallel compressor (BFP) are up to 14.29% lower than
the BFP with mechanical subcooling (BFP-MSC) at
temperatures above 19 °C. When examining the COP and
power consumption values of the BFP with evaporative

cooling (BFP-EVC) in Fig. 12, it should be noted that the
temperature values for this system are the wet bulb
temperatures (WBT). The highest WBT value is 29 °C for
investigated cities according to the meteorological data.

According to the annual energy consumption (AEC)
results shown in Fig. 13, the BFP-EVC has the lowest
values in each city. It has energy savings over the BFP-
MSC between 8.02%-20.89%, over the BFP between
10.81%-25.47% annually. Although energy savings are
achieved with the BFP-MSC compared to the BFP, this
gain remained between 1.78% and 5.79%. The higher
energy savings occur for the BFP-EVC because it does
not operate in the transcritical region (Fig. 6). The warm
cities behave like a colder city due to evaporative cooling
meanwhile further savings has emerged in cities with
already lower dry bulb temperatures (DBT).
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Fig. 12. COP and power consumption values with respect to ambient temperatures for systems included in this study.

When comparing results by cities, each system has the
highest AEC in Mersin. Antalya, which has a similar
climate to Mersin, has the second most AEC for all
systems, while Izmir comes third after them. In Istanbul,
Tiirkiye’s most populated city, AEC values are 610.86
MWh for the BFP, 589.04 MWh for the BFP-MSC, and
541.01 MWh for the BFP-EVC. The lowest AEC is
calculated in Erzurum.

Although the BFP-EVC is the system that consumes the
least annual energy among all systems, the saving rate it
provides compared to other systems differs a lot
according to the cities. As seen in Fig. 14, the highest rate
of savings is achieved in Diyarbakir with 25.47% and
20.89% according to the BFP and the BFP-MSC,
respectively. Diyarbakir has high AEC values in systems
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without evaporative cooling with its high DBT.
However, the humidity of this city is also low (Turkish
State Meteorological Service, 2022). In this way,
Diyarbakir stands out as a place where the difference
between DBT and WBT is higher compared to other
cities. This leads Diyarbakir to have 35.84-65.46 MWh
more AEC than Samsun and Istanbul for the systems
operating at DBT but 38.83-46.65 MWh lower AEC for
the BFP-EVC with WBT. These results mirror those
found in a study conducted in India (Lata and Gupta,
2020). The advantages of evaporative cooling are less
pronounced in highly humid cities, with Ahmedabad
showing a greater energy reduction compared to Chennai
when employing evaporative cooling (Lata and Gupta,
2020).
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Diyarbakir also has higher saving ratio with evaporative
cooling in comparison to the Mediterranean cities
Mersin, Antalya, and izmir which have more humid air
than Diyarbakir’s. In Fig. 15, Mersin and Diyarbakir’s
monthly average temperature and COP values are
exhibited. While Mersin’s difference between DBT and
WBT is similar throughout a year, this gap in Diyarbakir
is increasing dramatically in summer. COP values for
Diyarbakir’s WBT are always higher than Mersin’s. On
the contrary, COP values for DBT are lower in
Diyarbakir in June, July, and August.

Similarly, between Konya and Samsun, there is the AEC
difference of 19.07 MWh for the BFP and 21.49 MWh
for the BFP-MSC. However, the AEC difference for the
BFP-EVC system is 73.21 MWh. This is because
Samsun, located on the Black Sea coast, is a more humid
city compared to Konya (Turkish State Meteorological
Service, 2022) The difference between these two cities is
also seen in Fig. 16 showing the annual duration of the
COP values. Although it is clear in Fig. 16 that the WBT
provides higher COP values for the BFP-EVC than other
systems, it seems to have a similar time distribution
pattern to the systems analyzed for DBT in Samsun. In
Konya, it is seen in Fig. 16, the BFP-EVC not only has
higher COP values compared to the other two systems,
but also spends much more time at these COP values. A
vertical line in both graphs occur since the COP value
reaches its maximum and remains constant below 2°C.
Konya’s total bin-hour of maximum COP is also higher
than Samsun’s.
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Fig. 16. Bin-hour for COP values for Samsun and Konya.
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Emission Analysis Results

Total equivalent CO2 emission values of the investigated
refrigeration systems are given in Fig. 17 for each city for
5 years due to the emission reduction targets of Tiirkiye
between 2024 and 2029 (Republic of Tiirkiye Ministry of
Environment Urbanization and Climate Change, 2022).
According to the analysis results, the BFP-EVC has
fewer emissions than the BFP between 322.13 tons and
842.05 tons for 5 years of operation time.
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Fig. 17. CO; emission amounts of each refrigeration system by the city for 5 years.

COz is used in all systems but only R290 is used in the
mechanical subcooling cycle. Both these fluids have low
global warming potential (GWP) values (Table 3). For
this reason, the direct contribution of all refrigeration
systems included in this study to the emission have a low
share in the total (0.024%-0.033%).

As a result, the amount of emissions obtained is directly
proportional to the annual energy consumptions (Fig.
13). So, the BFP-EVC’s emission reduction ratios in
comparison to the BFP are higher in low humidity cities
as expected. These findings closely resemble those from
a study conducted in China. In that study, cities with
lower energy consumption also exhibited lower total
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equivalent CO2 emissions, reinforcing the relationship
between energy efficiency and emissions reduction (Cui
et al., 2020).

CONCLUSION

Energetic and environmental analyses of the CO2 booster
refrigeration cycle with the flooded evaporators and
parallel compressor (BFP), the COz booster refrigeration
system with the flooded evaporators, parallel compressor
and mechanical subcooling (BFP-MSC) and the COz
booster refrigeration system with the flooded
evaporators, parallel compressor and evaporative cooling



(BFP-EVC) were performed for nine cities in Tiirkiye for
the first time in literature.

According to the results, these conclusions can be made:
e The primary factor contributing to energy savings is
the reduction in mass flow rate achieved through the
implementation of mechanical subcooling and a
parallel compressor.

COP of the CO: booster refrigeration systems
increases at low ambient temperatures.

COP of the BFP-MSC is up to 16.67% higher than
the BFP for the same dry bulb temperatures.

Annual energy consumption (AEC) of the BFP-EVC
is the lowest for each city up to 25.47%.

In comparison of AEC, the BFP-MSC and the BFP
follow the BFP-EVC in each city, respectively.
Evaporative cooling provides less energy saving
ratio in cities with higher humidity.

COz emission amounts are directly proportional to
the AEC due to the low GWP of COz and R290.
The highest AEC is obtained in Mersin and the
lowest in Erzurum for all systems.

According to the analysis results, it is recommended
for all the cities to use the BFP-EVC.
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Ozet: Bu calismada donen patlama motorundaki patlama dalgasi yapist ve itki performansi sayisal olarak incelenmistir.
Sayisal calismalar iki asamada gergeklestirilmistir. {1k olarak deneysel ve sayisal verilerin yer aldig1 referans ¢alismaya
yonelik dogrulama galigmalar tamamlanmistir. Deneysel ¢alismalarda hidrojen 0.8 mm ¢apindaki 90 enjektdrden, hava
ise 0.4 mm genisligindeki araliktan patlama kanalina aktarilmaktadir. Referans sayisal ¢alismada yer verildigi iizere tek
basamakli tersinmez hidrojen-hava mekanizmasi dogrulama calismalarinda kullanmilmistir. Dogrulama analizleri
sonrasinda patlama dalgasinin detayli olarak incelenebilmesi igin 19 basamakli tersinmez hidrojen-hava reaksiyon
mekanizmasi sayisal ¢aligmalara tanimlanmistir. Sayisal c¢aligmalarda daimi olmayan yogunluga dayali ¢dziici
kullamlmustir. Tkinci asamada patlama dalga yapisi ve dénen patlama motorunun itki performansi arastirilmigtir. Sonug
olarak patlama dalgasinin 1.1 ms sonrasinda kararli yapiya ulasabildigi belirlenmistir. Degisen blokaj oranm nedeniyle
t=1.1 ms oncesinde patlama dalgas: yiiksekligi sabit kalmamustir. Kararli patlama dalgasi yiiksekliginin tek basamakl
ve 19 basamakli ¢aligmalarinda sirasiyla 29 mm ve 27 mm oldugu tespit edilmistir. Patlama kanali ¢ikisindaki itki
dagiliminin kararli patlama dalgasi ile neredeyse sabit oldugu belirlenmis ve itki degerinde 678.7+2.3 N araliginda
salimmlarin meydana geldigi gozlemlenmistir.

Anahtar Kelimeler: Blokaj Orani, Donen Patlama Motoru, Hesaplamali Akiskanlar Dinamigi, Patlama Dalgasi

NUMERICAL INVESTIGATION of WAVE STRUCTURE IN ROTATING
DETONATION ENGINES

Abstract: In this study, the detonation wave structure and thrust performance of the rotating detonation engine were
investigated numerically. Numerical studies are in two stages. First, validation studies were carried out according to the
referenced study. Experimental and numerical studies are included in the reference study. In experimental studies,
hydrogen is transferred from 90 injectors with a diameter of 0.8 mm, and the air is transferred to the detonation channel
through a gap of 0.4 mm wide. As included in the reference numerical study, one-step irreversible hydrogen-air
mechanism was used in validation studies. To examine the detonation wave in detail after the validation analysis, the
19-steps irreversible hydrogen-air reaction mechanism was defined in numerical studies. The transient density-based
solver was used for numerical analyses. In the second stage, the detonation wave structure and the thrust performance
of the rotating detonation engine were investigated. As a result, it was determined that the detonation wave could reach
a stable structure after 1.1 ms. The detonation wave height was not constant due to the blockage ratio changing before
t= 1.1 ms. The stable detonation wave height was found to be 29 mm and 27 mm in one-step and 19-steps reaction
mechanism studies, respectively. When the thrust distribution at the exit of the detonation channel was examined, it
was determined that it was almost constant with the stable detonation wave and it was observed that oscillations
occurred in the range of 678.7+2.3 N in the thrust value.

Keywords: Blokage Ratio, Rotating Detonation Engine, Computational Fluid Dynamics, Detonation Wave
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SEMBOLLER

A Ustel faktor
b Sicaklik iissi

cpmix  Karigim 6zgiil 1s1 kapasitesi [J/kgK]
E Toplam enerji [J]
Ea Karigim fraksiyonu [J]
f Dalga frekans1 [1/s]
F, G Konvektif aki
Fo Itki [N]
h? Standart sartlarda olusum entalpisi [J/mol]
htot Patlama dalgasi yiiksekligi [mm]
hiotave  Ortalama patlama dalgasi yiiksekligi [mm)]
H Toplam entalpi [J]
ke Reaksiyon hizi [1/s]
Mwk K iiriiniiniin molekiil agirhigi [kg/kmol]
m Kiitlesel debi [kg/s]
np Dalga sayisi
p Basing [Pa]
pvack  Geri basing [Pa]
Pej Chapman-Jouguet basinci [Pa]
Pert Kritik basing [Pa]
Pdet Patlama dalgasi cephesi basinci [Pa]
Pw Enjektor duvarina en yakin hiicre basinci [Pa]
po Toplam basing [Pa]
Q Konservatif degiskenler
R Gaz sabiti [J/kg-K]
R Ideal gaz sabiti [J/kmolK]
S Kaynak terim
t Zaman [s]
T Sicaklik [K]
Tej Chapman-Jouguet sicakligi [K]
To Toplam sicaklik [K]
wyv Hiz [m/s]
Upb Dalga hiz1 [m/s]
Y Kiitle fraksiyonu
P Yogunluk [kg/m?]
r Ozgiil 1s1 orani
KISALTMALAR
ing. Ingilizcesi
DaPM  Darbeli patlama motorlari
DoPM  Ddnen patlama motorlari
C-J Chapman-Jouguet
GIRiS

Ticari ve savunma odakli itki sistemlerinde daha yiiksek
performans ve termal verimlerin elde edilmesi
motivasyonu patlama tabanli motorlara yonelik ilginin
artmasini  saglamistir.  Geleneksel havacilik itki
sistemlerinde ses alti yanma (ing. deflegration) ile itki
iiretimi  gerceklestirilmektedir. Ideal Humprey ve
Brayton c¢evrimlerine yonelik baslangi¢ sicaklik ve
basing degerlerinin sirasi ile 300 K ve 1 atm secilerek
gerceklestirilen termodinamik analizler, termal verimin
Humprey c¢evrimlerinde %9.8 oraninda arttiim
gostermistir (Bigler vd., 2017). Su vd. (2022) ddnen
patlama motoru beslemeli turbojet motorunun, turbofan
motorlarina goére yakit tiiketimi ve itki kazanmmlarini
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analitik yontemler ile incelemislerdir. Orta ve yiiksek
basing oranlarinda yakit tiikketiminde %20 diisiislerin elde
edilebilecegi belirlenmistir.

Patlama (detonasyon) tabanli motorlarda, sok dalgasi ve
kimyasal reaksiyon cephesinin olusturdugu patlama
dalgasi cephesi sayesinde itki iiretimi gergeklesmektedir.
Sok cephesi Oniine gonderilen temiz yakit-hava
karisiminin sicaklik ve basinci sok cephesi sayesinde ani
olarak yiikselmektedir. Bunun sonucu olarak hava-yakit
karisim bolgesinde kimyasal reaksiyonlar baglamakta ve
cok kisa siirelerde yiiksek enerji  salinimlarn
gerceklesmektedir. Bu enerji salimmi ise patlama
dalgasimn yaymimini desteklemektedir (Ma vd., 2020;
Zhang vd., 2019).

Patlama-tabanli motorlar genel olarak iki temel smnif
altinda incelenmektedir; darbeli patlama motorlari
(DaPM) (ing. Pulse Detonation Engine) (Zheng vd.,
2020) ve donen patlama motorlaridir (DoPM) (ing.
Rotating Detonation Engine) (Wang vd., 2015; Ma vd.,
2018). Darbeli patlamali motorlarda patlama dalgasi
(ing. detonation wave) dogrudan patlama dalgast
olusturma (Ing. direct detonation initiation), ses alt1
yanmadan ses {istii yanmaya gegis ve sokla patlama
dalgasi olusturma yontemleri (Ing. shock initiated
detonation) ile elde edilmektedir (Driscoll vd., 2015;
Alam vd., 2019; Schauer vd., 2015). Bu motorlar icten
yanmali motorlara benzer sekilde birbirini takip eden
adimlar ile calisir. Bu dongiisel ¢alisma seklinin bes
basamagi bulunmaktadir. Bunlar sirasi ile doldurma,
atesleme, ses alti yanmadan ses istii yanmaya gecis,
genisleme (Ing. blow-down) ve sogutma olarak
siralanabilir. Sistemin siirekliligi i¢in her dongiide
yeniden ateslemenin gergeklesmesi gerekmektedir.
Bunun yaninda darbeli patlama motorlarinda doldurma
ve sogutma (Ing. fill and purge) basamaklar1 i¢in zamana
ihtiya¢ duyuldugundan dolayi, bu sistemlerin ¢alisma
frekanslan sinirhidir (Yi vd., 2009).

—Yakit

Patlama Kanal
atlama Kanali —— Oksitleyici

O I
Sekil 1. Donen patlama motoru sematik gosterimi (Bach vd.,
2021)

DoPM’larda sok tiipleri yerine Sekil 1’de goriildiigi
lizere dairesel bir patlama kanali bulunur. Bu kanala
temiz yakit-hava karisimi ¢evresel olarak belirli araliklar
ile yerlestirilen enjektorler tarafindan beslenir. Bach vd.
(2021) deneysel g¢alismalarinda kullanmis DoPM



konfigiirasyonunda da goriildiigii lizere yakit ve
oksitleyici patlama kanalina ayrik kanallardan
aktarilmaktadir. Yakit ve oksitleyici patlama kanalinda
karistirilarak, patlama dalgasinin yaymimi i¢in hazir hale
getirilmektedir. Patlama cephesinde salinan enerji ile
donen patlama dalgasinin (Ing. rotating detonation wave)
yaymimini saglamaktadir (Lee, 2019). Bu sebeple bu tip
motorlarda bir kez ateslemenin gergeklesmesi yeterlidir
(Lu vd., 2014). Bu sayede, DaPM’daki tekrarlayan ve
aralikli itki tiretimi yerine, DoPM’da sabit itki iiretimi
gerceklestirilmektedir (Yi vd., 2009).

DoPM enjektér performansimin motor performansi
lizerine dogrudan bir etkisi vardir. Patlama cephesinin
yiiksek sicaklik ve basing kosullarinda olusu ve hareket
hizinin yiiksek olmasi sebebi ile bu konudaki deneysel
calismalar Onemli kisitlamalara sahiptir. Bu sebeple
enjektdr performanslart ¢ogunlukla sayisal analiz
calismalart ile belirlenmektedir. Donen patlama
motorlarinda gercek uygulamalarda her ne kadar yakat,
hava ile 6nceden karigmamis halde patlama kanalina
salinsa da, sayisal analizlerde bu durum hem 6nceden
karismamis  (Ing. non-premixed) (Sun vd., 2019a;
Prakash vd., 2020; Lietz vd., 2020; Zhao vd., 2020; Sun
vd.,2019b; Vignat vd., 2024) hem de o6nceden karismis
(premixed) (Zhang vd., 2018; Zhang vd., 2019; Wu vd.,
2014; Sun vd., 2018; Zhang vd., 2020; Xia vd, 2021)
olarak modellenebilmektedir. Sun vd. (2019a) farkli hava
kanali genisliginin (0.4, 1 ve 2 mm) DoPM patlama
dalgas1 lizerine etkisini sayisal olarak incelemislerdir.
Diisiik hava kanali girislerinde toplam kiitlesel debinin
artirtlmast sonrasi iki patlama dalgali moda gegcis
gerceklesmistir. Hava kanali genisliginin artirilmasi
enjeksiyon siirecinin gelisip giiglenmesini saglamis ve
yetersiz reaktanlar nedeniyle patlama dalgasinin
sonliimlenmesine neden olmustur. Sato ve Raman (2020)
gercekei bir etilen tabanli DoPM’nda patlama dalgasinin
temiz yakit-hava cephesini sikistirmasina yonelik sayisal
analizler yiriitmiisledir. Strempfl vd. (2024) hidrojen-
hava tabanli DoPM’da karisimsiz (tam oOlgekli) ve
karisimli enjeksiyon yontemi ile sayisal caligmalar
gergeklestirmislerdir ve enjeksiyon yoéntemlerinin
patlama  dalgasi1  Ozellikleri  lizerine etkilerini
incelemislerdir. Zheng vd. (2020) patlama dalgasinin
yaymim karakteristifini onceden karismamis enjektor
konfigiirasyonunu donen patlama motorlarinda sayisal
olarak incelemislerdir. Patlama kanalinda iki-dalga modu
(esdegerlilik oran1 0.6, 0.8, 1.0 ve 1.4 tanimlandiginda)
ve tek-dalga modunun (esdegerlilik oranimn 1.2°ye esit
olmasi durumunda) aktif oldugu belirlenmistir. Yu vd.
(2023) farkli dalga sayist modlarinda patlama kanalina
yerlestirilen sogutma kanallarinin patlama dalgasi yapisi

ve yaymimi lizerine etkisini incelemislerdir. Yakit ve
oksitleyici  karigimli  olarak  patlama  kanalina
yonlendirilmistir.

Patlama dalgas1 cephesi, yaymim ve kararliliginin
detayli olarak incelenmesine yonelik sayisal analizlerde
basitlestirmeler gerceklestirilmektedir. Bu basitlestirme
uygulamalarindan bir tanesi de enjektor
konfigiirasyonlart ~ olmaksizin ~ sayisal ~ modelin
olusturulmasidir. Onceden karismis olarak patlama
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kanalina aktarilan yakit-hava karimigimi i¢in patlama
kanal1 girisinde degisken siir kosullari tanimlanarak
enjektorler mikro liile dagilimi ile modellenmektedir. Bu
yaklasimda izantropik kosullar ile smir sartlan
tiiretilmektedir. Zhang vd. (2018) doénen patlama
motorlarinda, patlama dalgalarmin  kararsizliin
incelemislerdir. Yi vd. (2011) iki boyutlu sayisal
analizler ile DoPM itki performansini arastirmiglardir.
Gercek bir DoPM  enjektér araliklarmin da
modellenebilmesi i¢in mikro liile yaklasimina ek olarak
enjektor duvar yiizeyleri olusturulmustur. Mikro liile
yaklagim ile smnir sarti hesaplanarak ayrik enjeksiyon
modelinin patlama dalgasi yapisi {izerine etkileri
incelenmistir (Chen vd., 2018). Yan vd. (2021) iki
boyutlu olarak modellenmis patlama kanalinda farkli
alan oranlarina sahip slot lille enjeksiyonu ile patlama
dalgas1 ozelliklerindeki degisimleri sayisal olarak
incelemislerdir. Wang ve Weng (2022) keresone-hava
tabanli DoPM enjeksiyon kosullarinin patlama dalgasi
yaymimina etkisine yonelik sayisal caligmalar
gerceklestirmislerdir. Mikro liile enjeksiyon modelinin
kullanildig1 sayisal ¢aligmalarda artan kerosen damlacik
boyutu ve azalan enjeksiyon basincinin patlama
dalgasimn séniimlenmesine neden oldugu belirlenmistir.
Ladeinde vd. (2023) hidrojen-hava tabanli DoPM’da
patlama kanalin1 iki boyutlu modelleyerek patlama
dalgas1 yaymimi siiresince 1s1 akisi gelisimini sayisal
olarak incelemislerdir. Sayisal galismalarda mikro liile
enjeksiyon yontemi ile yakit-oksitleyici karigimi patlama
kanalina yonlendirilmisgtir.

Bu c¢alismada DoPM’nun itki performansi ve patlama
dalga yapist arastinlmistir. Sayisal calismalar iki
basamakta gergeklestirilmistir. Ilk olarak referans alinan
DoPM’nun deneysel c¢alismalann ile dogrulama
caligmalar1 tamamlanmistir. Dogrulama analizlerinde
mikro lille yaklasimi ile patlama kanali iki boyutlu
modellenerek smr sartlar1  olusturulmustur. Tkinci
basamakta ise patlama dalgasinin detayl: irdelenebilmesi
icin 19 basamakli tersinmez hidrojen-hava mekanizmasi
kullanilmistir (O Conaire vd., 2004). Sayisal analiz
sonuglar1 ile patlama dalgasinin zamanla gelisimi
stiresince egik sok cephesinin gelisimi ve itki
performansi {izerine etkisi irdelenmistir.

MATERYAL METOD
Fiziksel Model ve Enjeksiyon Kosullar:

Sayisal model Liu vd. (2012) caligmalarinda yer alan
patlama kanalina gore uyarlanmistir. Sekil 2°de verilen
referans calisma donen patlama motoru konfigiirasyonu
patlama kanali giris ve ¢ikis caplari ve uzunlugu sirasi ile
90, 100 ve 75 mm’dir. Yakit esit araliklarda 0.8 mm
capinda 90 enjektdrden, hava ise 0.4 mm genisliginde
kanaldan patlama kanalina aktarilmaktadir.

Patlama kanali uzunlugu ve orta ¢ap degeri, patlama
kanali araligindan oldukga biiyiikk olmasi nedeniyle
literatiirde yer alan calismalarda patlama kanali akis
hacmi iki boyutlu olarak olusturulmaktadir (Lei vd.,



2020; Zhang vd., 2018; Zhang vd., 2020). Escobar vd.
(2013) hidrojen-hava tabanli DoPM’a yd&nelik patlama
kanali 2D ve 3D olarak modelleyerek sayisal caligmalar
gerceklestirmislerdir. 2D ve 3D sayisal ¢alismalarinda
kullanilan hiicre sayisi sirasi ile 80000 ve 1000000’ dur.
Hiicre sayisindaki yiiksek fark ile birlikte 2D akis
alaninda egrilik etkilerinin ihmal edilmesine ragmen 3D
caligmalara gore patlama dalgasi mzinda kayda deger bir
degisimin (yaklasik %4.7) meydana gelmedigini
belirtmiglerdir. Bununla birlikte patlama dalgasi
yiiksekligindeki farkin da %1 oldugu ifade edilmistir. Bu
nedenle sayisal caligmalarda, patlama kanali iki boyutlu
ve diizlemsel olarak modellenmistir. Sekil 2’de
goriildiigiic.  lizere iki  boyutlu akis alaninin
olusturulmasinda patlama kanalinin orta cap degeri
(Dmean) referans alinmustir.

Oksitleyici Enjeksiyon
Manifoldu

Yakit Enjeksiyon /
Manifoldu [/~

/////////////////
///////////////

Patlama Kanali Girisi
Periyodik Sinirlar

/ Patlama Kanali Cikisi \
t Pttt + t NG

Karigim Katmani P2

4 Patlama Dalgasi

Frrrr 71§ §f

Patlama Kanal1 Girisi
Dmean™® T

Sekil 2. Akis alan1 ve sinir kosullart [Liu vd., 2012)
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Donen patlama dalgasi patlama kanali icerisinde
azimuthal dogrultuda (x dogrultusu) hareket etmektedir.
Bu nedenle akis alaninin sag ve sol kenarlar1 periyodik
sinir olarak tanimlanmustir. Temiz yakit-hava karigimi
onceden karismus olarak modellenerek akis alanmn alt
yiizeyinden patlama kanalina giris yapmaktadir. Yanma
sonrasi Uriinler ise patlama kanali ¢ikisindan patlama
kanalini terk etmektedir.

Giris sinir kosuluna mikro liile yaklasimi kullamlarak
kiitle akisi tanimlamasi gerceklestirilmistir. Mikro liile
yaklagiminda ii¢ enjeksiyon modeli yer almaktadir (Yi
vd., 2011). Enjeksiyon modellerinde enjektér duvarina
yakin hiicrenin basing degeri (pw) referans alinmaktadir.
Tablo 1°de verilen enjeksiyon modellerinde pw degeri Po
(enjeksiyon toplam basinci) degerinden biiyiik ise
patlama kanalina temiz yakit-hava karisimi enjekte
edilmemektedir. Eger po degeri pw’den ve pw degeri
per’den (kritik basing) biiyiik ise sirasi ile ses alt1 ve ses
tistii enjeksiyon gerceklesmektedir.

Tablo 1. Enjeksiyon kosullar1 ve detaylar (Liu vd., 2012)

Enjeksiyon u,T
Kosulu
Pw = Po
(Enjeksiyon N/A
yoktur.)
pchprpo P = Pw
(Ses alt1 p V—;l
enjeksiyon) T=T, (—)
Po
y-1
2 y-1
u= |- Rr, 1—(3) Y
Y— Po
2y Y_Xl
Per = Po <Y+—1)
pW S pCl" p = pCl"
(Ses {istii p V—;l
enjeksiyon) T=T, (—)
Po
2
u= YTY RTO
Patlama kanali ¢ikis smir sarti  olarak basing

tanimlanmugtir. Cikis yiizeyinde dalga yansimasi (ing.
reflection) gergeklesmesi halinde temiz yakit-hava
karisim  katmani etkilenmektedir. Patlama dalgasi
yiiksekliginin artisi  patlama dalgasinin  siddetini
azaltirken, dislisii ise patlama dalgasmin siddetini
artirmaktadir. Bu durum, patlama cephesi ardindaki
basing dagilimmin degisimine neden olmaktadir.
Patlama dalgas1 yiiksekligindeki artis ve azalislar
patlama dalgasini kararsiz kilmaktadir. Dalga yansima
kosulu icin ¢ikis simir sartt yanma sonrasi {iriinlerin
patlama kanalin1 terk etme kosuluna bagli olarak (ses alti
ve ses Ustil) tamimlanmstir. Lokal degisken c¢ikis
basincimin belirlenmesi igin ¢ikis yiizeyine en yakin
hiicredeki basing degeri (pw.our) referans alinmistir. Atik
gazlarin hiz1 ses alt1 ise ¢ikis basinci ¢evre basincina
(p=11 kPa) esittir ve ses istii ise Es. (1)’de verilen



bagint1 ile lokal basing degeri belirlenmistir (Lei vd.,
2020).

Pout = (1 = 0.05)p,, ot + 0.05p €))

Degigken sinir sartlarmin sayisal analizlere aktarilmasi
UDF (User Defined Function) dosyalann ile
gerceklestirilmistir. Giris ve ¢ikis smir sartlart igin
hazirlanan UDF dosyalart Ansys/Fluent ¢ok amach
yazilimma  aktarilarak  degisken  smir  sartlan
tanimlanmistir.  UDF  dosyalart ile giris ve g¢ikis
yiizeylerine en yakin hiicrelerdeki lokal basing degeri
anlik olarak okunarak sinir sartlar1 elde edilmistir.

Sayisal analizlerde patlama dalgasinin baslatilabilmesi
icin akis alaninda kiiciik bir bolgede C-J basinci
(p=1.565 MPa) ve sicakhigi (T¢=2940.85 K)
tammlanmistir  (Liu  vd.,2012). Patlama dalgasinin
yaymimi i¢in patlama kanali 6nceden karigmis 0.1 MPa
basinca ve 300 K sicakliga sahip stokiyometrik hidrojen-
hava karisimi ile doldurulmustur. Bdylece patlama
dalgasimn kontrollii bir sekilde baglamasi ve yaymimi
saglanmistir.

Korunum Denklemleri ve Sayisal Yontem

Patlama dalgasinin yaymimi siiresince viskozite, 1s1
iletimi ve kiitle diflizyonu gibi taginim 6zellikleri etkisi
konveksiyon terimlerine gore daha diisiiktiir (Liu vd.,
2012). Ayrica viskoz terimleri sok dalgasinin ana
ozellikleri olan hizi, siddeti vs. genellikle etkilemedigi
belirtilmektedir (Wu vd., 2014). Bu nedenle tasinim
Ozellikleri ihmal edilmistir. Korunum denklemleri igin,
iki-boyutlu kimyasal reaksiyonlar nedeniyle Euler
denklemleri kullanilmistir (Yi vd., 2011; Heidari vd.,
2011; Melguizo-Gavilanes vd., 2011; Wang vd., 2020).
Korunum denklemlerinin gdsterimi Es. (2)’de verilmistir
Yivd., 2011).

a0 oF G .
6t+6x+6y_5 (2)
p pu pv
pu pu +p puv
Q=|pv|,F=| puw |, G=|p*+p|,
PE puH pvH
& Y vy 3)
0
s=10
0
@

Es. (3)’te verilen Q konservatif degiskenler, F ve G
konvektif aki ve S ise kaynak terimdir. Y, w, u, v ve w
strastyla reaktanlarin kiitle fraksiyonu, kiitle iiretim orani
ve hiz bilesenleridir. Biitiin {iriinler i¢in ideal gaz
yaklasimi kabul edilmistir. Karisim yogunlugu ve basinci
Es. (4) ve Es. (6)’te te verilen bagintilar ile belirlenmistir.
Es. (6)’da R ideal gaz sabiti ve Mwy, k iriiniin molekiil
agirhigidir. Toplam enerji denklemi Es. (7)’de verilmistir
(Escobar vd., 2013).

p=2pk “

k=1
Pr = pYy 4)
> R
- A 6
p Z P M (6)
k=1 Ns
T |1'7'|2 p
E = J CpmixdT + Z Yiehe*(Trer) + - = (7)
Tref k=1 p

Sayisal analizlerde zamana ve yogunluga dayali ¢6ziicii
kullanilmustir. Viskoz olmayan aki vektorleri Roe-FDS
modeli ile ayriklastirilmistir. Gradyanlarin
¢cozlimlenmesi icin en kiigiik kareler (least-square-cell)
tabanli yontem kullanilmustir. Hidrojen gibi patlayici
yakitlarin kimyasal reaksiyonlarn ¢ok kisa siirelerde
gerceklesmektedir. Bu nedenle sayisal analizlere ikinci
dereceden ayriklagtirma tanimlanmistir. Reaksiyon hizi
sabitleri Arrhenius ¢6zlimlemesi ile elde edilmistir. Es.
(8)’de verilen Arrhenius denkleminde krreaksiyon hizi,
E. aktivasyon enerjisi, R gaz sabiti ve T ise sicakliktir
(Sun vd., 2019a).

ke = AT?exp (—E,/RT) ®)

Déner patlama analizlerinde tek basamakli (Shao vd.,
2010, Wu vd., 2014; Schwer ve Kailasanath, 2011; Yi
vd., 2009) ve detayl1 hidrojen/hava kimyasal reaksiyon
mekanizmalar1 (Escobar vd., 2013; Ettner vd., 2014; Choi
vd., 2000; Sun vd., 2019a) kullanilmaktadir. Kullanilan
kimyasal reaksiyon mekanizmalar1 patlama dalgasinin
yaymiminin modellenmesi i¢in kritik 6neme sahiptir. Bu
nedenle sayisal caligmalarda tek basamakli ve 19
basamakli tersinmez hidrojen/hava kimyasal reaksiyon
mekanizmasi kullanilmistir. Tek basamakli reaksiyon
mekanizmasinda Ma vd. (2005) calismasinda yer alan
Arrhenius parametreleri tanimlanmistir.

BULGULAR
Coziim Ag1 Bagimsizhd

DoPM sayisal c¢alismalarinda dalganin yapist ve
yaymimi i¢in uygun hiicre yapisinin tiiretilmesi
gerekmektedir. Patlama dalgasi yapisi ve kararsizliginin
yakalanabilmesi i¢in yari-reaksiyon bolgesinde asgari 20
hiicre olusturulmalidir (Yi vd., 2011; Wescott vd., 2004).
Ayrica hiicre boyutlarimn artirilmast degisken siur
kosullarinin kullanildigi DoPM analizlerinde, yakit- hava
karisiminin patlama kanalina aktarilmasimi etkilemekte
ve patlama dalgasmnin  sOniimlenmesine neden
olmaktadir.

Coziim agindan bagimsizlastirma ¢aligmalarinda ¢dziim
aglarinda kullanilan en biiyiik hiicre boyutlari 0.125 mm,
0.25 mm, 0.5 mm, 0.75 ve 1 mm’dir. Kimyasal
reaksiyonlarin  ¢oziim agindan  bagimsizlastirma
calismalarina eklenebilmesi igin sayisal c¢aligmalar
detayli kimyasal reaksiyon mekanizmasi kullamlarak
gerceklestirilmistir. Tablo 2’de sayisal c¢aligmalardan



elde edilen sonuglar ve C-J degerlerine gore relatif
farkliliklar verilmistir. Detayli kimyasal reaksiyon
mekanizmasinin kullanildif1 sayisal caligmalarda tek
dalga modunun hakim oldugu belirlenmistir ve hiicre
boyutlarindaki artis ile kararli patlama dalgasi hizinda da
artiglar elde edilmistir. Patlama dalgasi hiz1 ve frekansi
relatif farkinin 0.5 mm hiicre boyutlarinda asgari diizeye
indirgendigi tespit edilmistir.

Tablo 2. Coziim ag: hiicre boyutlarina gére patlama dalgasi
ozelliklerinin karsilastiriimasi

Hiicre boyutu [mm]| Up [m/s] | f[kHz] |Up Fark [%]
0.125 1886 6.33 4.17
0.25 1949 6.53 1.00
0.5 1963 6.58 0.26
0.75 N/A N/A N/A
1.0 N/A N/A N/A
Y, [x107]
[ ; —_

0.00 0.31 0.63 0.94 1.26 1.57 1.89 2.20 2.52 2.83

Hiicre boyutu 1.0 mm

Hiicre boyutu 0.5 mm

Blokajli bolge

Hiicre boyutu 0.75 mm

Blokaj olmayan bolge

Hiicre boyutu 1.0 mm

Sekil 3. Hiicre boyutlarma gore anlik hidrbjen kiitle fraksiyon
dagilimlari

Sekil 3’te verilen hidrojen kiitle fraksiyonu dagilimu
incelendiginde 0.75 mm ve 1.0 mm hiicre boyutlarinin
kullanildig1 sayisal g¢aligmalarda patlama dalgasinin t=
0.14 ms sonrasinda ses alt1 yanma moduna gecis yaptigi
tespit edilmistir. t= 0.15 ms aninda 1.0 mm hiicre
boyutunun kullanildig: sayisal ¢alismada patlama kanali
girisi boyunca blokajin meydana geldigi goériilmektedir.
0.75 mm hiicre boyutunun kullamldigi ¢alismada daha
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diisik blokaj oranina elde edilmesine ragmen patlama
dalgas1 cephesinin temiz yakit-oksitleyici katmani ile
etkilesiminin sonlanmas1 yine ses alti yanma moduna
gecise neden olmustur. 0.5 mm hiicre boyutunun
kullanildig1 sayisal ¢alismada ise enjektér duvarindaki
toplam blokaj oraninin % 16 oldugu hesaplanmistir ve
patlama dalgasinin yaymmimina devam ettigi tespit
edilmistir. C-J degerine gore elde edilen dogruluk ve
sayisal ¢Oziimleme gereksinimleri diisliniildiigiinde
sayisal caligmalarda 0.5 mm hiicre boyutlarinin
kullanilmas1 gerekliligi sonucuna varilmistir. Dogrulama
calismalarinda kullanilan toplam hiicre sayis1 89550°dir.

Dogrulama Calismalari

Donen patlama motorlarmda patlama dalgasi ile egik sok
cephesinin yaymimi sz konusudur. Ayrica, patlama
dalgas1 cephesinde kimyasal reaksiyon kapsaminda
yeniden olusumlar ve bozulmalar ¢ok kisa siirelerde
meydana gelmektedir. Patlama dalgasi cephesindeki
yiiksek sicaklik ve basing degerlerinin bu kisa siirede
olusmasi sayisal yontemleri zorlayan ve hatalara yol agan
bir unsur olarak karsimizda durmaktadir. Dogrulama
analizlerinde Liu vd. (2012) ¢alismasi referans alinmustir.
DoPM kapsaminda yapilan sayisal analizlerde yasanilan
zorluklar nedeniyle referans sayisal calismada
hidrojen/hava (bir basamakli tersinmez) kimyasal
reaksiyon mekanizmasi tercih edilmistir.
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Sekil 4. Kiitlesel debi degerinin zamanla gelisimi

Patlama dalgasmin kararli yapiya evrimi ammna kadar
patlama dalgasi yiiksekligi degerinde salinimlar meydana
gelmektedir. Patlama dalgas: yiiksekligindeki degisimler
patlama dalgas1 siddetini etkilemektedir. Dalga
yiiksekliginin  azalisi  patlama dalgast  siddetini
artirmaktadir. Bu durum patlama cephesi ve ardinda daha
yiiksek basing degerlerinin olusmasimna yol agmaktadir.
Sekil 4’te verilen patlama kanali girisindeki kiitlesel
debinin zamanla dagilimi incelendiginde patlama kanali
girisindeki kiitlesel debi (rh;) degerinin ilk olarak 363.94
g/s degerine ani artis sergiledigi ve sonrasinda ise yine
ani azalis ile 258.46 g/s degerine ulastig1 gorilmektedir.
Bu durum patlama dalgasi1 ve ardindaki basing degisimi



ile patlama kanali girisinde meydana gelen blokaj
oranindaki degisimi ortaya koymaktadir. Patlama
dalgasimin kararli hale gelmesi (t=1.1 ms) sonrasinda
kiitlesel debi degerinin neredeyse sabit oldugu
goriilmektedir. Referans calismada yer verilen deneysel
calisma kapsaminda patlama kanali girisindeki toplam
kiitlesel debi degerinin 272.7 g/s oldugu belirtilmistir
(Liu vd., 2012). Bu deger dogrulama g¢alismasinda
patlama dalgasinin kararli yapiya evrilmesi sonrasi elde
edilen ortalama kiitlesel debi degeri olan 274.8 g/s
degerine yakindir.

Patlama dalgasi yaymimi konusunda patlama dalgasinin
hizi ve frekansi oldukga onemlidir. Kararli bir dalga
yapisinda dalga hizi ve frekansi da neredeyse sabittir.
Patlama dalgasi frekansi Es. (9)’da verilen bagint: ile
elde edilmistir (Zheng vd., 2020). Sekil 5’te verilen
patlama dalgas1 hizi  ve frekanst dagilimlan
incelendiginde t=1.1 ms anina kadar biiyiik salinimlarin
meydana geldigi goriilmektedir. Patlama dalgasi kararli
hale geldikten sonra dalga hiz1 ve frekansi degerlerinin
periyodik salimmlar sergiledigi belirlenmistir. Kararlh
patlama dalgasimin ortalama hizi ve frekans: sirasiyla
1860 m/s ve 6.232 kHz’dir. Referans g¢alismada yer
verilen sayisal sonuglarda ortalama dalga hiz1 ve frekansi
degerlerinin sirast ile 1870.1 m/s ve 6.262 kHz’dir.
Yapilan analizlerin bu acidan da referans ¢alisma ile
benzer sonuglar aldig1 s6ylenebilir.
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Sekil 5. Patlama dalgas1 hiz1 ve frekansi dagilimu

Tablo 3. Dogrulama caligmasi sonuglar (Liu vd.,2012)

Degisken Sayisal Referans Teorik
Sonuglar Calisma Degerler
Upb [m/s] 1860 1870.1 1968.12
f [kHZ] 6.232 6.266 6.594
Paet [MPa] 2.26 2.20 N/A
Mot intet (/5] 274.8 272.7 N/A
Dogrulama ¢alismast sonrasinda kararli patlama

dalgasina yonelik elde edilen sonuglar Tablo 3’te
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verilmistir. Dogrulama calismalarinda kararli patlama
dalgas1 hizinin teorik ve referans calisma degerlerinin
sirastyla %94.5 ve %99.4’iine esit oldugu hesaplanmustir.
Patlama dalgasi cephesindeki basing (pder) degerinin
dogrulama ¢alismalarinda 2.26 MPa’a ulastig
goriilmektedir. Patlama kanali toplam kiitlesel debi ve
patlama dalgast cephesindeki basing degerlerinin
referans calismada belirtilen degerler arasindaki farkin
strasi ile %0.7 ve %2.7 oldugu belirlenmistir.

Patlama Dalgas1 Yapisi
Patlama dalgas1 cephesi kimyasal reaksiyon bolgesi ve

sok dalgasin1 barindirmaktadir. Yiiksek basing ve
sicakligin var oldugu bu boélgede meydana gelen enerji

salimm ile patlama dalgas1 cephesi yaymnimi
desteklenmektedir. Sekil 6’da bir basamakli tersinmez
kimyasal ~ reaksiyon = mekanizmasi  kullamlarak

gerceklestirilen sayisal caligmanin sonucu olarak patlama
kanalindaki basing ve sicaklik dagilimlar1 verilmistir.
Basing ve sicaklik dagilimlart incelendiginde akis
yoniinde egik sok cephesinin meydana geldigi
goriilmektedir. Bunun yan sira sicaklik dagilimlar egik
sok cephesinin ardinda yanma sonrasi iiriinlerin karigim
bdlgesini olusturdugu belirlenmistir.

Basing [MPa]

0.1 03 0.5

- Egik Sok Cephesi

(a)
Sicaklik [K]
300 590 88 1170 1460 1750 2040 2330 2620 2910 3200
>

Karisim Bolgesi

-./ Patlama Dalgasi Cephesi .

(b)
Sekil 6. t= 2ms aninda patlama kanalinda a) basing ve b)
sicaklik dagilimi

2.5

ol
2 22 2.4 2.6 2.8 3
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Sekil 7. t=2-3 ms araliginda patlama kanalinda basing gelisimi




Sekil 7°de verilen patlama kanalindaki basing gelisimi
incelendiginde patlama dalgasi cephesindeki basincin
2.26 MPa degerine ulastig1 ve patlama dalgas1 ardinda ise
basing, ani bir azalis sergileyerek 0.1 MPa degerine
indigi goriilmektedir. Patlama dalgasinin kararli hale
evrilmesi ile periyodik degisimlerin meydana geldigi ve
patlama cephesindeki basincin her bir dalga turunda
neredeyse sabit oldugu goriilmektedir.
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Sekil 8. Patlama kanal1 girisi boyunca eksenel hiz dagilimlari
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Patlama dalgas1 cephesinde ve ardinda var olan yiiksek
basing, temiz yakit-hava girisini bloke etmektedir.
Kararli patlama dalgasina sahip donen patlama
motorlarinda, temiz yakit-hava kansimi patlama
kanalinda iiggensel bir bolge olusturmaktadir ve patlama
dalgas1 yiiksekligi neredeyse sabittir. Patlama dalgasi
cephesi ve ardinda var olan yiiksek basing dagilimi
nedeniyle enjektdr duvarinda (patlama kanali girisi)
blokajlar meydana gelmektedir. Bu durum temiz yakit-
hava kangimmm patlama kanalina aktarimina engel
olmaktadir. Sekil 8’de patlama kanal1 girisindeki eksenel
hiz dagilimlar1 verilmistir. Patlama dalgasinin gecisi
aninda enjektdr duvarinda goriilen ters akiglar bu
bolgelerde blokajin meydana geldigini kanitlamaktadir.
Patlama dalgasinin yaymimi siiresince bu blokaj orani
degiskenlik gostermekle birlikte, patlama dalgasinin
kararli hale gelmesinin ardindan neredeyse sabit bir
degere erismektedir. Patlama dalgasimin yaymimi
stiresince enjektdr blokaj oramimi ¢ farkli siirecte
incelemek miimkiindiir. Patlama dalgasinin ilk yayimimi
stireci i¢in t=0.1 ms, gelisim siireci igin t=0.2 ve kararli
siireci i¢in t=2.0 ms ani referans alinmistir. Patlama
dalgasinin ilk yayimim zamanlarinda 19 basamakli ve 1
basamakli tersinmez reaksiyonlar ile elde edilen
sonuglarda blokaj oranlari sirasi ile %41 ve %39’dur.
Patlama dalgasi cephesindeki basincin patlama dalgasi
yaymimi siiresince degiskenligi blokaj oranmi da
etkilemis ve t=0.2 ms aninda bu oranin sirasi ile %12 ve
%16’ya diismesini saglamistir. Patlama dalgasinin
kararl1 siirecinde blokaj oranlarmin %21 ve %24
degerlerine ulastig1 tespit edilmistir.

Patlama dalgasmin yaymimi ve patlama dalgasi
yiiksekliginin degisim egiliminin incelenebilmesi i¢in
patlama kanalindaki hidrojenin kiitle fraksiyonu gradyani
dagilimi kullanilmistir. Bu degisken temiz yakit-hava
bolgesini  cevrelemekte  ve  patlama  dalgasi
yiiksekligindeki degisimlerin incelenebilmesine olanak
saglamaktadir. Sekil 9°da patlama dalgas1 yaymiminin
ilk evrelerinde (t=0.1 ms) patlama dalgas yiiksekliginin
(htwt) yaklagik 5 mm degerine kadar indigi goriilmektedir.
Bu durum patlama dalgas1 yiiksekliginin azalmasi ile
patlama dalgast siddetinin artmasini kanitlamaktadir.
Patlama dalgasi siddetindeki artig, patlama cephesi ve
ardindaki basing dagilimini da artirmakta ve var olan
blokaj seviyesini de yiikseltmektedir. Benzer egilim,
detayli kimyasal reaksiyon mekanizmasi kullanildiginda
da meydana gelmistir. Detayli kimyasal mekanizmanin
kullanilmas: ile patlama dalgas1 yiiksekliginin t=0.1 ms
aninda yaklasik 10 mm oldugu goriilmektedir. Patlama
dalgas1 yiiksekligi sonraki turlarda artiglar gostererek
kararl1 haldeki ortalama dalga yiiksekligi hiotave=29 mm
seviyesinin lizerine ¢iktig1 belirlenmistir. Tek basamakli
reaksiyon  mekanizmasimn  kullanildi§i  sayisal
caligmadaki patlama dalgas1 yiiksekli§inin zamanla
gelisimine benzer egilimlerin detayli kimyasal reaksiyon
mekanizmasinin  kullanildigi c¢aligmada da meydana
geldigi tespit edilmistir. Bir basamakli reaksiyon
mekanizmasimin ~ kullanildigr  ¢alismadaki  patlama
dalgas1 yiiksekliginin detayll kimyasal reaksiyon
mekanizmasinin kullanildig: calismada dalga
yiiksekliginden biiylik oldugu goriilmektedir. Kararli



patlama dalgas1 yiiksekligi bir basamakli ve detayli
kullanmildig

kimyasal reaksiyon ~ mekanizmasi
calismalarda sirasi ile 29 mm ve 27 mm’dir.

t=0.100 ms

t=0.200 ms

t=0.400 ms

{

t=0.800 ms

t=1.100 ms

t=2.000 ms

t=4.000 ms

(@)

t=0.100 ms

Sekil 9. Patlama kanalinda hidrojen kiitle fraksiyonu gradyani dagilimu a) 1 basamakli tersinmez ve b) 19 basamakli tersinmez

kimyasal reaksiyon mekanizmasi
Doner Patlama Motoru Performansi

Sayisal calismalar sonrasi patlama kanali gikisindaki
itki dagiliminin zamanla gelisimi Es. (10)’da verilen
baginti ile hesaplanmigtir (Sato ve Raman, 2020).
Verilen bagintida “u” yiizey normali hizi, “poack” ise

geri basing degerini ifade etmektedir.

F(t) = J puz + (p - pback)dAexit (10)
exit
Sekil 10°da verilen itki dagilimi incelendiginde,

patlama dalgasinin yiiksekligindeki degisimin egik sok
acisini etkiledigi goriilmektedir. Sekil 11°de verilen
basing gradyani, patlama dalgasi cephesi ve egik sok
cephesindeki degisimleri sergilemektedir. Patlama
dalgasinin ilk yayinim zamanlarinda ortalama egik sok
acisinin en yiiksek seviyelere ulastigi sonrasinda ise ani
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diisiis sergiledigi goriilmektedir. Ortalama egik sok
acist t=0.1 ms aninda 75°, t=0.2 ms aninda ise 50°
oldugu belirlenmigtir. Patlama dalgasmin kararh
yapiya gegisi siiresince egik sok acisinin yeniden
artiglann meydana geldigi goriilmektedir. Patlama
dalgas1 kararli hale gelmesi ile ortalama egik sok
acisinin 63° oldugu tespit edilmistir.

Patlama kanali ¢ikisi ve girisindeki toplam basing
oranlart DoPM basing kazanimini agiklar niteliktedir.
Sekil 10°da  verilen toplam basing oranlar
incelendiginde itki iiretim dagilimina benzer bir egilim
s0z konusudur. Patlama dalgasi kararli hale gelmeden
once yiiksek salinimlarin meydana geldigi ve kararh
haldeki patlama dalgasi sonrasi toplam basing
oranlarinin da sabit bir degere ulastig1 goriilmektedir.
Patlama dalgasinin kararli olmasi ile toplam basing
orani degerinin 3.95+0.06 oldugu belirlenmistir.
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Sekil 10. itki ve toplam basing oran1 dagilimm

t=0.100 ms

t=0.200 ms

t=0.400 ms

t=1.100 ms

t=4.000 ms

Sekil 11. Patlama dalgasi ve egik sok cephesinin zamana gore
degisimi

Egik sok cephesi ve patlama dalgasindaki degisimler,
patlama kanali ¢ikisindaki itki dagiliminda salinimlara
neden olmaktadir. Sekil 12°de tek basamakli reaksiyon
mekanizmasinin kullanildig ¢alismada patlama kanali
cikisindaki  basing ve eksenel hiz dagilimlan
verilmistir. Egik sok cephesi sonrasi basing ve eksenel
hiz degerlerinde ani artislarin meydana geldigi
goriilmektedir. Ortalama egik sok agisinin artist bu akis
degiskenlerinin de artisina neden olmaktadir. Patlama
dalgasinin ilk yaymimi (t=0.1 ms), gecis (t=0.2 ms) ve
kararli (=4 ms) evrelerinde egik sok cephesindeki
basing degerleri sirasi ile 0.69 MPa, 0.31 MPa ve 0.42
MPa’dir. Belirtilen  evrelerde  cksenel  hiz
dagilimlarinin ise sirasi ile 1140 m/s, 957 m/s ve 1068
m/s oldugu belirlenmistir. Bu dagilimlar Sekil 10°da
verilen patlama kanali ¢ikisindaki itkinin zamanla

4

gelisim egilimini de agiklayici niteliktedir ve kararli
dalga evresi (t=1.1 ms) sonrasinda {retilen itki
degerinin 678.742.3 N araliginda salinimlar yaptigi
belirlenmistir.
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Sekil 12. Patlama kanali ¢ikisinda a) basing ve b) eksenel hiz
dagilimi

Sekil 13’te tek basamakli kimyasal reaksiyon
mekanizmasimin ~ kullanildigt  ¢alismada patlama
kanalindaki Mach sayisi ve patlama kanali ¢ikisinda
akis acis1 dagilimi verilmistir. Mach sayisi dagilimi
incelendiginde, egik sok ve patlama dalgasi cephesi
sonrasi akisin ses iistii oldugu goriilmektedir. Patlama
dalgasi kararli yapiya doniismesinin ardindan patlama
kanali ¢ikisinda ses iistii rejim bdlgesi oranin %45°e
ulastig1 belirlenmistir.

Es. (10)’da verilen itki bagintisinda da goriildiigii tizere
patlama kanali ¢ikisinda momentum itki kazanimi
patlama kanali ¢ikist normali hizi (Vy) ile elde
edilebilmektedir. Sekil 13’te verilen akis agis1 dagilimi
incelendiginde egik sok cephesi sonrasi akis acisi
degerlerinde  ani  bir  diisiisin = gergeklestigi
goriilmektedir. Egik sok cephesi sonrasi azimuthal



momentumun kismen eksenel momentuma
doniistiigiini gostermektedir.
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Sekil 13. t=2 ms aninda Mach Sayisi ve patlama kanali
cikisinda akis agist

SONUCLAR

Bu ¢alismada DoPM’nun itki performansi ve patlama
dalgas1 yapisi incelenmistir. Sayisal c¢alisma iki
asamada gerceklestirilmistir. 1k olarak referans alinan
caligmaya yonelik dogrulama caligmalari
gerceklestirilmistir. Referans caligmada yakit ve
oksitleyici olarak hidrojen-hava karigimi kullanilmustir.
Hidrojen 0.8 mm capinda 90 enjektdr kanalindan, hava
ise 0.4 mm genisligindeki kanaldan patlama kanalina
yonlendirilmektedir. Dogrulama calismalar1 igin
referans ¢aligmada da belirtildigi iizere bir basamakli
tersinmez hidrojen-hava mekanizmasi kullanilmustir.
Dalga yapisinin daha detayli irdelenebilmesi igin ikinci
asamada 19 basamakli tersinmez hidrojen-hava
kimyasal mekanizmas1 tanmimlanmistir. Dogrulama
caligmalar1 sonrasi patlama dalgasinin kararli hali ve
oncesindeki yapist ile DoPM’nun itki performansi
incelenmistir. Sayisal calismalardan elde edilen
sonuglar asagida siralanmustir.

e Kararli haldeki patlama dalgas1 her bir periyodu
(tder) yaklasik 0.159 ms tamamlamaktadir. Patlama
dalgasinin  t/ta=6.892 sonrasinda kararli hale
geldigi belirlenmistir.

e Patlama dalgasinin kararli hale gelmesi ile patlama
kanali girisi ve ¢ikisindaki kiitlesel debi degerleri
neredeyse sabit degere ulasmistir. Referans
deneysel calismada belirlenen kiitlesel debi degeri
ile sayisal caligmalardan elde edilen kiitlesel debi
degeri arasinda %0.7’lik bir fark oldugu
belirlenmistir.

e Referans sayisal ¢alismada kararli patlama dalgasi
cephesindeki basing degerinin 2.2 MPa, sayisal
calismada ise bu degerin 2.26 MPa oldugu
belirlenmistir. Patlama dalgas1 hiz1 incelendiginde
teorik ve referans ¢alisma degerlerinin sirasi ile
%94.5 ve % 99.4’iline esit oldugu saptanmustir.
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e Patlama

e Patlama

e Dogrulama calismalar1 sonrasi patlama dalgasi

yapist irdelendiginde kararli patlama dalgasi
yiiksekliginin ve egik sok agisinin degismedigi
gozlemlenmistir. ~ Kararlh ~ patlama  dalgasi
yiiksekligi bir basamakli ve detayli kimyasal
reaksiyon mekanizmalarinda sirasi ile 29 mm ve 27
mm oldugu belirlenmistir.

kanalindaki eksenel hiz degerleri
incelendiginde patlama kanali giriginde ters akisin
meydana geldigi bolgeler tespit edilmistir. Bu
durum patlama kanali cephesindeki ve ardindaki
yiiksek basing dagilimlar ile gerceklesmektedir.
Blokaj oraninin patlama dalgasinin kararli yapiya
ulagmadan &nce tek basamakli ve detayli kimyasal
reaksiyon mekanizmasinin kullanildig
calismalarda sirasi ile %41 ve %39’a yiikselmistir.
Patlama dalgas1 kararli hale gelmesi ile blokaj
oraninda bir degisimin meydana gelmedigi ve sirasi
ile %21 ve %24’ e esit oldugu belirlenmistir.
kanalindaki Mach sayis1  dagilimi
incelendiginde egik sok ve patlama dalgasi cephesi
ardinda akisin ses iistii oldugu tespit edilmistir.
Kararli patlama dalgasi elde edildiginde patlama
kanali ¢ikisinin %45’inin ses st rejime sahip
oldugu belirlenmistir.
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Ozet: Bu calismada, genellikle elektrik enerjisi iiretiminde tercih edilen riizgar enerjisinin fizibilite ve verimlilik
calismalarinda kullanilan Weibull olasilik dagilim fonksiyonunun k ve ¢ parametrelerinin, Isil islem Algoritmasi(SA)
ve Genellestirilmis Indirgenmis Gradyan Algoritmasi(GRG) ile tahminlemesi yapilmistir. Fonksiyon parametreleri
ayrica klasik sayisal yontemlerden En Kiigiik Kareler Yontemi(LMS), Justus Ampirik Moment Metodu(EMJ) ve Lysen
Ampirik Moment(EML) Metodu ile tahmin edilmistir. Sonuglar kiyaslanirken belirlilik(determinasyon) katsayisi, hata
kareleri ortalamasinin karekdkii(RMSE) ve ki-kare dagilimi(y?) kriterlerinden faydalanilmistir. Tahminlenen sekil ve
Olcek parametresiyle riizgar hiz frekans dagilimlart hesaplanarak 6l¢iim sonuglari ile karsilastirilmistir. Sonug olarak
Genellestirilmis Indirgenmis Gradyan Algoritmasmin klasik sayisal yontemlere gore Loras gozlem istasyonunda
0.0182 RMSE, 0.8473 belirlilik katsayis1, ve 0.0079 y? degeri ile, Foca gdzlem istasyonunda da 0.0066 RMSE, 0.9793
belirlilik katsayis1, ve 0.0011 y? degeri ile daha iyi sonuglar verdigi goriilmiistiir.

Anahtar Kelimeler: Yenilenebilir Enerji Kaynaklari, Weibull dagilimi parametreleri, Isil Islem Algoritmasi,
Genellestirilmis Indirgenmis Gradyan Algoritmasi, Klasik Sayisal Yontemler, Riizgar Enerjisi Potansiyeli.

COMPARATIVE ANALYSIS OF MATHEMATICS, STATISTICS AND PHYSICS
BASED ALGORITHMS FOR OBTAINING OPTIMUM WEIBULL PROBABILITY
DISTRIBUTION PARAMETERS FOR POWER DENSITY ESTIMATION IN WIND

ENERGY: LORAS AND FOCA EXAMPLES

Abstract: In this work, the k and ¢ parameters of the Weibull probability distribution function, which is generally used
in the feasibility and efficiency studies of wind energy and preferred in electrical energy production, were estimated by
Simulated Annealing Algorithm (SA) and Generalized Reduced Gradient Algorithm (GRG). Function parameters were
also estimated by classical numerical methods, Least Squares Method(LMS), Justus Empirical Moment Method(EMJ)
and Lysen Empirical Moment Method(EML). When comparing the results, the coefficient of determination, the root
mean square error (RMSE) and the chi-square distribution criteria(y?) were used. Wind speed frequency distributions
were calculated with the estimated shape and scale parameter and compared with the measurement results.
Consequently, better results can be seen from GRG algorithm than the classical numerical methods with coefficient of
value of 0.0182 RMSE, determination of 0.8473, and the value y? of 0.0079 for Loras and with coefficient of value of
0.0066 RMSE, determination of 0.9793, and the value y? of 0.0011 for Foga.

Keywords: Renewable Energy Sources,Weibull distribution parameters, Simulated Annealing Algorithm, Generalized
Reduced Gradient Algorithm, Classical Numerical Methods, Wind Energy Potential.

GIiRIiS INTRODUCTION) olarak goriinmektedir (Hayli, 2001). Doganin insanliga

sunmus oldugu enerji kaynaklar1 arasinda hem ¢evresel
Yenilenebilir enerji  kaynaklari, fosil yakitlarin kirlilik ve iklim {izerinde yikic etkiler birakmayan doga
yakilmasinin neden oldugu kirlilik ve iklim degisiklikleri dostu olmast, hem de herhangi bir hammadde maliyetinin
basta olmak iizere insanligin gelecegini sarsici bir sekilde olmamasi1 O6zellikleri riizgar1 olduk¢a yaygin kullanimi
etkileyebilecek olan g¢evresel sorunlarin minimize olan yenilenebilir enerji kaynagi haline doniistiirmiistiir
edilmesinde en Onemli ¢oziim alternatiflerinden biri (Bayraktar ve Kaya, 2016).
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Yasamin ve {retim siireclerinin enerjiye olan
bagimliliklart her gegen giin yeni enerji kaynaklart arama
girisimlerini hizlandirmaktadir (Cukurgayir ve Sagir,
2008). Bu girisimlerin dogal bir sonucu olarak dzellikle
son yillarda enerji kaynaklarinda Onemli bir
¢esitlenmenin ortaya ¢iktigt goriilmektedir. Etkinlik,
verimlilik ve karlilik ilkeleri g¢ergevesinde sekillenen
ekonomik kosullar odaginda ortaya g¢ikan c¢esitlenmis
enerji kaynaklarinin ¢evreye olan olumsuz etkilerinin
yogun oldugu gozlenmektedir. Bu durum enerji
kaynaklariyla ¢evresel faktorler arasinda her gecen giin
derinlesmekte olan bir uyumsuzlugun varligma isaret
etmekte ve hem mevcut cevresel krizlerin yikici
etkilerinin arttigina hem de farkli ¢evresel sorunlarin
gelmekte olduguna dair gostergeler sunmaktadir. Enerji
ve c¢evre faktorleri uyusmazliklari temelindeki
gatismanin sonucu olarak ortaya ¢ikan ve ¢ikacak olan
cevresel krizlerin yikici etkilerinden kurtulma niyeti
gelismis ve gelismekte olan birgok iilkede temiz,
ekonomik ve yeni firsatlar sunabilme potansiyeline sahip
yenilenebilir enerji kaynaklari kullanimina olan ilgiyi her
gegen giin arttirmaktadir. Bu artan ilgiye bagh olarak
onemli yenilenebilir enerji kaynaklarindan biri olan
riizgar, diinyanin en yaygin yatirim ve kullanim alam
olan enerji kaynaklarindan biri haline gelmistir.
Karadag, enerji cevre iliskisine kapsamli bir sekilde yer
vererek riizgar enerjisinin lilkemiz i¢in uygun bir kaynak
oldugunu saptamistir (Karadag, 2009).

Riizgarim diger enerji kaynaklarindan farkli olarak
degisken ve aralikli olmasi riizgar temelli enerjinin
tiretilmesi ve kullanilmasi agisindan olduk¢a dnemlidir.
Bunun yaninda bir bolgede hakim olan riizgarin
karakteristik 6zelliklerinin belirlenmesi, iiretilecek enerji
iizerinde belirleyici olan diger dnemli bir faktordiir. ifade
edilen hususlar, riizgar enerjisinin etkin ve verimli bir
sekilde iretiminin saglanmasina yonelik enerji
potansiyelinin hesaplanmasinda riizgar hiz1 frekans
dagiliminin tahminlenmesini olduk¢a Onemli hale
getirmektedir. Bu onem temelinde riizgar hiz1 frekans
dagiliminin tahminlenmesinde giivenilir ve dogru
yontemleri bulmaya yonelik ¢ok sayida arastirmanin
yapilmis oldugu goriilmektedir. Bu arastirmalar
incelendiginde, yasam verilerinden hava durumu
verilerine kadar bir¢ok analizde yaygin olarak kullanilan
Weibull dagiliminin, riizgar hiz frekans dagiliminin da
dogru bir sekilde analiz edilmesinde yaygin olarak
kullanilan istatistikteki modellerden birisi oldugunu
gostermektedir.

Aslan ve Yasar, riizgar hizinin enerji tiretimi i¢in diigiik
oldugu bir bolge olan Dumlupmnar {iniversitesi
kampiisiindeki diisiik giiclii fakat yiiksek kapasite
faktoriine sahip tlirbin se¢imi yaparak elektrik enerjisi
iiretimi lizerine bir ¢calisma yapmustir. Yilmaz (2021),
calismasinda iki parametreli Weibull dagilimi ve
Rayleigh dagilimmin parametrelerinin, maksimum
olabilirlik metodu (MLM) ile tahminlerini yapip ele
alian bolgelerdeki riizgar hiz1 verileri ile karsilastirarak,
gergege en yakin sonuglart veren dagilim fonksiyonunun
belirlenmesi problemini ele almistir. Chen vd. (2021),
Norveg Arktik bolgesindeki bes riizgar parkinin riizgar
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hizin1 modellemek i¢in farkli olasiik yogunluk
fonksiyonlar1  kullanarak, sayisal hava tahmin
modellerinden ve dlgliimlerden elde edilen riizgar hizi
verileri arasinda bir karsilagtirma yapismislardir. Bu
¢aligsmanin sonuglari, tek bir olasilik fonksiyonunun tiim
senaryolarda daha iyi performans goéstermedigini ortaya
koymaktadir. Giilersoy ve Cetin (2010), Menemen
bolgesinde riizgar tribiinleri i¢in Rayleigh ve Weibull
dagilimlarin1 kullanmistir. Kaplan (2016), Rayleigh ve
Weibull dagilimlart kullanilarak Osmaniye bolgesinde
rliizgar enerjisinin degerlendirilmesi tizerine ¢alismistir.
Boylece yapilan diger arastirmalar da g6z Oniine
alindiginda, riizgar karakteristigi ve enerji potansiyelinin
hesaplanmasinda riizgar hizi frekans dagiliminin
tahminlenmesinde olasilik yogunluk fonksiyonlarindan
faydalanilmas1  gerektigine dair Onemli bulgular
sunmaktadir. Bilindigi tizere ilgili bolgedeki riizgar
hizlart ¢esitli araliklarla siniflandirilarak bir olasilik
dagilimi fonksiyonu yardimiyla karakterize edilebilir. Bu
durumda Weibull olasilik dagilimi, belirlenen bdlgede
bir Ol¢iimiin yapilmasinda ©onemli bir Ol¢lim ve
degerlendirme araci olarak 6n plana ¢ikmaktadir. Iki
parametreli Weibull olasilik dagilim1 hem parametrelerin
kolay belirlenebilmesi istiinliigi hem de farkhi
bolgelerdeki dogruluk oranlart nedeniyle pek ¢ok alanda
rizgar karakteristik 0Ozelliklerinin tahminlenmesinde
yararlanilan 6nemli bir yontem haline gelmistir.

Weibull olasilik  dagilim fonksiyonu “k” sekil
parametresi ve “c” Olgek parametresi ile karakterize
edilen iki parametreli bir fonksiyondur. Weibull olasilik
dagilimmin  riizgar  karakteristik  6zelliklerinin
belirlenmesinde farkli sayisal tahmin metotlar1 ve
sezgisel optimizasyon algoritmalarinin kullanildigi ve
farkli algoritmalarin kullanimiyla riizgar karakteristik
ozelliklerinin belirlenmesinde farkli 6l¢iim formlarinin
uygulanmasina gereksinim duyuldugu goriilmektedir.
Sayisal tahmin metotlar1 yapisi, Weibull olasilik dagilim
fonksiyonuna  uygun oldugu ig¢in = parametre
tahminlenmesinde yaygin olarak kullanilmaktadir. En
yaygin kullanilan tahmin metotlariin ise; Lysen
Ampirik Moment Metodu, Justus Ampirik Moment
Metodu, Grafik Metodu, Moment Metodu, Ampirik
Metot, Gii¢ Yogunlugu Moment Metodu, Enerji Sekil
Faktorii, Standart Sapma  metotlar1  olduklar
goriilmektedir (Jiang vd. 2017; Kose vd. 2021; Azad vd.
2014).

Sayisal tahmin  metotlarinin
optimizasyon algoritmalarinin da, Weibull olasilik
dagilim  fonksiyonu parametrelerini  hesaplarken
kullanilmaktadir.  Sezgisel algoritmalar parametre
tahminlenmesi hesaplanirken ¢éziime hizli ulasilmast,
giivenilirlik, esneklik, basit kod yazilim1 ve kolay analiz
edilmesi gibi ustiinliikleri nedeniyle siklikla tercih
edilmektedirler. Bu algoritmalarin ¢ogu dogadaki siirii
davranislarindan ilham alinarak bu siirii davranislarinin
simiile edilmesiyle tasarlanmaktadir. Kdse vd. 2018
yilinda yaptig1 ¢alismada, Burr dagilimi ile riizgar hizi
yogunlugunu tahmin etmek i¢in yeni bir yaklagim olarak
en kiiglik kareler yontemi kullanarak bir tahmin modeli

tasarlamislardir. Bu modeli dogrulamak i¢in sekiz farkl

yanisira  sezgisel



meteoroloji istasyonunun yillik verileri analiz edilerek
sonuglar Weibull dagilim modeli ile karsilastirilmustir.
Her iki modelin parametrelerini tahmin etmek i¢in en
kiiglik kareler yontemi ve maksimum benzerlik kestirim
yontemi kullanilmistir.  Sonrasinda Weibull olasilik
dagilim fonksiyonu ile tek tepeli olmayan riizgar hiz
verilerini modellemede kullanilan iki bilesenli karma
Weibull dagilimi parametrelerini tahmin etmek iizere
Yusufeuk ~ Algoritmasinmi  kullanmuglardir.  Onerilen
yontemin performansini, meta-sezgisel optimizasyon
algoritmalarindan Genetik Algoritma ve Parcacik Siiriisii
Optimizasyonu ile sayisal yontemlerden Moment
Yontemi ve En Kiglik Kareler Yontemi ile
karsilastirarak degerlendirmisledir (Kose vd. 2023).

Yukarida bahsedilen (Kose vd 2018; Kose vd. 2023)
yayinlarda popiilasyon tabanli algoritmalar kullanilirken,
bu calismamizda istatistik tabanli en kiigiikk kareler
yontemi ve moment metotlarinin yaninda, matematik
tabanli genellestirilmis indirgenmis gradyan yontemi ve
fizik tabanli 1s1l islem algoritmalari kullanilmistir.

Bu dogrultuda bu caligmada, iki parametreli Weibull
dagilim fonksiyonunun parametre tahminlenmesinde En
Kiigiik Kareler Yontemi(LMS), Justus Ampirik Moment
Metodu(EMJ), Lysen Ampirik Moment Metodu(EML),
Isil islem Algoritmasi(SA) (Isil islem algoritmasi metal
malzemelerin kat1 halde sicaklik degismeleriyle bir ya da
birbirine bagli birka¢ islemle amaca uygun o6zellik
degisimlerinin saglanmasini simiile ederken kullanilan
algoritmadir  (Karaboga, 2018)), Genellestirilmis
Indirgenmis Gradyan Algoritmasi(GRG) kullanilarak
sonuglar performans kriterleriyle karsilastirilmig ve
bunun iizerine riizgar hiz dagilimi ve Konya Loras dag1
ile Izmir Foga  potansiyel riizgar enerjisi elde
edilmesinde  uygun  bir  ydntem  olabilecegi
disiiniilmiistir. Bu c¢alismada gercek saha verileri
kullanilarak, istatistik tabanli en kiigiik kareler yontemi
ve moment metotlarinin yaninda, matematik tabanl
genellestirilmis indirgenmis gradyan yontemi ve fizik
tabanli 1s1l islem algoritmas: kullanilmistir. Caligmada
kullanilan genellestirilmis indirgenmis gradyan yontemi,
yapilan literatiir taramas1 sonucunda riizgar enerjisi gli¢
yogunlugunda ¢ok stk kullanilan  bir  yOntem
olmadigindan, diger makalelere gore farkli bir kiyaslama
olarak nitelendirilebilir. Ayrica bu ¢alismanin 6zgiinligii
istatistik, matematik ve fizik tabanli algoritmalarin
birlikte kullanilarak sonug¢larin kiyaslanmasindadir.
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ONERILEN RUZGAR ENERJiST MODELLEME YAKLASIMI

Gercek Verilerin Optimizasyon Tahmin Verilerinin | Dogruluk Sonug
Elde Edilmesi Elde Edilmesi
Konum —1»| Optimizasyon
seqimi yonteminin
¢ belirlenmesi

Gergek veri k ve ¢ parametre
e degerlerinin segimi - Optimum
parametreler
fonksiyonu »
Tahmin edilen
riizgar verilerinin

olugturulmass

l (
Uretime
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Eauyi
modelin
belirlenmesi
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Sekil 1. Onerilen Riizgar Enerjisi Modelleme Yaklasimi

MATERYALLER VE METOT (MATERIALS AND
METHOD)
Veriler (Data)

Bu calismada Konya Loras dag1 ve Izmir Foga riizgar hiz
6l¢lim degerleri kullanilarak hesaplamalar yapilmistir.

TURKEY
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Sekil 2. Loras ve Foga Gozlem Istasyonlarmin yeri (Kose vd.
2014)

Bolgedeki hakim riizgar yoniinii gosteren riizgar gilii
grafigi, on alti riizgar sektorii belirtilerek Sekil 3° de
gosterilmektedir.
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Sekil 3. Loras ve Foca Gozlem Istasyonu Riizgar Giilii

Loras ve Foga Gozlem Istasyonlarindaki riizgar hiz
Ol¢iimlerinin esme yogunluklari Tablo 1°de verilmistir
(Kose vd. 2021). Konya Loras dagi riizgar hiz verileri
incelendiginde, riizgarin ortalama hizi 4,552 m/s, bir
yillik hakim riizgar yoni sifir derece kuzey ve 202,5
derece giiney bat1 yonii olarak saptanmistir. izmir Foca
meteorolojik Ol¢lim istasyonu riizgar hiz dlglim
degerlerinin analizinde ortalama riizgar hiz1 6,15 m/s
olarak, hakim riizgar yonii O derece kuzey olmak iizere,
45 derece kuzey ve 330 derece kuzey bat1 yonii olarak
tespit edilmistir. Riizgar potansiyeli hesaplamalarinda
kullanilmak {izere bir yil icindeki saatlik riizgar hizi
verileri toplanmaktadir. Bir yilda alinmasi gerekli olan
8760 saatlik riizgar hiz1 verisinden, 166 saatlik eksik
riizgar hizi verisi ile toplamda 8594 saatlik riizgar hizi
verisi iizerinden degerlendirme yapilmistir.
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Tablo 1. Loras ve Foca Gozlem Istasyonu Riizgar Istasyonu
Esme Yogunlugu

Hiz siifi LORAS Esme FOCA Esme
Yogunlugu Yogunlugu

0 0,0882 0,000931

1 0,0994 0,039213

2 0,1337 0,092972

3 0,1414 0,109262
4 0,1248 0,104724

5 0,0956 0,110193

6 0,0763 0,120084

7 0,0595 0,113219

8 0,0473 0,101350

9 0,034 0,065744
10 0,0262 0,046660
11 0,0215 0,032232
12 0,0155 0,025017
13 0,0124 0,016640
14 0,0082 0,009192
15 0,0062 0,006749
16 0,004 0,002909
17 0,0029 0,001164
18 0,0014 0,000931
19 0,0007 0,000349
20 0,0002 0,000233
21 0,0002 0,000116
22 0,0002 0,000116
23 0,0001 0

24 0,0001 0

25 0,0001 0

Toplam 1 1

Loras ve Foga riizgar hiz verilerinin tamimlayici

istatistikleri Tablo 2’de verilmistir. Loras riizgar hiz
verilerinin tanimlayici istatistikleri; ortalama riizgar
hizindan daha kii¢iik degerlerin oldugu yere dogru carpik
olup, 1,44 basiklik katsayisi ile normal dagilima gore
biraz daha sivridir. Standart sapmasi 3,53 m/s olup, en
biiytik riizgar hiz1 25,96 m/s olarak kayitlara ge¢cmistir.
Tanimlayici istatistik verilerinden de anlasilacagi lizere
Foca riizgar hiz verilerinin; ortalama riizgar hizindan
daha kiigiik degerlerin oldugu yere dogru carpik olup,
0,27 basiklik katsayisi ile normal dagilima goére biraz
daha sivridir. Standart sapmas1 3,18 m/s olup, en biiyiik
rlizgar hiz1 kaydi1 21,9 m/s olarak kayitlara gegmistir.



Tablo 2. Tanimlayici istatistikler Tablosu

Loras Foga
Tammlayici Tanimlayici Tanmmlayici
Istatistik Istatistik Istatistik
Verileri Verileri Verileri
(10 dakikahk (Saatlik
ortalama ortalama
olciimler) ol¢ciimler)
Ortalama 4,551589144 6,15459623
Standart Hata 0,015489232 0,034367716
Ortanca 3,782 5,9
Standart
Sapma 3,539315031 3,186018848
Ornek
Varyansi 12,52675089 10,1507161
Basiklik 1,445531814 0,276911107
Carpiklik 1,139122863 0,638000799
Aralik 25,96 21,5
En Biiyiik 25,96 21,9
En Kii¢iik 0 0,4
Veri Sayist 52213 8594

Loras i¢in bir yilda 10 ar dakikalik periyotla 52560 6l¢iim
almmasi gerekirken bu calismada kaydedilen 6l¢iim
sayist 52213 olmustur. Bu nedenle 10 ar dakikalik
periyotta kaydedilen dl¢iimlerden 347 6l¢iim eksik olup
belirsizlik miktar

(52560 — 52213) /52560 = 347/52560 = 0.0066

%0,66 olarak bulunmustur. Bu da bu tiir hesaplamalarda
¢ok iyi sonug olarak sdylenebilir.

Meteorolojiden alinan verilere gore Foga icin saatlik
periyotlarla 8760 Ol¢iim almmmast gerekirken bu
¢alismada kaydedilen dl¢iim sayist 8594 olup 166 saatlik
eksik Ol¢iim yapilmistir. Bu da yaklagik tiim dlgtimler
bazinda

(8594 — 8760)/8760 = 0,0189

%1,89 belirsizlik miktar1 bulundugu anlamina gelir. Bu
belirsizlik miktar1 Loras gozlem istasyonunda yapilan
Olciime gore daha fazla olmasina ragmen, yapilan diger
calismalara gore kabul edilebilir bir oran oldugu
sOylenebilir.

Weibull Olasihk Dagilim Fonksiyonu (Weibull
Probability Distribution Function)

Riizgar enerjisi potansiyelinin belirlenmesinde segilen
bolgedeki riizgar hiz dagilimini dogru analiz etmek o
bdlgeye enerji tesisi kurmadan 6nce yapilmasi gereken
en onemli adimdir. Riizgar hizinin degisken ve aralikli
olmasi sebebiyle istatistiksel yontem tercih edilir. iki
parametreli Weibull Olasilik Dagilim Fonksiyonu en
giivenilir ve en dogru yontemlerden biridir. Weibull
olasilik dagilimina ait olasilik yogunluk fonksiyonu Es.
(1)’de, kiimiilatif olasilik dagilim fonksiyonu Es. (2)’de
belirtilmistir (Koése vd., 2018; Justus ve Mikhail, 1976).
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Parametre Tahmin Metodlar: (Parameter Estimation
Methods)

Riizgar hizi karakterizasyonu igin olasiik dagilim
fonksiyonlarinin parametrelerini tahmin etmek ve
performans kiyasi i¢in yaygin olarak sayisal metotlardan;
en kiigiik kareler metodu, Justus ampirik moment metodu
ve Lysen ampirik moment metodu kullanilmaktadir.
Ayrica olasilik dagilim fonksiyonlarinin parametrelerini
tahmin etmek igin bazi optimizasyon algoritmalari da
kullanilmaktadir. Bu calismada sezgisel optimizasyon
algoritmalarindan  Isil  Islem  Algoritmas1  ve
Genellestirilmis indirgenmis Gradyan Algoritmasindan
faydalanilarak ~ Weibull Dagilim  fonksiyonunun
parametreleri tahmin edilmistir.

En Kiiciik Kareler Metodu (Least Square Method
(LSM))

Weibull olasiik dagilim fonksiyonunun k ve c

parametreleri Es. (3) ve Es. (4) te su sekilde verilir (Kdse,
2018):

yi =In(—=In(1—-F(vy)))

k= n ¥, (nv)yi—(Tk, lnv) (R, v) 3)
NI, In) -k, wp*
n ._yn .
¢ =exp kYizInvi-¥io, ¥i (4)

nk

Justus Ampirik Moment Metodu (Empirical Moment
Method of Justus(EMJ))

Weibull olasilik dagilim fonksiyonundaki k ve c
parametreleri sirasiyla Es. (5), Es. (6) kullanilarak
hesaplanmustir. Riizgar hizinin standart ortalama degeri
v, standart sapma degeri ise o ile ifade edilmistir (Justus
ve Mikhail, 1976; Abdulahad vd., 2016)

L= (g)—1.086 )

=0 ©)

Lysen Ampirik Moment Metodu (Empirical Moment
Method of Lysen(EML))

Weibull olasilik dagilim fonksiyonundaki ¢ parametresi
Es. (7) kullanilarak hesaplanmigtir. Riizgar hizinin
standart ortalama degeri V, k parametresi ise Justus
Ampirik Moment Metodu ile hesaplanan deger
kullanilmstir (Lysen, 1983).
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Isil islem Optimizasyon Algoritmast Metodu
(Simulated Annealing Optimization Algorithm
Method(SA))

Isil iglem algoritmasi, fiziksel tavlamanin termodinamik
sirecinde  pargaciklarin istatistiksel termodinamik
kanunu baz alinarak olugsmus bir algoritmadir. Amac,
parcacigi bir baslangic durumundan miimkiin olan en
diisiik enerjiye sahip bir duruma getirmektir. Bagka bir
deyisle, Isil islem algoritmasi fiziksel olarak ii¢ bélimde
incelenebilir.

1) Isitma iglemi: Amaci, parcaciklarin termal hareketini
arttirmak ve onlar1 denge konumundan saptirmaktir.
Sicaklik yeterince yliksek oldugunda, kati eriyerek siviya
doniisecek ve boylece sistemin liniform olmayan durumu
ortadan kaldirilacaktir.

2) lIzotermal siireg: Cevre ile 1s1 aligverisi yapan ve
sicakliglt sabit olan kapali bir sistem igin, sistem
durumunun kendiliginden degisimi, genellikle serbest
enerjiyi azaltma yoniindedir. Serbest enerji minimuma
ulastiginda, sistem denge durumuna ulagir.

3) Sogutma islemi: Kristal yapi, pargaciklarin termal
hareketinin  zayiflatilmast ve sistemin enerjisinin
disiiriilmesiyle elde edilir.

Bunlarin arasinda 1sitma islemi, algoritmanin baslangic
sicakhigma karsilik gelir. Izotermal siireg, algoritmanin
gecis siirecine karsilik gelir. Sogutma islemi, kontrol
parametrelerinin  azalmasina karsilik gelir. Enerji
degisimi amac¢ fonksiyonudur ve optimal ¢oziim en
diisiik enerji durumudur.

Isil islem algoritmasi birden fazla degiskene sahip
fonksiyonun ozellikle birgok yerel minimum degere
sahip dogrusal olmayan fonksiyonlarin minimum
degerlerinin ~ bulunmasi  i¢in  tasarlanmistir.  Bu
algoritmada rassal olarak bir ¢dziim belirlenerek, bu
¢Oziim tzerinde yapilan degisikliklerle yeni bir ¢oziim
bulunur. Sonrasinda bu islemler tekrar eder. Yeni tiretilen
¢oziimler ile baglangigtaki rassal ¢oziim kiyaslanarak
hangisinin daha iyi oldugu arastirilir. Eger yeni liretilen
¢0ziim daha iyi ise en iyi ¢oziim olarak belirlenir.
Sicaklik 1s1l islem algoritmasinda baslangigta belirlenmis
olan bir deger olup temelde en iyi sonug¢ bulunana kadar
diisiiriilebilir. Bunun yanisira sicaklik degeri sifirdan
diisiik olana kadar ya da algoritmanin ¢alistirilmasi igin
belirlenen siire bitene kadar diisiiriilebilir (Kose, 2022;
Wang, 2020).
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Tablo 3. Isil islem Algoritmasinin Sézde Kodu

I: SA kontrol parametreleri Ty; Tringi; L; ¢ yi seg

2: Rastgele bir X, baslangi¢ ¢6ziimii se¢

3: X =Xy T =T, al, f(X,) degerini hesapla

4: While T > Tfinal

5: Setk =1

6: While k < L

7: X in  komsulugunda yeni X
¢Oziimiinii tiret

8: Af = f(Xyeni) — f(X) i hesapla

9: If Af <0

10: X =Xyeni

11: end if

12: else

13: r € (0,1) olacak bigimde rasgele
sayist1 Uret

. —Af

14: Ifr<eT

15: X=Xyeni» k=k+1

16: end if

17: end else

18: end while

19: Isty1  distr:  Ti=c*To ( ¢ sogutma
katsay1s1=0.96)

20: end while
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Sekil 4. Isil Islem Algoritmast Akis Diyagrami (Kose vd.,
2014)

Genellestirilmis Indirgenmis Gradyan Metodu
(Generalized Reduced Gradient Method)

Kisith optimizasyonun optimal olurlu yontemlerinden,
genellestirilmis  indirgenmis  gradyan  yontemi,
uygulamada o6nemli bir rol oynar ve teknolojik
uygulamalarda hala yaygin olarak kullanilmaktadir
(Brenan ve Hallman, 1995). Bu yontemde esas olarak, bir
yandan minimum yapilmak istenen f nin igbiikey
olmadig1 ve diger yandan kisitlarin genel olarak dogrusal
olmadig1 durumla ilgilenilmektedir (Abdelkrim, 2010).

Genellestirilmis indirgenmis gradyan yontemi, dogrusal
optimizasyon yontemlerini dogrusal olmayan durumlara
genigletmeye calisir. Bu yontemler, 6ngoriilen gradyan
yontemlerine yakin veya esdegerdir; sadece yontemlerin
sunumu genellikle farklidir (Beck vd., 1983).

Genellestirilmis indirgenmis gradyan metodu (GRG),
yalnizca dogrusal kisitlamali problemlerin ¢6ziimii i¢in
sunulan indirenmis gradyan yonteminin bir uzantisidir
(Gabriele ve Ragsdell, 1977). GRG metodunun
detaylarini gérmek i¢in, n tasarim degiskeni ve m esitlik
kisitt ile asagidaki nonlineer programlama problemi ele
alinsin:

Min 1 (x)

Kisitlar g(x)=0, i=12,...m
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Tasarim degigskenleri n —m bagimsiz degiskenden
olusan z ve m bagimh degiskenden olugsan y olmak
lizere boliimlere ayrilir. Bagimsiz degiskenler, amag
fonksiyonunu iyilestirmek icin, bagimli degiskenler de
baglayici kisitlart karsilamak i¢in kullanilacaktir. Mevecut
gradyan vektorleri asagidaki sekilde boliimlere ayrilmak
iizere

O =45 <43 R (€
0Oz, 0z, oz,
of(x) of(x of (x
Vf(y)r{f() y () f(q
o, ), v,
kisitlarin - kismi tiirevlerinin  bagimsiz ve bagiml
matrisleri
(%2 08 Oz, | (%2 G808 |
aZl 622 aZn—m ayl ay 2 h ay m
o _ v _|
oz oy
% 8w O %y O 0w
_azl 0z, aznfm_ _6)’1 oy, . 8ym_

bigiminde tanimlansin. Bu durumda amag ve kisitlardaki
diferansiyel degisiklikler vektdr formunda su sekilde
yazilabilir:

df =Vf(2)" dz+Vf(») dy

dy =Y a4+ Y g~
Oz oy
Buradan
-1
__0y oy
dy= o dz ®)
olur. Dolayisiyla
T r Oy Oy
df =Vf(z) dz=Vf(y) ————dz
oy 0Oz
olup, Vf, RT genellestirilmis indirgenmis gradyan
formiili
G, =V =Vf Y~y L2
oy 0Oz 9)

bi¢iminde elde edilir. indirgenmis gradyan, geometrik
olarak m  boyutlu gradyanin tasarim degiskenleri
tarafindan tanimlanan 7z—m  boyutlu uygulanabilir
optimal olurlu (feasible) bolgeye bir izdiislimii olarak
tamimlanabilir. Indirgenmis gradyan, etkin kisitlara teget
olan en dik ¢ikisin yoniidiir.

Bazen de ele alman problemdeki kisitlar asagidaki gibi
hem esitlik hem de esitsizlik kisitlart olabilir.
Min  f(x)
Kisitlar g(x)<0, i=1,..,k
g (x)=0,i=k+L...m



GRG algoritmasiin esitlik ve esitsizlikler ile verilen
daha genel bu sekli biraz daha karmasiktir. Ciinkii GRG
nin tiiretilmesi esitlik kisitlamalarina dayanir. Bu nedenle
yapay (slack) degiskenler ekleyerek esitsizlikler esitlige
donistiiriilir. Buradaki GRG algoritmasi, aktif bir
kisitlama algoritmasidir; arama yoniinii belirlemek igin
yalnizca etkin esitsizlik kisitlari kullanilir. Etkin olmayan
kisitlar, yalnmizca baglayici hale geldikleri veya ihlal
edildikleri takdirde probleme dahil edilirler.

GRG algoritmasinin adimlar su sekilde verilebilir:

1. Amag fonksiyonunu ve mevcut noktadaki tiim
kisitlar1 degerlendir.

2. Herhangi bir etkin esitsizlik kisit1 i¢in, yapay bir

S; yapay degiskeni eklenir.

3. Degiskenler bagimsiz degiskenler ve bagimli
degiskenler olarak ayrilir. Her etkin kisit i¢in bir bagimli
degiskene ihtiyag vardir. Ust veya alt sinirindaki
herhangi bir degisken, bagimsiz bir degisken haline
gelmelidir.

4. Indirgenmis gradyam hesaplamak icin Es. (9)
kullanilir.

5. Bir arama yonii hesaplaym. Indirgenmis
gradyanin arama yoniinii hesaplamak i¢in herhangi bir
yontem kullamilabilir. Ornegin, Newton-Raphson (NR)
yontemi.

6. Bagimsiz degiskenlerde bir satir aramasi yapilir.

Her adim i¢in, Es. (8) da dz ve dy yerine Vy ve

Vz kullanilarak bagimli degiskenlerdeki karsilik gelen
degerler bulunur.

7. Optimum ¢6ziim aramasmin her adiminda,
bagimli degiskenleri belirlemek igin Newton-Raphson
(NR) yontemini kullanarak ihlal edilen kisitlar igin kisit
sinirlara geri doniiliir. Bagimsiz bir degisken sinirma
ulagirsa, onun sinirina esitlenir. Indirgenmis gradyanin

-1

hesaplamasinda matrisine sahip oldugumuz goz

oy

online alinsin. Burada Newton-Raphson iterasyonu

-1
Ay = —% ( g —b) ile verilir.
8. Optimum ¢6ziimii arama 4 yoldan biri ile
sonlandirilabilir.
i.Arama yoniindeki minimum bulunur.
ii.Bagimli bir degisken iist veya alt sinirina ulasir.
iii.Onceden etkin olmayan bir kisit etkin hale gelir.
iv.NR yakinsamay1 basaramazsa, NR yakinsayana
kadar adim boyutu azaltilir.
9. Herhangi bir noktada 4. adimdaki indirgenmis
gradyan 0'a esitse, Karush—Kuhn-Tucker kosullart
karsilanir (Constrained Optimization 2).
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Sekil 5. Genellestirilmis indirgenmis gradyan algoritmasinin
akis semas1 (Kim ve Mun, 2021).

GUC YOGUNLUGU VE PERFORMANS ANALIiZi
(POWER DENSITY AND PERFORMANCE
ANALYSIS)

Riizgar Gii¢ Yogunlugu

Tesis igin birim alan A (m?), bdlgedeki riizgar hizi v ve
£ (kg/m?) hava yogunlugu olmak iizere, riizgar giig
yogunlugu Es. (10) ile tahmin edilebilir:

P‘M(v):%pAf = %pv3(w/m2) (10)

Weibull olasilik yogunluk fonksiyonu 6l¢ek parametresi
c, sekil parametresi k ve [ ,['(¢)= J.eft dt
0

Gamma fonksiyonu olmak {izere, yerel riizgar enerjisi
kaynagmin uygunlugu i¢in, yillik ortalama riizgar gii¢
yogunlugu Es. (11) ile hesaplanir (Kose vd., 2018).

Pw,d:2 > (11)

lAPIgmax v3f(v)dv = l/3031“(1 + %)
Gii¢ yogunlugu agisindan 6lgiim yapilan sitenin riizgar
enerjisi smiflar1 degerlendirme kriterleri Tablo 4’deki
gibidir (Mostafaeipour vd., 2014).



Tablo 4. Riizgar enerjisi siniflar1 degerlendirme kriterleri

Zayif Kaynak (P, a<100W/m?)
Normal Kaynak | (100 W/m’< P, 4< 300W/m?)
Iyi Kaynak (300W/m? < P, 4< 700W/m?)
Cok Iyi Kaynak | (P, 4> 700W/m>)

Elde edilen sonug¢ yukarida verilen kritik degerlere gore
siniflandirilir ve yatirim karari i¢in bilgi iiretilir.

Amac¢ Fonksiyonunun Tanimlanmasi
Objective Function)

(Defining

Bu calismada, her iki gozlem istasyonunda Olgiilen
riizgar hiz olasilik degerleri ile Weibull olasilik dagilimi
kullanilarak bulunan riizgar hiz olasilik degerleri
arasindaki fark hatayi ifade etmekte olup

VR W [ ACOR ¥ o) SIS

ile gosterilen amag¢ fonksiyonunda hata kareleri
toplaminin en aza indirilmesi hedeflenmektedir (Kose
vd., 2018).

Es. (12), Es. (13), Es. (14) ve Es. (15) te n toplam hiz
sinifi  sayismi, fy(v;) gozlem istasyonunda Olgiilen
frekanslar1 ve f,,(v;) Weibull dagilimi ile hesaplanan
frekanslar gostermektedir.

Performans Kriterleri (Performance Criteria)

Hata Kareleri Ortalamasinin Karekokii (The Root
Mean Square Error (RMSE))

Bu kriter tahminlemesi yapilan degerler ile deneysel
veriler arasindaki gercek sapmayr kiyaslamak
maksadiyla kullanilir. Hata Kareleri Ortalamasinin
Karekokii kriteri Es. (13) ile tanimlanmustir.

1

HKOK(RMSE)=\/—Z?zl(fg(vi)—fw(vi))z (13)

n

Riizgar hizinin modellenmesinde kullanilacak dogru
fonksiyon en kiiciik degere sahip en iyi riizgar dagilimi
fonksiyonudur (Abdulahad, 2016).

Determinasyon (Belirlilik) Katsayis1 (Determination
Coefficient)

Determinasyon (Belirlilik) katsayisi tahminlemesi
yapilan degerler ile deneysel veriler arasindaki yakinligi
kiyaslamak i¢in kullanilan bir bagka performans kriteri
olup Es. (14) ile tanimlanmustir.
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n

Z (Fywo~fwwp)”
l:n:1

Z (A EACH)
i=1

R?=1-

(14

Burada f,(7;) Weibull ile tahminlemesi yapilan riizgar
dagiliminin ortalamasini ifade eder (Azad, 2014).

Ki-kare Dagilimi (Chi-square Distribution)
Bu kriter Es. (15) ile tanimlanmistir (Gling6r, 2008).

n
Z (Fyw0~Fwd)”
2 _ Ldiz1
n
/1)

KARSILASTIRMA VE ANALIiZ (COMPARISION
AND ANALYSIS)

X (15)

Loras Gozlem Istasyonu verileri kullanilarak riizgar
hizlarinin frekans dagilimmin riizgar karakteristigini
olusturmak i¢in klasik sayisal yontemlerden En Kiigiik
Kareler Yontemi(LMS), Justus Ampirik Moment
Metodu(EMJ) ve Lysen Ampirik Moment Metodu(EML)
ile sezgisel optimizasyon algoritmalaridan Isil Islem
Optimizasyon Algoritmasi(SA) ve Genellestirilmis
Indirgenmis Gradyan Algoritmasi kullamlarak Weibull
sekil(k) ve dlgek(c) parametreleri tahmin edilmistir.

Loras gozlem istasyonu icin, k sekil parametresi klasik
sayisal metotlardan LMS ile 1,3711, EMJ ve EML ile
1,3115, ¢ 6lgek parametresi ise LMS ile 4,4747, EMJ ve
EML ile 4,93-4,95 arasinda yakin degerler bulundugu
gozlemlenmistir. SA optimizasyon algoritmasi ve GRG
algoritmasinda ise k sekil parametresi 1,4048, ¢ 6l¢ek
parametresi ise 5,40-5,75 arasinda yakin degerler
bulunarak parametrelerin klasik sayisal metotlardan daha
biiyiik oldugu goriilmiistiir.

Foca gozlem istasyonu igin, k sekil parametresi klasik
sayisal metotlardan LMS ile 1,7919, EMJ ve EML ile
2,0166, c dlgek parametresi ise LMJ ile 6,1868, EMJ ve
EML ile 6,89 a yakin degerler bulundugu
gozlemlenmisti. SA  ve GRG  optimizasyon
algoritmalarinda ise k sekil parametresi 1.98 civari olup,
¢ Olcek parametresi ise 6,89-6,94 arasinda bulunarak
parametrelerin  klasik sayisal metotlara ¢ok yakin
degerler oldugu goriilmiistiir.

Tablo 5. Loras ve Foga Riizgar Hiz Karakteristigi igin Weibull
Olasilik Dagilim Fonksiyonu Parametreleri

Parametre Loras Gozlem Foca Gozlem
Tahmin Istasyonu Istasyonu

Metotlann | k c k c
LSM 1.3711 | 4.4747 1.7919 | 6.1868
EMJ 1.3115 | 49373 | 2.0166 | 6.8901
EML 1.3115 | 4.9405 | 2.0166 | 6.8939
SA 1.4048 | 5.7363 1.9777 | 6.8948
GRG 1.4488 | 5.40235 | 1.9617 | 6.9359




Tablo 6’da LMS, EMJ, EML, SA ve GRG ile
tahminlenen parametrelerin performans kriterlerine gore
verdigi sonuglar belirtilmistir. Bu sonuglar gézden
gecirildiginde, Loras Gozlem Istasyonu icin GRG
Algoritmasi 0,8473 sonucu ile klasik sayisal yontemlere
oranla optimal bir determinasyon katsayist degeri vererek
iyi bir performans sergilemistir. Hata Kareleri
Ortalamasiin Karekoki performans kriteri
incelendiginde, GRG Algoritmas1 Optimizasyon Metodu
ile tahmin edilen parametrelerin klasik sayisal yontem ile
tahminlenen parametrelerin deneysel verilere gore daha
az saptig1 ve daha iyi sonug verdigi goriilmistiir. Ki-kare
dagilim1 performans kriteri incelendiginde, yine GRG
algoritmast ile tahmin edilen parametrelerin klasik
sayisal yontemler ile tahminlenen parametrelere gore
sifira daha yakin olmasi sebebiyle daha iyi netice verdigi
gOrilmistiir.

Foca Gozlem Istasyonu icin GRG Algoritmas1 0.9793
sonucu ile klasik sayisal yontemlere oranla optimal bir
determinasyon katsayis1 degeri vererek iyi bir
performans sergilemistir. Hata Kareleri Ortalamasinin
Karekokii performans kriteri incelendiginde, SA ve GRG
Algoritmalart ile tahmin edilen parametrelerin klasik
sayisal yontem ile tahminlenen parametrelerin deneysel
verilere gore daha az saptig1 ve daha iyi sonug¢ verdigi
goriilmiistir. Ki-kare dagilimi performans kriteri
incelendiginde, tiim kullanilan yontemlerin ayni sonucu
verdigi gorilmiistiir.

Tablo 6. Weibull Olasilik Dagilim Fonksiyonu Parametreleri
icin Frekans Tahmini Performans Sonuglari

Loras Gozlem Istasyonu Foca Gézlem Istasyonu
RMSE R? X2 RMSE R? X?

LMS 0.7859 | 0.0118 | 0.0123 | 0.9268 | 0.0034
0.0215

EMJ 0.8223 | 0.0097 | 0.0068 | 0.9781 | 0.0011
0.0196

EML 0.8225 | 0.0096 | 0.0067 | 0.9781 | 0.0011
0.0196

SA 0.8424 | 0.0082 | 0.0066 | 0.9791 | 0.0011
0.0185

GRG 0.8473 | 0.0079 | 0.0066 | 0.9793 | 0.0011
0.0182

Weibull Olasilik Dagilim Fonksiyonunun

parametrelerini tahminlemede kullanilan klasik sayisal
yontemlerden LMS, EMJ ve EML ile optimizasyon
algoritmalarindan SA ve GRG algoritmalar kullanilarak,
sirastyla Sekil 6(a)-6(b)’de Loras ve Foca gozlem
istasyonlarindaki esme yogunluklart elde edilmistir.
Buna gore Weibull Olasiik Dagilim Fonksiyonu
parametre tahmininde SA ve GRG algoritmalarinin
klasik sayisal yontemlere gore daha iyi sonug¢ verdigi
dolayisiyla daha basarili yontemler oldugu sdylenebilir.

Riizgar Hiz Dagilim Histogrami
T
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Tablo 7. Gergek ve LMS, EMJ, EML, SA ve GRG ile tahmini
rlizgar giic yogunlugu degerleri

'Loras Gozlem Foga Gozlem
Istasyonu Istasyonu
Gecgek Giig 225.5092 266.9153
Yogunlugu
LMS 131.2076 219.1995
EMJ 224.4751 263.8846
EML 224.9411 263.8846
SA 252.6022 269.8406
GRG 203.0299 277.0478




Tablo 7’ye gore Loras ve Foca gozlem istasyonlarindaki
gergek gii¢ yogunlugu verileri, Tablo 4’te verilen riizgar
enerjisi  siniflat degerlendirme  kriterleri  ile
kiyaslandiginda sirasiyla Loras gozlem istasyonu gergek
giic yogunlugu 100w/m? < 226w/m? < 300w/m? ve
Foga gozlem istasyonu gercek giic yogunlugu 100w/
m? < 267w/m? < 300w/m? oldugundan bu bélgelere
riizgar tribiinii kurmak i¢in yatirim yapilmast makul
goriilmektedir.

Ayrica Tablo 7’ye gore Loras gdzlem istasyonunda
rlizgar gii¢ tahmininde gercege en yakin metodun EMJ
oldugu, en uzak tahminin de LMS ile elde edildigi
goriilmektedir. Foga gozlem istasyonunda riizgar giic
tahmininde gergege en yakin metodun EML oldugu, en
uzak tahminin LMS ile elde edildigi gortilmektedir.

Tablo 8. Riizgar gii¢c yogunlugu degerlerindeki hata paylari

Riizgar Gii¢c Yogunlugu Hata Paylan
Loras Gozlem Foca Go6zlem
istasyonu Istasyonu

LMS | 0.4182 0.1788
EMJ | 0.0046 0.0115
EML | 0.0025 0.0098
SA 0.1073 0.0108
GRG | 0.1107 0.0366

Tablo 8’e gore riizgar gii¢ yogunlugu hata paylar dikkate
alindiginda her iki gozlem istasyonu i¢in klasik sayisal
yontemlerden EML metodunun en az hata paymna sahip
oldugu, GRG metodunun hata payimin yiiksek oldugu ve
LMS metodunun da en fazla hata payina sahip oldugu
goriilmektedir.

SONUC (CONCLUSION)

Bu c¢alismada, genellikle elektrik enerjisi iiretiminde
tercih edilen riizgar enerjisinin fizibilite ve verimlilik
calismalarinda kullanilan Weibull Olasilik Dagilim
Fonksiyonunun k ve c parametrelerinin
tahminlenmesinde sezgisel algoritmalardan Isil Islem
Algoritmas1 (SA), Genellestirilmis Indirgenmis Gradyan
Algoritmasi1 (GRG) ve klasik sayisal yontemlerden En
Kiigiik Kareler Yontemi(LMS), Justus Ampirik Moment
Metodu(EMJ) ve Lysen Ampirik Moment Metodu(EML)
kullanilmistir.  Ayrica hata kareleri ortalamasinin
karekokii, belirlilik katsayist ve ki-kare dagilimi
performans kriteri kullanilarak parametre tahmin
yontemlerinin basarisi test edilmistir.

Sonug olarak, Weibull Olasilik Dagilim Fonksiyonu
parametre tahminlenmesinde, egri uyumu
degerlendirilen hata performans kriterleri agisindan
klasik sayisal yontemlere gore Loras gozlem istasyonu
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icin SA ve Foca gozlem istasyonu icin GRG
algoritmasinin daha basarili oldugu ve Es. (11) ile
hesaplanan gercek riizgar gii¢ yogunlugu verilerine gore
de Loras gozlem istasyonu igin en iyi sonuglarin EMJ ve
Foga Gozlem istasyonu igin en iyi sonuglarin EML
metotlar ile elde edildigi goriilmektedir.
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Abstract: In hydrogen-oxygen fuel cells, operating parameters have an influence on the maximum expected open
circuit (Nernst) voltage. Even though fuel cells have been the subject of many research, none of them have
theoretically investigated the impact of various operating parameters, particularly concerning Nernst voltage and
maximum thermodynamic efficiency. In this study, a computer program was developed to theoretically determine
the effect of various operating parameters on the Nernst voltage in hydrogen-oxygen fuel cells. This computer
program was developed in MATLAB to mathematically examine the effects of hydrogen and oxygen mole ratios,
anode and cathode pressures, and operating temperatures on the maximum expected open circuit voltage. When
calculating Nernst voltages and maximum thermodynamic efficiency for fuel cell reactions containing water as a
by-product, the effects of higher heating value (HHV) and lower heating value (LHV) are also considered in the
solutions. As a result, it was also concluded that temperature increase reduces the fuel cell Nernst voltage and
maximum thermodynamic efficiency. Therefore, it was observed from the figures that the best conditions for the
Nernst voltage occur when HHYV is assumed, the temperature is 353 K, the mole ratios of hydrogen and oxygen
are 1.0, the anode and cathode pressures are 5 atm and 6 atm, respectively. In terms of thermodynamic efficiency,
it was determined that there was a maximum increase of 92.2% in the LHV assumption compared to the HHV
assumption at the temperature of 1000 K, provided that other operating parameters were kept constant.
Keywords: Nernst voltage, Fuel cell, Thermodynamic efficiency, Hydrogen-oxygen.

HIDROJEN-OKSIJEN YAKIT HUCRELERINDE CALISMA
PARAMETRELERININ NERNST VOLTAJINA ETKISININ INCELENMESI

Ozet: Hidrojen-oksijen yakit hiicrelerinde ¢alisma parametrelerinin beklenen maksimum acik devre (Nernst)
voltaji tizerinde etkisi vardir. Yakat hiicreleri birgok arastirmaya konu olmasina ragmen higbiri, 6zellikle Nernst
voltaji ve maksimum termodinamik verimlilikle ilgili cesitli ¢alisma parametrelerinin etkisini teorik olarak
incelememistir. Bu ¢calismada, hidrojen-oksijen yakit hiicrelerinde gesitli caligma parametrelerinin Nernst voltajina
etkisini teorik olarak belirlemek icin bir bilgisayar programi gelistirilmistir. Bu bilgisayar programi, hidrojen ve
oksijen mol oranlarinin, anot ve katot basinglarinin ve ¢aligma sicakliklarinin beklenen maksimum agik devre
voltaji lizerindeki etkilerini matematiksel olarak incelemek icin MATLAB'da gelistirilmistir. Yan iiriin olarak su
iceren yakit hiicresi reaksiyonlar1 i¢cin Nernst voltajlar1 ve maksimum termodinamik verim hesaplanirken,
¢ozlimlerde st 1s1l degeri (HHV) ve alt1s1l degerinin (LHV) etkileri de dikkate alinmaktadir. Sonug olarak sicaklik
artisinin yakit hiicresi Nernst voltajim1 ve maksimum termodinamik verimi azalttifi sonucuna varilmugtir.
Dolayisiyla Nernst voltaji igin en iyi kosullarin HHV kabuliinde, sicakligin 353 K, hidrojen ve oksijenin mol
oranlarinin 1,0, anot ve katot basinglarinin sirasiyla 5 atm ve 6 atm oldugu durumlarda olustugu, grafiklerden
gozlemlenmistir. Termodinamik verim agisindan diger ¢alisma parametrelerinin sabit tutulmasi kosuluyla 1000 K
sicaklikta LHV varsayiminda HHV varsayimina goére maksimum %92,2 oraninda bir artis oldugu tespit edilmistir.
Anahtar Kelimeler: Nernst voltaji, Yakit hiicresi, Termodinamik verim, Hidrojen-oksijen.

NOMENCLATURE
F Faraday constant Cp Specific heat [J/kg K]
T Temperature [K] Ru Universal gas constant [J-K/
a Thermodynamic efficiency mol]
coefficient E° Reversible voltage [V]
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E°° Thermal voltage [V]

Nih Thermodynamic efficiency

Subscripts

H> Hydrogen

02 Oxygen

a Anode

c Cathode
Equivalent number of electrons
per unit mole of the relevant
species

INTRODUCTION

The energy need in the world is increasing day by day
due to developing technology, increasing population
and the search for continuous economic and industrial
development (Cellek and Bilgili, 2021; Gonzatti and
Farret, 2017; Hernandez-Gomez et al., 2020). Today,
the decrease in fossil energy sources such as oil and
natural gas, which meet a large part of this need, and
the increasing damage to the environment lead
scientists to various alternative energy sources (Liu et
al., 2023; Sadeghi et al., 2021; Wang et al., 2023). Due
to the problems caused by fossil energy sources, there
is an increasing interest in renewable energy in the
world (Abouemara et al., 2024; Mitra et al., 2023; Riad
et al., 2023). However, the need to store energy in the
use of non-continuous alternative energy sources such
as the sun and wind has brought the use of hydrogen
energy to the agenda (Arig et al., 2019). Since
hydrogen is one of the most efficient, cleanest and
lightest fuels, it is an alternative energy carrier
(Hernandez-Gomez et al., 2020). Fuel cells, which
constitute the most weighty part of research on
hydrogen energy, attract attention (Arig et al., 2019).

Fuel cells are electrochemical devices that convert
chemical energy into work in the form of electrical
energy and heat, as shown in Figure 1 (Mitra et al.,
2023; Wang et al., 2023; Zhao et al., 2023). Contrary
to the harmful emissions resulting from the
combustion of fossil fuels, only water is formed as a
by-product as a result of the reactions occurring in fuel
cells. For this reason, fuel cells are seen as an
environmentally friendly power source (Cellek and
Bilgili, 2021). In addition, these devices have
advantages such as high efficiency, quiet operation,
fuel flexibility and low maintenance requirements.
Fuel cells are used in power plants, automobiles,
laptop computers, mobile phones, etc. where power is
required at different scales (Liu et al., 2023; Mitra et
al., 2023).
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Abbreviations

LHV Lower heating value

HHV Higher heating value

oCcv Open circuit voltage

PEM Proton exchange membran

SOFC Solid oxide fuel cell
Hydrogen @ Heat

Fuel Cell |::> Electricity

Oxygen ; Water

Figure 1. Simple H»/O; fuel cell schematic impression

Determining the performance of a fuel cell depends on
thermodynamic evaluation. Because a fuel cell is an
electrochemical device that converts the chemical
energy of a fuel and an oxidizing gas into electrical
energy, predictions that can be made using
thermodynamic  equations are  essential  to
understanding fuel cell performance. When a fuel cell
is operating, some of the input is used to generate
electrical energy, while some is converted into heat
energy, depending on the type of fuel cell. Based on
the first and second laws of thermodynamics,
thermodynamic equations can be written to specify
how energy can be transferred from one form to
another (Khotseng, 2020).

Zhang et al. (2006) in their study on the PEM fuel cell,
experimentally determined the open circuit voltage at
3 atm pressure and 6 different temperatures (between
23°C and 120°C). In their studies, it was stated that the
open circuit voltage decreased with increasing
temperature. Sefkat and Ozel (2018) modeled a PEM
fuel cell system with the help of MATLAB Simulink
program. They concluded that the Nernst voltage
increases with increasing hydrogen and oxygen
pressures and decreases with increasing water pressure
and temperature. (Sahli et al. (2017) examined the
effect of various operating parameters on cell voltage
and power density. As a result, they stated that the cell
voltage and power density are proportional to the
operating temperature and oxygen concentration, but
inversely proportional to the supply pressure, fuel
moisture and electrolyte thickness. In a similar study
by Duncan et al. (2011) the dependence of open circuit
voltage (OCV) and maximum power density on
electrolyte thickness for solid oxide fuel cells (SOFCs)
was investigated. As a result, it was emphasized that
OCV decreases with decreasing electrolyte thickness
and there is an optimum electrolyte thickness at which
maximum power density occurs. Bo et al. (2009)



developed a thermodynamic model for the tubular
SOFC stack and investigated the effects of various
parameters on the SOFC system. They stated that the
changes in current density, operating temperature,
operating pressure, fuel utilization factor, air
utilization factor and S/C ratio significantly affect the
performance of SOFC and these parameters should be
optimized for the best SOFC performance. Amadane
et al. (2018) performed a PEM fuel cell model in
MATLAB code and investigated the effect of
temperature on PEMFC performance. As a result, they
showed that the performance of the PEM fuel cell
increases with temperature. In the study by Tu et al.
(2020) the relationships between the reactions of
methane on the nickel-based anode, fuel compositions,
carbon deposition, electromotive force (EMF) and
open circuit voltage (OCV) of SOFC were
investigated. It was concluded that the temperature had
different effects on the EMF and OCV values
according to the fuel composition used. Matsui et al.
(2005) emphasized that open circuit voltage in
medium temperature solid oxide fuel cells (SOFCs)
depends on electrode activity and electrolyte
thickness, and overpotential at electrode/electrolyte
interfaces affects OCV due to internal short circuit. In
another study, Lyu et al. (2020) divided the voltage
losses that cause the Nernst voltage drop in the
hydrogen-oxygen fuel cell into three categories and
said that the concentration loss does not cause the
Nernst voltage loss.

The Nernst voltage is the starting point of the
polarization curves that show the performance of fuel
cells. Although there are many studies on fuel cells in
the literature, there is no study that theoretically
examines the effect of different operating parameters,
especially on Nemst voltage and maximum
thermodynamic efficiency. In this study, a MATLAB
program was developed to theoretically examine the
effect of various operating parameters on the Nernst
voltage in hydrogen-oxygen fuel cells. The effects of
cell temperature, hydrogen and oxygen mole ratios,
anode and cathode pressures on the Nernst voltage
were studied in detail theoretically. With the program
developed in this context, the effect of each parameter
on the Nernst voltage was calculated and the results
were presented in graphics. In addition, analyzes were
made considering both the lower heating value (LHV)
and the higher heating value (HHV) of the fuel used.
Maximum thermodynamic efficiency values for both
heating value (LHV/HHV) assumptions were
calculated at different operating temperatures. The
results were compared by presenting them with
graphics.

FUEL CELL AND WORKING PRINCIPLE
A fuel cell is an electrochemical device that converts

chemical energy, typically from hydrogen, directly
into electrical energy (Outeiro et al., 2008). The fuel
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cell is generally composed of an impermeable
electrolyte, an anode and a cathode electrode in a
permeable structure and in contact with both sides of
the electrolyte. Electron flow occurs due to the
potential difference formed as a result of the
electrochemical reactions that occur when the gaseous
fuel is sent to the anode part and the oxidizing gas to
the cathode part. After the reactions take place,
electrical energy is produced and external heat and
pure water are formed. By connecting the fuel cells in
series, more power output can be obtained than the
power output from a single fuel cell. A basic
representation for a single cell is given in Figure 2
(Isik, 2019).

Fuel
Input

3 |

Anode

Electrical
Load

g

Electrolyte

Cathode

T

Oxidant
Input

| 4

Oxidant
not used

Figure 2. The basic structure of a fuel cell

Fuel cells are classified according to the choice of
electrolyte, fuel and operating parameters. Hydrogen
is the most used fuel for various fuel cells. It has high
reactivity for anode reactions, can be produced
chemically from a wide variety of fossil and renewable
fuels as well as by electrolysis (Pachauri and Chauhan,
2015).

In a hydrogen fuel cell, electrochemical reactions
occur simultaneously. The oxidation reaction of
hydrogen occurs at the anode side, and the reduction
reaction of oxygen occurs at the cathode side of fuel
cell. These reactions take place at the anode, cathode
and the total reaction are given in Equation (1),
Equation (2), and Equation (3), respectively.

Anode reaction : H» — 2H" +2e” (1)
Cathode reaction : 2H" + 2¢™ + 1/20,— H20 (2)
Total reaction  : Hz + 1/202 — H20 3)
When calculating thermodynamic voltages for

reactions containing water as a product, the following
defined Higher Heating Value (HHV) and Lower
Heating Value (LHV) are selected:

* Higher Heating Value (HHV): It is assumed that all
of the product water is in the liquid phase.

* Lower Heating Value (LHV): It is assumed that all of
the product water is in the gas phase.



The difference between the two values is proportional
to the latent heat of vaporization of the liquid. In
practice, LHV is suitable for high temperature fuel
cells, but the HHV value is also commonly used
(Khotseng 2020).

NERNST VOLTAGE THEORY

The open circuit voltage for an H2/O> fuel cell is the
maximum operating voltage (no current) and is
determined by the chemical thermodynamics of the
overall cell reaction. The Nernst equation provides a
relationship between the reversible voltage (E°) and
the open circuit voltage for the cell reaction (Khotseng,
2020). The cell potential at equilibrium with the Nernst
voltage is calculated by the Nernst equation.

The Nernst equation is a result of the equilibrium
established at the electrode surfaces. A significant
gradient can exist between the concentration of a
species in the channel of a fuel cell and the electrode,
especially under high-current-density conditions,
which cannot be considered a true thermodynamic
equilibrium situation anyway (Mench, 2008).

The Nermnst equation for the hydrogen-oxygen fuel cell
total reaction (Equation (3)) can be written as Equation
(4). In this equation, the first term represents the
reversible voltage, while the second term represents a
term that depends on the thermodynamic efficiency
coefficients and hence the pressure. The E(T, P) value
(Nernst voltage) is calculated by adding these two
terms.

1
[aHz (a02)2

AH20

E(T, P) = E*(T) + 2= In ()

In Equation (4), E°(T) represents the reversible
voltage, Ry universal gas constant, T temperature, n the
equivalent number of electrons per unit mole of the
relevant species, F Faraday constant, a the
thermodynamic efficiency coefficient for the reacting
species. We can reduce Equation (4) to Equation (5)
by assuming an ideal gas and changing the
thermodynamic activity coefficients. The second term
in Equation (5) is seen as a pressure-dependent term.

6))

1

RyT, (Yu2Panode/P*)Yo2Pcathode/P)?
E(T,P)=E°(T)+=

( ’ ) ( ) 2F n[ J/HZOPcathode/ Psat(T) ]

where the reversible voltage (E°) represents the
maximum theoretical voltage that can be supplied by
an open-circuit cell under standard pressure and
temperature conditions (1 atm and 298 K). T
represents temperature in [Kelvin], Ry universal gas
constant [J.K/mol], n represents the number of
equivalent electrons per unit mole of the relevant
species, F represents Faraday constant [C/equivalent e-
] Also, yn2 and yo: are the mole ratios of hydrogen and
oxygen, respectively, Panode and Pcatode are the anode
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and cathode pressures [atm], P° standard pressure
[atm], and Psa saturation pressure (Nascimento et al.,
2020).

The reversible voltage (E°) can be determined as in
Equation (6):

—AGY(T) _  AH(T) —T AS(T)
nF B nF

E(T) =

(6)

To calculate the reversible voltage value of the fuel cell
at a certain temperature, it is necessary to determine
both the enthalpy and the entropy change for the
reacting species.

To determine the change in enthalpy of the reaction,
we can use Equation (7) between the product and
reactant states:

AHpr = (Z?:l nihl’)P - (Z;ril leh])R (7)
where the index R represents the reactants, P products,

n the number of moles of the species concerned, and h
the specific enthalpy.

We can arrange Equation (7) for the reacting species
as follows:

T
AHpr=(h 4,0 +fTref Cp,,0(T)AT)H, 0-
1 T T
S0, Iy, €e.0,(T)AT)Op—~(ME 1, 4 [ o, (T)AT)Hy

®)
where the specific heat functions can be directly
integrated or the specific heat values can be considered
constant at an average temperature. Assuming constant
specific heat at average temperature, Equation (8) can
be written as follows:

1
AH=[hof,H20 JrCP,H2(7,uue(T - Tref)]HZ O'E[hof,oz JrCP,Oz,uve (T -
Tref)]oz 7[h°f,H2 + CP,Hz,uue(T - Tref)]HZ (9)

Enthalpies of formation (hf) are available in
thermodynamic reference books. Specific heat values
for hydrogen, oxygen, and water can be found with the
help of Equation (10), Equation (11) and Equation
(12), respectively:

cp(T)Hy
R

5.521 x 107°73 - 1.812 x 10712T*

=3.057 + 2.677 x 10°T — 5.810 x 10°7* +
(10)

”’f&= 3.626-1.878 x 10°3T+7.055 % 10°72 - 6.764
x 107°7% +2.156 x 10727* (11)

MU0 _ 4 070 - 1.108 x 1037 + 4.152 x 1072 -

2.964 x 107 +0.807 x 10727 (12)

Equation (13) can be used to determine the change in
entropy:



Cp Hp0(T)AT 1, T
T ), O_Z(Sf'OZ +fTref T

cp,0,(T)AT

)0~

(13)

AS=(sPmo0 + Jr, .
(S;"Hz“’f’:;ef M)Hz
Again, for the specific heat terms, their values can be
obtained by integrating Equation (10), Equation (11)
and Equation (12), but when solved with the
assumption of constant specific heat at average
temperature, the error is below 1%. Therefore,
solutions are realized with constant specific heat
assumption. The entropy of formation (s°) at 1 atm
pressure is available in thermodynamic reference
books. The entropy change is obtained by the Equation
(14) (Mench, 2008):

T 1 T
AS=(Sof,H20JrCP,HZO,uveln Tref)HzO'E(Sof.OerCP,Oz,uueln Tref ) 02 -

(14)

T
(Sof,Hz + CP,Hz,uvelnT )H,
ref

The effect of pressure on the Nernst voltage in
Equation (5) is shown with P and can be calculated
with the help of Equation (15):

1

RyT YH2P /P)(Yo2P /P2

P= u ll’l [( anode. cathode. ]
2F YH20Pcathode/ Psat(T)

(15)

The energy conversion process in a fuel cell must
satisfy the first law of thermodynamics and ensure
energy conservation. Since the purpose of a fuel cell is
to convert chemical energy into electrical energy, the
thermodynamic efficiency of a fuel cell can be written
as in Equation (16):

actual electrical work

Heh =

= i , (16)
maximum available work

As shown in Equation (17), the ratio of reversible

voltage (E°) to thermal voltage (E*), in other words,

the ratio of maximum electrical work to total available

potential electrical work, represents the maximum

possible thermodynamic efficiency:

E° _ —AG/nF _ AH-TAS _

TAS
E°0  —AH/nF AH

AH

I- (17)

Ht,max =

While calculating the maximum thermodynamic
efficiency value in the study, Equation (17) was used.
Therefore, the efficiency expression was obtained after
calculating the entropy and enthalpy changes.

A computer program was written, which was
developed in the light of the above-mentioned theory
and primarily calculates the Nernst Voltage. In
addition, maximum thermodynamic efficiency values
were calculated at different temperatures. The flow
chart of the working of the developed program is given
in Figure 3. In the program, first of all, temperature,
pressure, hydrogen/oxygen mole ratios, and
determined heating value (lower/higher) of the fuel are
used. Specific heat values are calculated for hydrogen,
oxygen, and water for the species in the fuel cell's
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overall reaction. Then, the reaction enthalpy and
entropy changes are calculated for 41 different
operating conditions. Nernst voltage and maximum
thermodynamic efficiency values are obtained with the
help of the developed program.

A A

Cpr2. Cpo2. CpH2o Cpr2. Cpo2. CpH2o

l l

AH, aS

AH. AaS

Figure 3. Flow chart of the developed program
MATHEMATICAL ANALYSIS

It is necessary to examine the Nernst voltage, which
represents the voltage produced in the fuel cell, by
taking into account the most important parameters
affecting it. In this study, the effects of hydrogen mole
ratio, oxygen mole ratio, operating temperature, anode
and cathode pressures on the Nernst voltage were
analyzed analytically. The thermodynamic equations
written for the fuel cell were analyzed sequentially for
the determined cases. In the numerical study, at a cell
temperature of 353 K, the mole ratio of hydrogen
(¥u,) on the anode side is 0.8, the mole ratio of water
vapor (¥y,0) is 0.2, and the anode pressure (Pa) is 2
atm. On the cathode side, the mole ratio of oxygen
(¥0,) 1s 0.15, the mole ratio of water vapor (yy,0) is
0.1, the mole ratio of nitrogen (yy,) is 0.75 and the
cathode pressure (Pc) is taken as 3 atm. These counted
operating parameters were accepted as the reference
case (Case-7) for future validation purposes and the
Nernst voltage was calculated over this case. Then, the
effect of each operating parameter such as
temperature, anode and cathode pressure, hydrogen
and oxygen mole ratios on the Nernst voltage was
examined and compared with this reference case. The
data for each case examined are given in Table 1.

Table 1. Different cases examined in the study



Case Y, Yo, T [K] P, [atm] P,
[atm]
1 0.5 0.15 353 2 3
2 0.55 0.15 353 2 3
3 0.60 0.15 353 2 3
4 0.65 0.15 353 2 3
5 0.70 0.15 353 2 3
6 0.75 0.15 353 2 3
7 0.80 0.15 353 2 3
8 0.85 0.15 353 2 3
9 0.90 0.15 353 2 3
10 0.95 0.15 353 2 3
11 1.00 0.15 353 2 3
12 0.80 0.21 353 2 3
13 0.80 0.25 353 2 3
14 0.80 0.35 353 2 3
15 0.80 0.45 353 2 3
16 0.80 0.55 353 2 3
17 0.80 0.65 353 2 3
18 0.80 0.75 353 2 3
19 0.80 0.85 353 2 3
20 0.80 0.95 353 2 3
21 0.80 1.00 353 2 3
22 0.80 0.15 400 2 3
23 0.80 0.15 500 2 3
24 0.80 0.15 600 2 3
25 0.80 0.15 700 2 3
26 0.80 0.15 800 2 3
27 0.80 0.15 900 2 3
28 0.80 0.15 1000 2 3
29 0.80 0.15 353 1 3
30 0.80 0.15 353 1.5 3
31 0.80 0.15 353 2.5 3
32 0.80 0.15 353 3 3
33 0.80 0.15 353 3.5 3
34 0.80 0.15 353 4 3
35 0.80 0.15 353 4.5 3
36 0.80 0.15 353 5 3
37 0.80 0.15 353 2 1
38 0.80 0.15 353 2 2
39 0.80 0.15 353 2 4
40 0.80 0.15 353 2 5
41 0.80 0.15 353 2 6

Effect of Mole Ratios

It is known that the reactions in the fuel cell occur
simultaneously at both the anode and the cathode.
Therefore, the effect of both the hydrogen mole ratio
at the anode and the oxygen mole ratio at the cathode
on the voltage can be examined separately.

Effect of oxygen mole ratio at the cathode on the
Nernst voltage

Analyzes were made for different mole ratios of the
oxygen gas at the cathode. Other parameters (pressure,
temperature, hydrogen mole ratio) kept constant in the
analyzes were taken from the reference case.
Numerical analyzes were performed at a cell
temperature of 353 K. Numerical analyzes were
performed for 11 different determined cathode oxygen
mole ratios (0.15, 0.21, 0.25, 0.35, 0.45, 0.55, 0.65,
0.75, 0.85, 0.95 and 1.0). The effect of the oxygen
mole ratio at the cathode on the Nernst voltage was
numerically investigated and the change is given in
Figure. 4.
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When Figure 4 is examined, it is seen that the Nernst
voltage increases with the increase in the mole ratio of
O in the cathode in both HHV and LHYV cases, but this
increase gradually decreases. For the LHV case, when
the Oz mole ratio is taken as 0.15, the Nernst voltage
value is calculated as approximately 1.173 V. When
the mole ratio of O is taken as 1, that is, when the
cathode is completely fed with pure oxygen, the Nernst
voltage value is calculated as 1.187V. When these two
values are compared, it is seen that there is an increase
of 1.19% in the Nernst voltage. When the Nernst
equation (Equation 5) is examined, it is seen that the
mole ratio of oxygen is directly proportional to the
Nernst voltage. Therefore, it is expected that the
Nernst voltage will increase as the mole ratio of
oxygen at the cathode increases. In some studies in the
literature, it has been stated that Nernst voltage is
directly proportional to the oxygen-mole ratio (Sahli et
al., 2017).

For the HHV case, when the O, mole ratio is taken as
0.15, the Nernst voltage value is calculated as
approximately 1.184 V, while the Nernst voltage value
is calculated as 1.199 V when the O2 mole ratio is
taken as 1. When these two values are compared, it is
seen that there is a 1.27% increase in Nernst voltage.

Ambient air is more preferred at the cathode because
of the cost and storage problems caused by the use of
pure oxygen in fuel cells. Therefore, the use of air is
also analyzed. For this case (O2 mole ratio 21%), the
Nernst voltage was obtained as 1.175 V in the case of
LHV and 1.186 V in the case of HHV.
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Oxygen Mole Ratio at the Cathode
Figure 4. The Effect of Oxygen Mole Ratio at the Cathode
to the Nernst Voltage

Effect of mole ratio of hydrogen at the anode on
Nernst voltage

Analyzes were made for different mole ratios of
hydrogen gas at the anode. Other parameters (pressure,
temperature, oxygen mole ratio) kept constant in the
analyzes were taken from the reference situation. The
mole ratio of H2 was repeated with increasing values
such as 0.50, 0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85,
0.90, 0.95 and 1.00. The effect of the hydrogen mole



ratio at the anode on the Nernst voltage is given in
Figure 5.

It is seen that the Nernst voltage increases almost
linearly for increasing hydrogen mole ratio in both
HHYV and LHV cases in Figure 5. For LHV assumption
when the mole ratio of H» is taken as 0.50, the Nernst
voltage value is calculated as approximately 1.166 V.
When the mole ratio of H> is taken as 1, the Nernst
voltage value is calculated as 1.176 V. As the mole
ratio of Hz in the anode side is increased from 50% to
100%, it has been observed that there is an increase of
0.86% in the Nernst voltage value. As explained in the
previous section, considering the Nernst equation, it is
seen that the hydrogen mole ratio at the anode affects
the Nernst voltage directly. Since the hydrogen
concentration in the fuel flow is high, a higher Nernst
voltage is obtained (Mench, 2008; Pachauri and
Chauhan, 2015).

For HHV assumption, when the mole ratio of H> is
taken as 0.50, the Nernst voltage value is calculated as
approximately 1.177 V. When the mole ratio of Hz is
taken as 1, the Nernst voltage value is calculated as
1.187 V. When these two values are compared, it is
seen that there is an increase of 0.85% in the Nernst
voltage.
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Figure 5. The effect of hydrogen mole ratio at the anode on
the Nernst voltage

Pressure Effect

Different anode and cathode pressure values were
determined in the computer program. The partial
pressure of hydrogen can be calculated by multiplying
the determined anode pressure with the mole ratio of
hydrogen. The partial pressure of oxygen can be
calculated by multiplying the determined cathode
pressure with the mole ratio of oxygen.

It can be seen in Equation 5 that the partial pressures
of hydrogen (Py, = Yy, X Panode) and oxygen (Pp,
Yo, X Peatnoae) gases, and therefore the anode and
cathode pressures, affect the Nernst voltage. In the
numerical analysis, nine different anode pressures and
six different cathode pressures are selected and solved.
Effects of these pressures on the Nernst voltage are
given separately following sections.

Effect of anode pressure
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The effect of anode pressure on Nernst voltage is
shown in Figure 6. The anode pressure was taken at
different valuessuchas 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and
5 atm, and its effect on the Nernst voltage was
examined. As seen in Figure 6, the Nernst voltage
increases with the increase of anode pressure for both
the HHV case and the LHV case, but this increase
gradually decreases. There are other studies in the
literature stating that increasing pressure positively
affects fuel cell Nernst voltage (Arig et al., 2019; Lyu
et al., 2020; Nascimento et al., 2020).

In the case of LHV, the Nernst voltage value obtained
as 1.162 V at 1 atm pressure increased to 1.187 V at 5
atm pressure. Accordingly, it is seen that there is an
increase of approximately 2.15% in the Nernst voltage
value as the anode pressure rises from 1 to 5 atm.

In the case of HHV, the Nernst voltage value obtained
as 1.173 V at 1 atm pressure increased to 1.198 V at 5
atm pressure. Therefore, as the anode pressure
increased from 1 to 5 atm, there was an increase of
approximately 2.13% in the Nernst voltage value.
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Figure 6. Effect of anode pressure on Nernst voltage

Effect of cathode pressure

The effect of cathode pressure on Nernst voltage is
shown in Figure 7. The cathode pressure was taken at
different values such as 1, 2, 3, 4, 5 and 6 atm, and its
effect on the Nernst voltage was investigated. It is seen
that the increase in cathode pressure positively affects
the Nernst voltage for both the HHV and the LHV
assumptions (Figure 7). The increase in pressure has
some beneficial effects on fuel cell performance due to
higher reactant partial pressure, gas solubility, and
mass transfer values. In addition, electrolyte losses due
to evaporation are reduced at high operating pressures.
System efficiency tends to increase with increasing
pressure (Cavusoglu, 2006).

In the case of LHV, increasing the cathode pressure
from 1 to 6 atm increased the Nernst voltage value
from 1.164 V to 1.178 V. When these two values are
compared, it is seen that there is an increase of
approximately 1.2% in the Nernst voltage. In the case
of HHV, increasing the cathode pressure from 1 to 6



atm increased the Nernst voltage value from 1.175 V
to 1.189 V. Considering these two values, it is
understood that there is an increase of approximately
1.19% in the Nernst voltage.

In summary, when the cathode pressure increased from
1 to 6 atm, the Nernst voltage increased by about 1.2%
for both LHV and HHV cases.
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Figure 7. Effect of cathode pressure on Nernst voltage
Temperature Effect

Thermodynamic analyzes were carried out at different
operating temperatures to see the effect of temperature,
which is another important parameter for Nernst
voltage. The findings obtained for the Nernst voltage
and the maximum thermodynamic efficiency of the
fuel cell in both the LHV case and the HHV case are
explained in detail below.

Effect of LHV and HHYV values on Nernst voltage

The Nernst voltage was calculated one by one using
the LHV and HHV assumptions for different
temperature values. The variation of the calculated
Nernst voltage values with different temperature
values is shown in Figure 8. The solutions were first
started at 353 K and continued at increasing
temperature values such as 400, 500, 600, 700, 800,
900, and 1000 K. As a result of the analysis, it was seen
that the temperature increase caused a decrease on the
fuel cell Nernst voltage. Since the entropy change of
the H2/O: reaction is negative, the Nernst voltage of
H2/O2 fuel cells decreases with an increase in
temperature of 0.84 mV/°C (Cavusoglu 2006). There
are other studies in the literature where it is observed
that the fuel cell Nernst voltage decreases with
increasing temperature (Ari¢ et al., 2019; Lyu et al,,
2020; Outeiro et al., 2008; Riad et al., 2023; Sahli et
al., 2017; Sefkat and Ozel, 2018).

The Nernst voltage values decreased more rapidly
when the analyzes with HHV assumption were
compared with those with LHV. For the LHV case, the
Nernst voltage value was obtained as 1.173 V at 353 K
and 1.003 V at 1000 K. Nernst voltage decreased by
approximately 14.49% as the temperature increased
from 353 K to 1000 K. For the HHV case, the Nernst
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voltage value at 353 K was obtained as 1.184 V. In the
case where the temperature was 1000 K, the Nernst
voltage value was 0.616 V. The temperature increase
from 353 K to 1000 K resulted in a 47.97% decrease
in the Nernst voltage. Therefore, the decrease in Nernst
voltage was much greater in the HHV case compared
to the LHV case.
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Figure 8. Variation of Nernst voltage with temperature for

LHV and HHV status

Effect of LHV and HHV values on maximum
thermodynamic efficiency

Maximum  thermodynamic  efficiencies  were
calculated one by one using LHV and HHV cases for
different temperature values. The variation of the
calculated efficiency values with  different
temperatures is shown in Figure 9. It is seen that the
maximum thermodynamic efficiency of the fuel cell
decreases with increasing temperature. This decrease
is considered as a correct change in terms of fuel cell
thermodynamics. When the electrochemical reaction
occurring in the hydrogen fuel cell is examined in
terms of the equilibrium equation, the total number of
moles of the reactants is greater than the products. This
means that the reaction entropy change (AS) value is
less than zero. This result shows that the maximum
thermodynamics efficiency decreases with increasing
temperature for hydrogen fuel cells (Tu et al., 2020).

It is understood that the thermodynamic efficiency
values decrease more rapidly in the HHV assumption
compared to the LHV assumption, and the efficiency
is higher in the LHV assumption under the same
conditions. The maximum thermodynamic efficiency
value for the LHV case was obtained as 0.933 at 353
K and 0.778 at 1000 K. As the temperature increased
from 353 K to 1000 K, there was a decrease of
approximately 16.61% in efficiency.

For the HHV case, the maximum thermodynamic
efficiency value at 353 K was obtained as 0.797. In the
case where the temperature was 1000 K, the efficiency
value was 0.405. An increase in temperature from 353
K to 1000 K resulted in a decrease of approximately
49.18% in efficiency. Therefore, when the temperature
increased from 353 K to 1000 K, there was a 16.61%
decrease in the maximum thermodynamic efficiency in



the LHV case, while the decrease in the maximum
thermodynamic efficiency was 49.18% in the HHV
case.
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Figure 9. Effect of temperature on maximum

thermodynamic efficiency for LHV and HHV assumption
CONCLUSIONS

In this study, the effects of different operating
parameters on Nernst voltage and maximum
thermodynamic  efficiency = were  numerically
investigated using the developed computer program.
The findings obtained as a result of the analyzes are
given below.

1) It was observed that the Nernst voltage increased
with the increase in the mole ratio of Oz in the cathode,
but the amount of increase gradually decreased. When
the mole ratio of Oz in the cathode was increased from
15% to 100%, the Nernst voltage value increased by
1.19%.

2) It was found that the Nernst voltage also increased
linearly for increasing hydrogen mole ratio on the
anode side. As the mole ratio of Hz in the anode was
increased from 50% to 100%, the Nernst voltage value
increased by 0.86%.

3) Nernst voltage values also increased with the
increase of anode pressure. As the anode pressure rises
from 1 to 5 atm the Nernst voltage value increased
approximately 2.15% and 2.13% for LHV and HHV
assumption, respectively.

4) It has been observed that the increase in the cathode
pressure has a positive effect on the Nernst voltage. In
both the LHV and HHV assumption, the Nernst
voltage increased by about 1.2% as the cathode
pressure increased from 1 to 6 atm.

5) Increasing the operating temperature caused a
decrease in both the fuel cell Nernst voltage and the
maximum thermodynamic efficiency.

6) In the case of LHV, the decrease rate of Nernst
voltage with the increase in temperature from 353K to
1000K was obtained as 14.5%, while in the case of
HHV, this decrease rate was obtained as

67

approximately 48%. The decrease in Nernst voltage
was much greater in the HHV case compared to the
LHYV case.

7) When the temperature increased from 353 K to 1000
K, there was a 16.6% decrease in the maximum
thermodynamic efficiency in the LHV case, while the
decrease in the maximum thermodynamic efficiency
was 49.2% in the HHV case.

The Nernst voltage, which is seen as the starting point
of fuel cell polarization curves, has been numerically
calculated according to different operating parameters.
By calculating this voltage value, the effects of
different operating parameters were examined. The
results obtained from this study may be informative for
researchers considering various applications of fuel
cells in the future. Additionally, different operating
parameters and fuel cell types can be considered for
future research.
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Abstract: Unsteady laminar confined and unconfined fluid flow and mixed (forced and free) convection heat transfer
around equilateral triangular cylinders are investigated numerically. The computation model is a two-dimensional
domain with blockage ratios of BR=0.5, 0.25, 0.2, 0.1, 0.05, and 0.0333, with the Reynolds numbers ranging from 100
to 200. The working fluid is water (Pr= 7). The effects of aiding and opposing thermal buoyancy are incorporated into
the Navier-Stokes equations using the Boussinesq approximation. The Richardson number, which is a relative measure
of free convection, is varied in the range -2 <Ri<2. The governing equations are solved by using the Finite Volume
Method with a second-order upwind scheme used for differencing of the convection terms, and the SIMPLE algorithm
is used for the velocity-pressure coupling. A discussion of the effect of the blockage ratio on the mean drag, mean rms
lift coefficients, the Strouhal number, and the mean Nusselt number is also presented. The iso-vorticity contours and
dimensionless temperature field are generated to interpret and understand the underlying physical mechanisms. The
results reveal that, in addition to the Richardson and Reynolds numbers, the blockage rate is effective in the vortex
distribution in the channel. It has been determined that the vortices formed behind the cylinder spread to the channel
with a decreasing blockage rate. Especially at high Reynolds numbers, both the drag coefficient and the mean Nusselt
number are significantly affected by the blockage ratio. For Ri=0, the drag coefficients for BR=0.25 in comparison to
the BR=0.05 case are about 9% and 29% larger for Re= 100 and 200, respectively. For BR<0.1, two-column vortex
formation at the back of the cylinder gave way to single vortexes in the aiding thermal buoyancy condition (Ri=2)
compared to Ri=0 and -2. Also, useful correlations for flow characteristics and heat transfer are derived using the
computed data.

Keywords: Heat transfer, Confined flow, Mixed convection, Equilateral triangle cylinder, Correlations.

TEK UCGEN SIiLINDIRDEN TUMLESIK ZORLANMIS VE DOGAL TASINIM

Ozet: Eskenar iiggen silindir etrafinda kararsiz laminer smirli/smirsiz akiskan akist ve tiimlesik (dogal ve zorlanmus)
tasinimla 1s1 transferi sayisal olarak incelenmistir. Sayisal model, BR=0.5, 0.25, 0.2, 0.1, 0.05 ve 0.0333 blokaj
oranlarina ve Reynolds sayilariin 100 ile 200 arasinda degistigi iki boyutlu bir alandir. Calisma akiskani sudur (Pr=7).
Termal kaldirma kuvvetininin destek olma ve buna karsi ¢ikma etkileri, Boussinesq yaklasimi kullanilarak Navier-
Stokes denklemlerine dahil edilmistir. Dogal tasinimin goreceli bir dl¢iisii olan Richardson sayis1 22Ri2-2 araliginda
degismistir. Yonetici denklemler, taginim terimlerinin ayriklastirilmasi igin second order upwind semasi ile Sonlu
Hacim Yontemi kullanilarak ¢oziilmiis ve hiz-basing baglantisi icin SIMPLE algoritmasi kullanilmistir. Blokaj oraninin
ortalama siiriikleme katsayisi, ortalama rms kaldirma katsayisi, Strouhal sayisi ve ortalama Nusselt sayisi lizerindeki
etkisine iligkin elde edilen sonuglar caligmada sunulmustur. Es girdap ve boyutsuz es sicaklik egrileri altta yatan fiziksel
mekanizmalar1 yorumlamak ve anlamak i¢in olusturulmustur. Sonuglar Richardson ve Reynolds sayilarina ek olarak
blokaj oranmnin kanalda girdap dagiliminda etkili oldugunu ortaya koymaktadir. Azalan blokaj oram ile silindir
arkasinda olusan girdaplarin kanala yayildig: tespit edilmistir. Ozellikle yiiksek Reynolds sayilarinda hem siiriikleme
katsayis1 hem de ortalama Nusselt sayist blokaj oranindan 6nemli 6lgiide etkilendigi goriilmiistiir. Ri=0’da BR=0.25
icin siiriikleme katsayist BR=0.05 durumuyla karsilastirildiginda Re=100 ve 200°de sirasiyla yaklasik %9 ve %29 daha
yiiksek ¢cikmustir. BR<0.1 i¢in Ri=0 ve -2’ye kiyasla termal kuvveti destekleyici durumda (Ri=2) kanal arkasi ¢ift girdap
olusumu yerini tekli girdaplara birakmstir. Ayrica akis 6zellikleri ve 1s1 transferi i¢in faydali korelasyonlar, elde edilen
veriler kullanilarak tiiretilmistir.

Anahtar Kelimeler: Is1 transferi, Sinirh akis, Tiimlesik tasinim, Eskenar iiggen silindir, Korelasyonlar.
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INTRODUCTION

The eddy shedding phenomenon behind the cylinder has
been extensively studied by the fluid dynamics
community because of its importance in engineering
applications. Contrary to numerous publications on
circular cylinders, it is only recently that research has
been conducted on the forced flow over cylinders of
different cross-sections (circular (Lupi, 2013; Laidoudi
and Bouzit, 2018; Patel and Chhabra, 2019; Barati et al.,
2022), square (Mahir and Altag, 2019; Arif and Hasan,
2020; Sharma and Dutta, 2022), semicircular, elliptic
(Zhang et al, 2020; Hyun and SikYoon, 2022;
Salimipour and Yazdani, 2022), and trapezoidal).
Although non-circular cylinders play a dominant role in
many technical applications, there is very limited
information in the literature on mixed (natural and force)
convection heat transfer and flow over or from non-
circular cylinders. Triangular cylinders can be used in
different applications such as in the novel designs of heat
exchangers (Tiwari and Chhabra, 2014), finned heat
removal devices utilized as sinks in electronic cooling
applications (Tiwari and Chhabra, 2014), polymer
engineering applications (Laidoudi and Bouzit, 2018),
and continuous thermal treatment of foodstuffs (Laidoudi
and Bouzit, 2018), etc.

The 2-D numerical simulations of laminar flow around a
triangular cylinder placed in free-stream (unconfined
flow) were examined by De and Dalal (2006), Dulhani
and Dalal (2015). Zeitoun et al. (2010) analyzed forced
convection from a triangular cross-section in an
unconfined channel for Re=1.3-2x10°. They found that
the stream flows smoothly past the body with no
separation at Re = 1.38 for their study. Zeitoun et al.
(2011) examined 2-D laminar forced convection heat
transfer around the horizontal triangular cylinder in the
unconfined channel for Re<200 and Pr=0.71. They
considered two configurations of the triangular cylinders:
one when the vertex of the triangle faces the flow and the
other when the base of the triangle faces the flow. They
found the critical Reynolds number for both vertex-
facing and the base-facing flows to be 38.03 and 34.7,
respectively. Dhiman and Shyman (2011) examined the
effects of Reynolds number on the heat transfer
characteristics of a long (heated) equilateral triangular
cylinder in the unconfined cross-flow regime for 50<Re
<150 and Pr=0.71. The fluid flow and mixed heat transfer
around a triangular cylinder placed in an unconfined
channel were examined numerically by Chatterjee and
Mondal (2015). Their numerical simulations for
combinations of Reynolds (Re=10-100), and Richardson
(Ri=0-1) numbers are carried out for Pr=0.71. They
reported that the amplitude of oscillation of the global
flow and heat transfer quantities increased drastically,
resulting from rapid mixing behind the obstacle. Altag et
al. (2019) investigated mixed convection heat transfer
and fluid flow over a long horizontal equilateral
triangular cylinder in an unconfined channel. Their
simulation variables, Reynolds and Richardson numbers,
are varied in the range 10 <Re <200 and 0<Ri<10.
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Celik and Altag (2023) numerically investigated
unsteady heat and fluid flow over a triangular cylinder
with rounded corners. They considered a 2-D laminar
regime (50 <Re <250), two fluids (air and water), corner
rounding, and cylinder orientation on the heat and flow
characteristics. They reported that the mean Nusselt
number (local heat transfer coefficient) for Pr = 0.7 and
7 is markedly influenced by the flow conditions and
geometric orientations rather than corner rounding.
However, in this study, the confined channel was
handled, and the effects of the blockage ratio on heat
transfer were examined.

The heat transfer and flow past a triangular cylinder in
horizontal channels of 1/12 <BR < 1/3 were numerically
investigated by De and Dalal (2007) for 80 < Re < 200.
Srikanth et al. (2010) investigated the fluid flow and heat
transfer across a long equilateral triangular cylinder
placed in a confined channel for Re=1-80, Pr=0.71, and
a blockage ratio of 0.25. They reported that the mean
Nusselt number and the wake length increased with the
increasing Reynolds number, and the average drag
coefficient decreased with the increasing Reynolds
number. Shademani et al. (2013) analyzed viscous and
incompressible flow over an equilateral triangular
obstacle placed in a confined horizontal channel
(BR=0.05). They found the critical value of the Reynolds
number (Re < 38.03). In reference (De and Dalal, 2007;
Srikanth et al., 2010; Shademani et al., 2013), studies
were performed for pure forced convection in the
confined channel. Abbasi et al. (2001) examined the flow
and heat transfer from a heated triangular cylinder in a
2D horizontal confined channel for Pr = 0.71, Grashof
number (0sGrs1.5x10%), and 20 < Re < 250. Hassab et
al. (2013) examined experimentally laminar mixed
convection heat transfer from an isothermal horizontal
triangular cylinder for Grashof numbers ranging from
26.32x10* to 213.46x10*, Reynolds numbers ranging
from 75.3 to 1251.6, and the attack angles from 0° to
180°. They concluded that whereas convection heat
transfer increased with the angle of attack, conduction
heat transfer remained constant with the Reynolds
number. Additionally, they noted that for a given
Reynolds number, the Nusselt number decreased as the
airflow's attack angle increased. Rasool et al. (2015)
examined the effects of mixed (natural and force)
convection from a confined equilateral triangular
cylinder placed centrally at an axis of a horizontal
channel with a blockage ratio of 25% for Pr=0.71, Re=1-
150, and Ri=0-2. Varma et al. (2015) studied mixed
convective flow and heat transfer characteristics past a
triangular cylinder placed symmetrically in a vertical
channel with the blockage ratios BR=1/3, 1/4, and 1/6 for
Re =100 and —1<Ri<1. Dhiman (2016) studied the flow
and heat transfer around a long equilateral triangular
placed in a horizontal channel with a blockage ratio range
of 0.1 to 0.5 for Re= 1-80. Zhu et al. (2020) numerically
investigated the fluid flow around trapezoidal cylinders
with various base length ratios in the confined channel
(BR=0.05) for Re=150. They examined typical attack
angles and the different base length ratios. Moreover,
some information on the flow around a triangular



cylinder in the turbulent flow regime is presented in the
literature. The considered problems have been solved
both experimentally (Peng et al., 2008; Srigrarom and
Koh, 2008; Akbari et al., 2021) and numerically (EI-
Wahed et al., 1993; Camarri et al. 2006; Chattopadhyay,
2007; Ali et al., 2011). Yagmur et al. (2017) examined
experimentally and numerically the flow structures
around an equilateral triangular cylinder using the
Particle Image Velocimetry (PIV) technique and the
Large Eddy Simulation (LES) turbulence model.
Numerical analyses were examined at three different
Reynolds numbers (Re=2.9x10%, 5.8x103, and 1.16x10%)
to obtain the changes in the Strouhal numbers and drag
coefficients. They found that the Strouhal numbers were
nearly St=0.22 for PIV and LES at all Reynolds numbers,
and it could be inferred that these values were
independent of the Reynolds number.

The literature review shows that mixed (buoyant and
forced) convection heat transfer and fluid flow over
triangular cylinders have received very little attention;
however, the results on forced convection have shown
that the use of triangular cylinders increases heat transfer
compared to circular and square cylinders (Bovand et al.,
2015). The purpose of this research is to computationally
investigate the effects of aiding and opposing thermal
buoyancy on heat transfer and fluid flow from triangular
cylinders in a confined and/or unconfined upward cross-
flow. The numerical simulation results have been
obtained for 100<Re <200 and for blockage ratios of
BR=0.5,0.25, 0.2, 0.1, 0.05, and 0.0333. Water (Pr=7)
is the working fluid, and the Richardson number range
examined is -2 <Ri<2. This study is especially unique
in that it examines the effect of blockage ratio as well as
aiding and opposing buoyant forces.

PHYSICAL PROBLEM AND MATHEMATICAL
MODEL

A schematic of the two-dimensional computational
domain with a triangular cylinder embedded in it is
shown in Fig. 1. The working fluid is water (Pr=7). The
equilateral triangular cylinder of side length D is located
at a distance of 15D from the channel entrance, and the
overall length of the channel is constant at 50D in all
cases. The heat transfer and flow simulations are carried
out for blockage ratios (BR=D/H) of 0.5, 0.25, 0.2, 0.1,
0.05, and 0.0333. Furthermore, the channel width in the
unconfined channel is H/=70D.

In the two-dimensional flow of an incompressible fluid
subjected to buoyant forces, the dimensionless governing
equations can be expressed by for (Mahir and Altag,
2019),

Continuity equation:
Vau=0 €))

Momentum equations:
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Figure 1. The schematic (dimensional) view of the applied
geometry and computational domain.

where u is the dimensionless fluid velocity non-
dimensionalized as (u#,v)/U_, = is the dimensionless

time defined as 7 =Uoot/D, t is time, x and y are the

dimensionless coordinate variables in Cartesian
coordinates non-dimensionalized as (x,y)/D, P is the

pressure non dimensionalized by P/ pU?, pis density
of fluid, g is the dimensionless gravity defined by
(0,—1)T , ® is the dimensionless temperature defined as
©=(T-T,)/(T,—T,), T is temperature, 7, and T,

are cylinder wall temperature and fluid inlet (or free
stream) temperatures, respectively.

The boundary conditions used in the simulations are set
as follows:

At the inlet:

For confined channel flows: The parabolic velocity
profile defined by u(x,0)=0, v(x,0)=9BR - x(l —-X- BR)
for 1/70<BR <1/2, and ®(x,0):®w =0.

For unconfined channel flows: The fluid velocity and
dimensionless temperature at the channel entrance are set

u(x,0)=0, v(x,0)=1, and O(x,0)=06, =0.



On the left and right boundaries:

For confined channels: u =0, v =0, 6_@

0y
For unconfined channels: © =0, v=1, ®_, =0

0

On the equilateral triangular cylinder walls:

u=0,v=0,0,=1

At the outlet: 8_u = v

ox Ox

ox

An equilateral triangular cylinder is positioned along the
centerline of the computational domain, and it is
maintained at a constant isothermal temperature

(@, =1).

The Boussinesq approximation is used to simulate the
effect of aiding and opposing buoyant forces. The
Richardson number defined as Ri=Gr/Re’ is varied in
the range -2<Ri<2. The mixed-convection
configurations corresponding to the positive and negative
values of the Richardson number, respectively, are
assisting and opposing flow situations. In the heated
cylinder (®, >0), the buoyancy force assists forced
convection (i.e., forced and free convection directions are
upwards), while for a cooled cylinder case (® , <0) the
free convection is downwards in a direction that opposes
the upwards forced convection.

The Reynolds, Grashof, and Prandtl numbers are defined
as follows:

ghT,~T,|D’

14

Re=—, Gr= , Pr=— 4

2
14

where U is the mean velocity of the fluid at the channel
inlet, v is the kinematic viscosity, £ is the thermal
expansion coefficient, and o is the thermal diffusivity of
the fluid. The side length D of the equilateral triangular
cylinder is used to non-dimensionalize all geometrical
lengths. The Reynolds numbers range from 100 to 200.

The mean Nusselt number over the whole cylinder
surface is evaluated as follows:

Nu:@:

" 6))

1
Y J Nu,dA,

where / is the mean heat transfer coefficient, k is the
thermal conductivity of the fluid, A, is the cylinder wall
—(0®/0n), is the local Nusselt

number computed as the dimensionless temperature
gradient in the normal dimensionless direction (7) to the

surface area, Nu,
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cylinder wall, and s represents the circulation distance
along the perimeter of the triangular cylinder.

The drag and lift coefficients are defined as:

2F;,

c o 2
2 9
pDU;,

C =
D L pDUO%

(6)

where Fp and F are the drag and lift forces. The Strouhal
number is defined as St = fD/ Uwhere U is the mean
inlet velocity and f is the vortex shedding frequency.

NUMERICAL
VERIFICATION

VALIDATION AND

Numerical simulations in this study are carried out using
the commercially available software ANSYS-Fluent®,
where the continuity, momentum, and energy equations,
Egs. (1)-(3), are numerically solved by employing the
finite volume method. The SIMPLE algorithm is used to
solve the governing equations, and the second-order
upwind differencing scheme is applied to discretize the
equations. The convergence criterion for residuals is set
to 107,

The computational domain (unconfined channel,
70Dx50D) is meshed with non-uniform meshing using
triangular elements (Gambit®). To determine the finest
mesh, four alternative mesh structures with a wide range
of nodes are used. G1, G2, G3, and G4 were established
as grid alternatives. Table 1 shows the effects of the grid
sensitivity on the cylinder surface mean Nusselt number
(Nu), the mean drag coefficient (Cpmen), and the
Strouhal number for Re=100, Ri=0, Pr=0.7, and BR=0.1.
The growth rate for the size of the triangular elements
was 15% stretched out to the boundaries of the
computational domain for G3. Moreover, an adaption
procedure to the computation domain near the cylinder
was employed. Due to yielding relative errors of 0.15%
and 1.12%, respectively, for the mean Nusselt and Cp mean
numbers, the G3 grid structure was selected for
conducting numerical simulations of this study. Figure 2
shows a typical grid structure (G3) near the equilateral
triangle.

Figure 2. The grid structure of near the equilateral triangle.

The time step size in transient analysis also affects the
accuracy of the numerical simulation. For this reason, the
time step size is also varied to determine the optimum
time step. The effect of varying the time step on the Nu,
Cb,mean, and St is presented in Table 2 for the case of



Re=100, Ri=0, Pr=0.7, and BR=0.1. As a result, for
subsequent simulations, the time step was chosen to be
A7 =0.05.

Table 1. The grid sensitivity for Re=100, Ri=0, Pr=0.7 and
BR=0.1.

Gl G2 G3 G4
Nodes 25952 57492 102986 410300
Number
Cells 51082 113752 204328 817312
Number
Nu 7155 7.109  7.097  7.086
CD.mean 0.858  0.878 0.886  0.896
St 03175 03125 03125 03125

According to the literature, a 2-D confined channel
(BR=0.333) with an equilateral triangular cylinder is
investigated at Ri=0 and Pr=0.7. The velocity at the inlet
of this case is uniform. Table 3 depicts a comparison of
the heat transfer and flow parameters for Re=100 and 150

with those available in the literature.

Table 2. The effects of time step size on heat and flow
parameters for Re=100, Ri=0, Pr=0.7, and BR=0.1.

Time Step Size Nu Cb,mean St
0.1 7.129  0.892  0.3223
0.075 7.109  0.888  0.3125
0.05 7.097  0.886  0.3125
0.025 7.091 0.886  0.3149

The comparison of the current pure convective
computations reveals a good agreement in the cases of
confined flow. The results for the mean drag coefficient,
Nusselt and Strouhal numbers are quite consistent with
those in the literature. Some minor discrepancies can be
attributed to the selection of the size of the computational
domain, gridding and near wall meshing strategies
adopted, the time step size, differencing schemes
employed to transient and convective terms, and so on.

Table 3. Verification of mean Nusselt number and flow quantities with the available literature values for different Re numbers.

Nu Relative Chomean Relative St Relative
Error % ’ Error % Error %
Present 5.626 1.722 0.1953
Chatterjee and Mondal (2015)  5.6932 1.19 1.7546 1.89 0.1926 1.38
§ Dhiman and Shyam (2011) 5.5843 0.74 1.7316 0.56 0.1916 1.89
i’ De and Dalal (2007) 1.7607 2.25 0.1982 1.48
Zeitoun et al. (2011) 5.557 1.23
Dalal et al. (2008) 5.67 0.78
Present 7.175 1.874 0.2148
Chatterjee and Mondal (2015)  7.1534 0.30 1.9037 1.58 0.2029 5.54
g Dhiman and Shyam (2011) 7.0447 1.82 1.8937 1.05 0.2041 4.98
i’ De and Dalal (2007) 1.875 0.05 0.2015 6.19
Zeitoun et al. (2011) 7.246 0.99
Dalal et al. (2008) 7.31 1.88
Errors in quantity f'evaluated as /% = (), = frrerare) ! fyresem X 100-
Table 4. Validation of Nu, CD,mean, and St with the available literature values for Re=100 and 150.
o Present 5.576 1.662 0.2051
ﬁ Rasool et al. (2015) 5.589 0.23 1.7 2.29 0.2036 0.73
" Srikanth et al. (2010)  5.562 0.25 1.671 0.54 0.2004 2.29
o Present 7.2 1.935 0.2344
TlI Rasool et al. (2015) 7.161 0.54 2 3.36 0.2247 4.14
. Srikanth et al. (2010)  7.127 1.01 1.934 0.05 0.2212 5.63

Errors in quantity f'evaluated as f% = (f,

present

- ﬁit(’ruture ) / fpr(’sent x100.
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In Table 4, the mean Nusselt number, mean drag
coefficient, and Strouhal number results of the validation
study are presented for a blockage ratio of BR=0.25 in
Re=100 and 150. The velocity profile of the inlet is
parabolic in this comparative study. This numerical
investigation also depicts a good agreement. The minor
variations in the results of Tables 3 and 4 can be
explained by the size of the computational domain,
meshing type and strategy, selection of convergence
criteria, and so on.

RESULTS AND DISCUSSION

The effect of blockage ratio on the flow field and heat
transfer in confined (BR=0.5, 0.25, 0.2, 0.1, 0.05, and
0.0333) and unconfined (BR=0.0143) channels where the
fluid is water (Pr=7) is examined for Re=100, 150, and
200 and the Richardson number ranging from -2< Ri<2.

Investigation of the characteristics of flow and
dimensionless temperature patterns

Seven cases of blockage ratios (BR=0.5, 0.25, 0.2, 0.1,
0.05, and 0.0333) and unconfined flow (BR=0.0143) are
examined to observe their effects on the flow and heat
transfer parameters. The iso-vorticity contours are
presented in black lines whereas the the dimensionless
temperature field is plotted only in brown color contours
for temperatures above ® > 0.1) for a better depiction of
cold and hot regions. The figures are intended to give an
idea of how the flow evolves. The iso-vorticity contour
labels (which scale differently for each case) condensed
near the cylinder make the figures incomprehensible.
However, the legend for the dimensionless temperature
is the same for all cases and it is provided in Fig. 3 only
to save printing space (Fig. 3 is cited for the legends in
the other figures).

For BR=0.5, the iso-vorticities contours (black lines)
superimposed on the dimensionless temperature field for
Ri=-2, 0, 2, and Re=100 and 200 are shown in Fig. 3. The
case of Ri=0 corresponds to pure forced convection from
the cylinders. The vortex is regular at Re=100 and
interacts with the boundary layer on the channel walls. In
particular, when Ri=2, these vortex forms are seen to be
more erratic. The assisting flow—natural and forced
convection—being in the same direction weakened the
vortex structure at a low Reynolds number. It is seen from
Fig. 3 that the wake structure for Re=100 is significantly
different from that for Re=200. The reason for the
difference in this flow structure is the increasing inertia
force with the increase in the Reynolds number. In
Re=200, the dimensionless temperature field and iso-
vorticity contours for all Ri numbers have shown similar
characteristics, and in all cases, tightly-packed iso-
vortices along the channel.

The instantaneous iso-vorticity contours and the
dimensionless temperature field for BR=0.2, Ri=-2, 0, 2,
and Re=100 and 200 obtained from the computations are
given in Fig. 4. Itis seen that the vortices do not interact
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with the boundary layer on the channel walls. Compared
to Fig. 3, the reduction in the blocking ratio (widening
the channel) leads to a larger vortex shedding period.

(C]
0 020406 08 1.0
Ri=-2 i

Re=100

Re=200

Figure 3. The iso-vorticity contours (black iines) superimposed
with the dimensionless temperature field with different Ri and
Re numbers for BR=0.5.



In the downstream area, the single-row closed vortex is dimensionless temperature field near the cylinder walls
formed behind the triangular cylinder. These iso-vortices is stacked very close to the walls, indicating that the
are uniform and periodic in each case. In addition, the temperature gradient is large.
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Figure 4. The iso-vorticity contours (black lines) superimposed with the dimensionless temperature field with different Ri and Re
numbers for BR=0.2.



The variation of instantaneous iso-vorticity contours
superimposed on the dimensionless temperature field for
BR=0.1, Ri= -2, 0, 2, and Re=100 and 200 is shown in
Fig. 5. In the Ri=-2 case, the vortices separated on the
cylinder surface form two separate vortex columns after
a certain distance, about 6D, at both Re numbers. With
increasing flow velocity at Re=200, two separate vortices
occur closer to the cylinder (24D). At Ri=0 and Re=100,
the double rows of round vortices formed behind the
cylinder stretch out and tend to converge in the

®
9

©
0

.| o
j

¢

© ©

w@

downstream direction. At Re=200, the double-column
vortex structure is disrupted to form a single vortex
structure in the downstream region. In the case of Ri=0
and Re=200, it is noted that the flow separation moves
closer to the back of the cylinder. Natural convection, in
the direction supporting forced convection, at Re=200
and Ri=2, the vortices behind the cylinder converged
towards the center of the channel at about 7D, yielding a
single vortex column. In addition, the period of the
vortices is slightly higher than that for Ri=-2 due to
aiding natural convection.

i=0 Ri=2

©
©

F6°:,20 0000 0 WHUEOO0 0 °

Figure 5. The variation of instantaneous iso-vorticity contours superimposed on the dimensionless temperature field (same
legend as that of Figure 3) with different Ri and Re numbers for BR=0.1.
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The variation of instantaneous iso-vorticity contours
superimposed on the dimensionless temperature field for
BR=0.033, Ri=-2, 0, 2, and Re=100 and 200 is illustrated
in Fig. 6. For BR=0.033, the cylinder was away from the
channel walls (H=30D), therefore vortex formation is not
effected by the walls in all Re and Ri cases. Therefore,
the channel walls are not shown in Fig. 6.

With the increasing Re number in Ri=-2, two separate
vortices are formed behind the cylinder closer to the
cylinder. Because of the downwards buoyancy force, the
natural convection has a greater effect on the flow. Since
the inertia force increases with Re = 200, the vortex
shedding behind the cylinder is previously separated.

Initially, two distinct vortex columns are formed at about
11D distance behind the cylinder at Ri=0 and Re=100.
However, the vortex columns stretch out as they tend to
approach each other. At Re=200 and Ri=0, the vortices
formed a non-uniform vortex trace. This situation is
similar for Re=200.

Figure 7 illustrates the instantaneous iso-vorticity
contours superimposed on the dimensionless temperature
field in the unconfined channel (BR=0.0143) for Re=100,
200, and Ri=-2, 0, 2. For an unconfined channel and
opposing buoyant flow (Ri=-2), it is seen that the wake
behind the cylinder does not interact with the side walls,
and the the dimensionless temperature field and iso-
vorticities are able to spread out wider as it travels
downwards along the channel. In both Reynolds cases,
the formation of two vortices behind the cylinders is
evident, and the two-column vortex structure is formed
and maintained.

In pure forced convection (Ri=0), the formation of a two-
column vortex street behind the cylinder dissolves further
in the downstream region. Especially in Re = 200, the
vortices in the left and right columns merge and turn into
a single vortex street in the further downstream region. In
Re=100, the two column vortex streets approach the
channel center.

For the aiding buoyant flow case (Ri=2), a single von
Karman vortex street appears instead of the two-column
street for both Re cases. In Re=200, each vortex is lined
up one after the other, whereas in Re=100, a single vortex
column tends to diverge into two columns at about 14D.
In addition, while the boundary layer formed around the
cylinder at the same Reynolds numbers is thicker at Ri=-
2, the boundary layer becomes thinner with increasing Ri
numbers due to the direction of the fluid flow. As the first
boundary layer separation takes place at about a 4D
distance behind the cylinder for Ri=-2, this distance is 1D
for Ri=2.

Consequently, the period of vortex shedding from an
equilateral triangle cylinder decreases with increasing the
Richardson number.
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Figure 6. Variation instantaneous iso-vorticity contours
superimposed on the dimensionless temperature field (same
legend with that of Figure 3) with different Ri and Re numbers
for BR=0.033.

Investigation of the flow and heat transfer coefficients

In Fig. 8, the variation of the average drag coefficient on
the triangular cylinder with the blockage ratio and
Richardson number is presented for Re=100 and 200. For
all Reynolds and Richardson numbers, the average drag
coefficient is the largest for BR=0.5 and the lowest in
unconfined case. It is noted here that the average velocity
at the center of the cylinder in the unconfined channel is
1 m/s, while the velocity at the center of the channel in
the confined channel is 1.5 m/s. This causes the mean
drag coefficient in the unconfined channel to be lower.



o ©
1
&

0
0
? 0
& O
O
®©
©
)
)
c
@
) o
o C
(a7
© @
- ©)
@
¢ &
Figure 7. Variation instantaneous iso-vorticity contours

superimposed on the dimensionless temperature field (same
legend with that of Figure 3) with different Ri and Re numbers
for the unconfined channel.

At Re=100, the mean Cp coefficient is close at all
blocking ratios except for BR=0.5 and unconfined cases.
The sudden decrease in the Cp coefficient at Re=100 and
Ri=2 is attributed to the increasing effect of buoyancy,
leading to a weakening of the vortex shedding (see Fig.
3). At Re=200, the mean Cp coefficient increases linearly
with increasing Ri number and BR. Since the Richardson
number gives the relative importance of buoyancy, the
effect of buoyant flow becomes more pronounced,
resulting in an increase in drag. In addition, the change in
Cp with respect to the blockage ratio is more evident,
especially at high Re numbers. For example: At Ri=-2,
the drag coefficients of BR=0.25—with respect to the BR
= (.05 case—are about 36% and 61% larger for Re= 100
and 200, respectively. At Ri=2, the drag coefficients of
BR=0.25-with respect to the BR=0.05 case—are about
5% and 17% larger for Re= 100 and 200, respectively.
Teixeira et al. (2018) reported that the structural design
application is important for the evaluation of design in
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external convective flows. According to the results
obtained in this study, the blockage ratio is an important
parameter in mixed heat transfer. The fluid undergoes
convective acceleration in the region between the walls
and the cylinder. For an increasing blockage ratio, the
velocity gradient in the channel near the cylinder walls
increases which, in turn, results in an increase in the
viscous force acting on the cylinder and causes the drag
coefficient to increase and delay the boundary layer
separation.
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Figure 8. Variation of mean drag coefficient with (a) Re=100
and (b) Re=200 at various Richardson numbers and the
blockage ratio.

The effect of Richardson number on Cr ms of various BR
values is shown in Fig. 9 for Re=100 and 200. For both
cases, the variation of Crms with Richardson number
exhibits similar behavior, which increases with
increasing Reynolds number. This outcome is attributed
to the flow pattern in the downstream region. We also
note that Cr:ms also increases with increasing BR. At
large BR ratios, the smaller the spacing between the
channel walls, the stronger vortices that form behind the
cylinder, resulting in a larger amplitude oscillation of the
lift coefficient.
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Figure 9. Variation of rms lift coefficient with (a) Re=100 and
(b) Re=200 at various Richardson numbers and the blockage
ratio.

Figure 10 shows the effect of the BR over the Strouhal
number for Re=100 and 200. In the presence of a block
effect, the St number varied in the range of about 0.22-
0.47. On the other hand, in the unconfined channel, the
St number is around 0.1-0.25. As can be seen from the
vortex structure and the dimensionless temperature field
in this study, the shedding of vortices develops behind
the triangular cylinder. While the Strouhal number takes
its maximum value in the narrowest channel
configuration, it becomes minimum in unconfined flow
cases. In unconfined channels, the vortices are formed as
a result of the interaction of the inertial and buoyant
forces. In this case, too, the effect of increasing the
Richardson number (i.e., buoyancy) shows a significant
change in the Strouhal number. As Sharma and Eswaran
(2005) noted, the aiding flow (Ri>0) accelerates both the
cylinder’s boundary layers and the iso-vorticity shedding
process, while opposing flow (Ri<0) slows it down and
inhibits the shedding process. As a result, the Strouhal
number also increases approximately linearly with the
Richardson number for unconfined channels. However,
the variation of the Strouhal number with the variation of
the Richardson number in confined channels is relatively
less compared to the unconfined channel. At Re=200, the
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St numbers are higher than Re=100. In addition, it is
observed that the St numbers are very close to each other
at BR=0.05 and BR=0.033 values in both Re numbers,
where the blocking rate is small.
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Figure 10. Variation of Strouhal number with (a) Re=100 and
(b) Re=200 at various Richardson numbers and the blockage
ratio.

Figure 11 shows the mean Nusselt number variations
with the Richardson number and the blockage ratio for
Re=100 and Re=200. A mean Nusselt number represents
the heat transfer through a fluid layer as a result of
convection relative to conduction across the same fluid
layer. It is a dimensionless number usually derived from
experimental or analytical and/or numerical studies, and
it is often used in thermal engineering design calculations
to estimate the convective heat transfer rates. The mean
Nusselt number increases with an increase in the
Reynolds number, as usual for all blockage ratios.
Furthermore, the increase in the Nusselt number with the
blocking rate is more pronounced at Re=200. For
example, for Re=100, the mean Nusselt number for the
case of BR=0.1 with respect to BR=0.033 depicts an
increase of 4.67%, 3.35% and 3.86% for Ri=-2, 0 and 2,
respectively. But in the case of BR=0.1 with respect to
BR=0.033, the increase in the mean Nusselt number for
Re=200 is 13%, 13.48% and 16.32% for Ri=-2, 0, and 2,



respectively. This is because, similar to the study done by
Gandikota et al. (2010), as the blockage ratio increases,
the shedding frequency of vortices increases, which in
turn increases he heat transfer rate.
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Figure 11. Comparison of the mean Nusselt number for
different Richardson number and the blockage ratio at Re=100
(a) and Re=200 (b).

Note that the mean Nusselt number increases with
increasing Richardson number due to the fact that the
forced convection aids the natural convection transfer for
Ri>0 and the forced convection constraints the natural
convection transfer for Ri<0. In the unconfined channel
case, higher Re and Ri numbers, which increase the
effects of both buoyancy and inertia forces, result in a
significant increase in the mean Nu number. For an
unconfined channels, the average slope of the lines is
2.25 and 2.7 for Re=100 and 200, respectively. On the
other hand, for BR=0.1, the average slope of the lines is
0.89 and 0.73 for Re=100 and 200, respectively. This
shows that the Richardson number is a more important
parameter for unconfined channel.
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When the boundary layer around the cylinder is
examined for the unconfined channel, we see that the
boundary layer developed over the cylinder is thicker for
Ri=-2, while the boundary layer formed around the
cylinder decreases with the increase in the Ri number
(see Fig. 7). As the temperature gradient increases, heat
transfer also increases. In BR=0.5, the boundary layer
around the cylinder is almost the same for all Ri numbers
(see Fig. 3). Thus, it proves that the mean Nusselt number
has not changed with Ri numbers.

The cases with maximum and minimum heat transfer
rates are observed in BR=0.5 and unconfined flow cases,
respectively. The local Nusselt number variations for
these cases are depicted in Figure 12. The local Nusselt
numbers (Nus) are plotted clockwise (0-1-2-3) in the
direction along the periphery of the cylinders. In each
case, the local Nusselt numbers reach their maximums at
corners 1 and 2. The fluid, which encounters the fluid at
the front corner (0-3), moves along the cylinder’s side
walls: 0-1 and 3-2. The local Nusselt number on these
lateral walls (0-1 and 3-2) continues to increase towards
the corners at 1 and 2. Since the system is symmetrical,
the local Nusselt values between 0-1 and 3-2 are also
symmetrical. The back (vertical) (from 1 to 2), on the
other hand, is exposed to the slow-moving fluid, leading
to a relatively slow moving vortex region, smaller
temperature gradients, and local Nusselt number
variations.

The local Nusselt number variation also changes with the
Richardson number in both Reynolds numbers for the
unconfined case. In the case of BR=0.5, it is observed
that the local Nusselt number does not change
significantly with the Richardson number in both cases
where the inertia forces increased. The similarity and
closeness of the local Nusselt number (seen in Figure 12)
support the similarity of the boundary layers.
Correlations for flow characteristics and heat
transfer

To the best of our knowledge, no correlation has been
found in the literature for flow and heat transfer
characteristics by combining the blocking ratio with the
Reynolds and Richardson numbers. In this study, the
drag/lift coefficients, Strouhal number, and mean Nusselt
number for the range of 100<Re<200, -2<Ri<2 have been
computed for BR=0.5, 0.25, 0.2, 0.1, 0.05, 0.033, and
0.0143 (unconfined). Using the computed (observed)
data, correlations for the mean drag and mean rms lift
coefficients, Strouhal number, and mean Nusselt number
have been developed.
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The mean computed drag coefficient over the equilateral-
triangle cylinder surface area was compiled and used to
obtain a non-linear regression. The mean drag coefficient
correlation derived (prediction) is as follows:

Coppean =33326Re"*(-0.2074+0.091Ri + BR"')

r* =0.9804
100 <Re <200,-2<Ri<2,0.5<BR<0.0143

D,mean

O]

We note that the r-squared value for the correlation is
excellent. The mean drag coefficient increases with
increasing blockage ratio, Reynolds, and Richardson
numbers. According to the Eq. 7, the most dominant term
is the Ri number. The plots of predicted (computed) data
versus observed (computed) data provide both qualitative
and quantitative information about how the curve fits.
The consistency and model bias are described by the
slope (m) and intercept (b) of the Predicted-Observed
(PO) line, Cp, observea=b+mCp »predicted > respectively.
The resulting PO plot should be exactly aligned on the
diagonal (i.e., y=Y line with rms=0) for identical
observations/predictions. Similarly, data points that are
near the diagonal line (normally, rms#0) suggest that the
entire data is reasonably well suited. All the drag
coefficient PO data was additionally fitted to a linear
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0 L} I L} I T
0 1 2 3
(d)
curve, yielding the following results:
—0.000147831+0.999972x . The linear relationship

between Cp,observed @4 Cp, predicted 18 validated by

the slope of m=0.999972 (approaching unity). Any
deviation of the slope from unity indicates a relative
scaling factor between the two sets. A non-zero intercept
indicates that the population is shifted by a constant
offset relative to the other. The intercept of the
correlation is very small (»=-0.0001478), so the model
bias is negligible.

Similarly, using nonlinear regression, developed
correlations for other flow characteristic properties,
CL,ms and St, are presented as follows:

1+0.0531Ri+0.01955 Ri? )

CL,rmS =0.0456Re"’ e( BR*%

r? =0.9582 )
100 <Re <200,—2 <Ri<2,0.5<BR <0.0143

St =0.354Re"™ (0.396+ 0.047Ri + BRO"“”)

r* =0.9903 ©)

100<Re<200,-2<Ri<2,0.5<BR <0.0143



The lift rms coefficient changes drastically with the
Reynolds and Richardson numbers, and the Strouhal
number also varies greatly with the blockage ratio. For
these correlations, all rms lift coefficient and St numbers
PO data are also fitted to linear curves, which yielded
C. s onservea =—0.01195+1.01164C and

St =0.0001279 +0.999626 St

L,rms, predicted

respectively.

observed predicted

Early experimental studies involving forced flows for the
flow characteristics and the Nusselt numbers were
usually expressed (due to the nonlinear nature of flow
and transfer) by a simple power-law model where the Re
number was the main independent variable; that is,

Nu=CRe"Pr” (Bergman et al., 2018). To determine

the variation with the Richardson number, the graph of
Nu,,,;.s / Nu Jorced ratio is examined. The plot of this

ratio reveals the magnitude and behavior of the
deviations from that of the forced convection due to
natural convection effects (i.e., Ri number). The effect of
BR was also observed in the same manner, and the
general form of a correlation was assumed to be in the

form CRe" f(Ri,BR), where f(Ri,BR) is a function
determined by visual inspection of Nu,, .., /Nu forced

ratio and trial-and-error that minimized the sum of
squares and maximizes r>. It has been observed that the
Nusselt number varies linearly with the Richardson
number while exponentially with the BR ratio. This
strategy has been employed in the literature to determine
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the effect of parameters other than Reynolds and Prandtl
numbers (Chen et al., 1986; Lin et al., 1990; Alta¢ and
Altun, 2014; Dalkilic et al., 2019).

Using a nonlinear regression model that minimizes the
sum of the squares of the errors for the mean Nusselt
numbers collected from the cylinder surface area leads to

Nu = 2.858 Re”* (1+0.0356 Ri) BR "

r* =0.99603
100 <Re <200,-2<Ri<2,0.5<BR £0.0143

(10)

To assess the accuracy of the correlation, the Nusselt
number obtained by the proposed correlation against the
Nusselt number calculated by numerical simulation. The
linear curve for the Nusselt number is
Nu —0.25642+1.01149Nu The model is

consistent since the slope is very close to 1 (i.e., 45
degree inclination), and the intercept is -0.25642, which
is a very small deviation, considering the average value
of the mean Nusselt number is 21.6701.  Figure 13
depicts visually the Predicted-Observed plots of
correlations for (a) the mean drag coefficient, (b) rms lift
coefficient, (¢) Strouhal number, (d) Nusselt number. It
should be noted that the data for all the Nusselt and
Strouhal numbers and the mean drag coefficient spread
well around the best curves fit, which is supported with
r-squared values of greater than 0.98.
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Figure 13. The Predicted-Observed plots of correlations for (a) the mean drag coefficient, (b) rms lift coefficient, (c) Strouhal

number, (d) Nusselt number.
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CONCLUSION

In this study, two-dimensional mixed heat transfer
(transient forced convection and natural convention)
and fluid flow over equilateral triangular cylinders in
confined and unconfined channels are performed
numerically. Three dimensionless parameters
(Blockage Ratio, Reynolds, and Richardson
numbers) implemented in the new correlations
considered the influence of mixed convective heat
transfer (i.e., Nu) and flow (i.e., Cp mean, CL,ms, and
St). Five Richardson numbers (Ri=-2, -1, 0, 1, and
2), three Reynolds numbers (Re=100, 150, and 200),
and seven blockage ratios (BR=0.5, 0.25, 0.2, 0.1,
0.05, 0.0333 for confined channels and 1/70 for
unconfined channels) are investigated. The results
obtained from this study are summarized below.

e  When the blockage ratio increases, the boundary
layer of the channel wall and the vortex behind
the cylinder interact in the downstream region.
Thus, the vortices formed behind the cylinder at
the decreasing blockage ratio can be spread to the
channel.

e  With decreasing blockage ratios, a two-column
vortex was observed at Ri=0 and Ri=-2. A single
vortex form is formed when natural convection
supports forced convection (Ri=2). This is due to
the fact that the boundary layer around the
triangular cylinder is thinner compared to Ri=0
and Ri=-2.

e In the presence of a strong buoyant forces, the
flow field is significantly altered. The density
difference causes hot fluid to be discharged into
the near wake region, increasing the mass
moving underneath the cylinder and affecting the
flow field. While examining the iso-vorticity
contours and the dimensionless temperature field
for the unconfined channel, it is seen that the
frequency of the vortices increases with the
increasing Richardson number due to aiding
natural convection.

e In all Reynolds and Richardson numbers, the
drag coefficient and the mean Nu number are the
lowest in the case of the unconfined channel and
the highest in the severely confined BR=0.5 case.
In addition, at high Reynolds numbers, both the
drag coefficient and the mean Nu number are
affected largely by the blockage ratio. For Ri=0,
the drag coefficients of BR=0.25—with respect to
the BR=0.05 case—are about 9% and 29% larger
for Re= 100 and 200, respectively.

e Any flow characteristic's rms value serves as a
gauge for fluctuations in that specific flow
characteristic. However, the Reynolds and
Richardson numbers for which the Re-Ri domain
for the lift coefficient was created also influence
these oscillations. The Crms value tends to
increase as the Reynolds and Richardson
numbers increase. However, the Crms value is
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more affected by the change in the BR. At high
BR ratios, stronger vortices develop behind the
cylinder due to the narrower channel wall
spacing, which leads to a lift coefficient
oscillation with a bigger amplitude. However, in
cases where BR is high, Crms does not change
much with the change in the Richardson number
due to the dominance of inertia forces at high
Reynolds numbers. At BR=0.5, the Cr ms of Ri=2
relative to Ri=-2 are greater than 37.283% and
3.067% at Re=100 and 200, respectively.

e The mean Nusselt increases with Re number and

BR, as well as Ri number, due to buoyancy-
induced effects of the flow field. The mean
Nusselt number of BR=0.5 and Ri=-2 is about
2.5-2 times that of the unconfined channel and
R=-2, and the mean Nusselt number of BR=0.5
and Ri=2 is about 1.22-1.15 times that of the
unconfined channel and Ri=2.

e For small blockage rates, the Strouhal number

increases with increasing Ri number, whereas it
is almost the same with increasing Ri number for
BR=0.5. The minimum value of the Strouhal
number is obtained at an unconfined channel, and
the maximum value is obtained at BR=0.5.

e As demonstrated, the correlations developed by

nonlinear regressions achieve good prediction
capability for mixed convection heat transfer and
fluid flow from a triangular cylinder in a vertical
channel.

NOMENCLATURE

surface area [m?]

blockage ratio defined as D/H [-]
coefficient

side lenght of equilateral triangular cylinder

~

force [N]

acceleration of gravity

dimensionless gravity

Grashof number [-]

channel width [m]

mean heat transfer coefficient [W/m?-K]

QE R T U AE A

b‘:_‘

k thermal conductivity [W/m-K]
Nu mean Nusselt number [-]
P pressure [N/m?]

P dimensionless velocity components [-]

Pr Prandtl number [-]

Ri Richardson number [-]
Re Reynolds number [-]
T temperature [K]

t time

u,v velocity components [m/s]

u,v dimensionless velocity components [-]

mean velocity components [m/s]



X,y cartesian coordinate system [m]
X,y dimensionless cartesian coordinates [-]
Greek Symbol

a thermal diffusivity [m?/s]

B thermal expansion coefficient [K™']
u dynamic viscosity [N-s/m?]

v kinematic viscosity [m?/s]

p density [kg/m®]

] dimensionless temperature [-]

T dimensionless time [-]

Subscripts

D drag

L lift

w wall

00 free stream property
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Ozet: Titresim ve akustik giiriiltii veya rezonans gibi iz akisinin olumsuz etkilerini ortadan kaldirmak igin batik
govdelerin akis kontrolii kapsamli bir sekilde incelenmistir. Is1 esanjor borulari, enerji nakil hatlar, egzoz bacalari,
kopriiler, radyo teleskoplar, enerji hatlari, agik deniz sondaj kuleleri vb. birgok miihendislik uygulamalarinda kullanilan,
silindir gdvdenin iz akigini kontrol etmek icin ¢esitli art iz konumuna gegirgen bir ayirici plaka yerlestirilmistir. Tiim
deneyler, Cukurova Universitesi Akiskanlar Mekanigi Laboratuvari'ndaki biiyiik 6lgekli bir kapali devre su kanalinda,
PIV kullanilarak, silindir ¢apina (D) bagl olarak Re=5000'de gerceklestirilmistir. Dort farkl ayirici plaka agisi (6 =0°;
15°; 30°; 45°), li¢ farkli gozeneklilik (e=0.30; 0.50; 0.70) incelenmistir. Ayirict plakalarin gecirgenligi (€) plaka
lizerindeki toplam delik alaninin, plaka toplam alanina orani olarak belirlenmistir. Tim degiskenler silindir ¢apina (D)
boliinerek boyutsuzlastirilmis ve * indisi ile gosterilmistir. Ayirici plaka uzunlugu da deney sirasinda Is*=1 olarak sabit
tutulmustur. Ayirici plaka ile silindir arasindaki mesafe, ayiric1 plakanin art iz eksenine gore agis1 degisken oldugundan
sabit degildir. Bunun {istesinden gelebilmek ig¢in silindir ile ayirict plaka dénme ekseni arasindaki mesafe ele alinmis
ve ** indisi ile gosterilmistir. Ayirici plaka orta noktasi ile silindir (1g**) arasindaki bosluk, deneyler boyunca lg**=1.5
olarak sabit tutulmustur. Plakalar dondiiriildiigiinde akisa paralel kesit azalmakta, bu da sinir tabakalar arasindaki
etkilesimi artirmaktadir. Gegirgen ayirict plakalar, silindir etrafindaki akista olusan sinir tabakalarin etkilesimini
engellediginden, sinir katmanlarin etkilesiminin arttig1 ardil bolgelerde gecirgen ayirici plakalarin etkisi artmaktadir.
Boylece dalgalanmalar azalmakta ve silindirin akis asagisinda daha kararli bir iz akisi olusmaktadir. Ayirict plaka
acisinin artmastyla c¢evrinti olusumunun geciktigi gézlenmistir. Bu calismada ayirict plaka acisinin etkisi ve plaka
gecirgenliginin etkisi net bir sekilde gézlemlenmistir.

Anahtar Kelimeler: PIV, Akis Kontrol, Silindir, Ayirici plaka, Gegirgen plaka

FLOW CONTROL OF A CIRCULAR CYLINDER BY PERMEABLE SPLITTER PLATE WITH
DIFFERENT POROSITIES AND ANGLE VALUES

Abstract: Flow control of bluff bodies has been studied extensively to eliminate adverse effects of wake flow such as
vibration and acoustic noise or resonance. The circular cylinder has been studied as the bluff body since it is basic
geometry and has been used in engineering applications such as heat exchanger tubes, power transmission lines,
chimney stacks, bridges, radio telescopes, power lines, offshore drilling rigs etc. In this study, a permeable splitter plate
was located at various downstream locations to control the wake flow of the cylinder. All experiments were carried out
in a large-scale closed-loop water channel in the Fluid Mechanics Laboratory at Cukurova University. PIV was used to
measure the instantaneous velocity vector field in the wake region of the cylinder at Reynolds number Re=5000, which
is based on the cylinder diameter, D. Four different splitter plate angle values (6 =0°; 15°; 30°; 45°), three different
porosity values (¢=0.30; 0.50; 0.70) were investigated. The porosity (¢) of the separator plates is defined as the ratio of
the total hole area to the plate surface area. All lengths are nondimensionalized by dividing by the cylinder diameter
and shown with the * index. The splitter plate length kept to constant during the experiment as lIs*=1. The distance
between the leading edge of the splitter plate and the cylinder (Ig*) is variable due to the rotation of the separator plate
at certain angles in the flow direction. To overcome this, the distance between the splitter plate rotation axis and the
cylinder was taken as a parameter and shown with the **. The gap between splitter plate midpoint and cylinder (Ig**)
kept to constant during the experiments as 1g**=1.5. When the plates are rotated, the cross-section parallel to the flow
decreases, which increases the interaction between the boundary layers. Since the permeable separator plates prevent
the interaction of the boundary layers formed in the flow around the cylinder, the effect of the permeable separator
plates increases in the downstream regions where the interaction of the boundary layers increases. Thus, the fluctuations
are reduced, and a more stabilized trail flow occurs downstream of the cylinder. It was observed that the vortex



formation was delayed with the increase of the separator plate angle. In this study, the effect of the separator plate angle
and the effect of the plate permeability were clearly observed.
Key Words: PIV, Flow Control, Cylinder, Separator plate, Permeable plate

GiRiS (INTRODUCTION)

Batmig bir cisim etrafindaki sabit bir akis periyodik
cevrinti dokiilmesine neden olur. Meydana gelen gevrinti
dokiilmesi, cisim tlizerindeki siiriiklenme kuvvetlerini
artmasina sebep olur ve akisa dik yonde olusan periyodik
kuvvetler, cisim iizerinde istenmeyen zorlanmalara sebep
olur. Bu zorlanmalar enerji nakil hatlari, baca bacalari,
kopriiler, binalar, radyo teleskoplari, agik deniz sondaj
kuleleri, su alti boru hatlari, deniz kablolar1 vb. gibi
birgok miihendislik uygulamasinda istenen veya
istenmeyen titresimlere, akustik giiriiltiiye, rezonansa ve
yorulmaya sebep olabilir. Miihendislik uygulamalarinda
olumlu veya olumsuz etkilerinden Otiirli, art izi
bolgesindeki akis davranisimt kontrol etmek Snemlidir.
Akis kontrol yontemleri pasif akis kontrol yontemleri ve
aktif akig kontrol yontemleri olarak iki ana dal altinda
incelenebilir. Pasif akis kontrol yontemleri batmis cismin
geometrisini degistirme (Favier, vd., 2009) ve/veya ilave
kontrol hacimleri (A. Roshko 1952) kullanimiyla
stnirhdir.  Aktif  kontrol  yontemlerin  de  ise
elektromanyetik kontrol (Weier, vd., 1998), doner
salinimi (Guilmineau 2002), 1sitma (Lecordier vd. 1991),
akustik uyarilar (Blevins 1985), plazma aktiiatorleri
(Tabatabaeian 2015) gibi yontemlerle akisa ilave enerji
verilir. Kontrol yaklasimi ise akis geri bildirimi
yapilmayan agik c¢evrim veya akistan anhk geri
bildirimin yapildigi ve buna gore degiskenlerin
ayarlandigi kapali gevrim olabilir.

Vi
Akis Kontrol
Yontemleri
Pasif Yontemler Aktif Yontemler
T/ ) -
ee” N O e N
Deg|§ken_ Elektromanyetik Déner salinim
Geometri
N’ N’
- V) S N N
IIavs kon_trol Isitma Akustik Uyarilar
acmi
o’ N’ N’
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Plazma Aktiiator Emme ve lfleme
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Sekil 1. Akis kontrol yontemleri

Akis kontrolii i¢in ayiricr plaka kullanimi ilave kontrol
hacmi ile kontrol yontemlerinden biridir. Plaka yukari
akis, asagi akig veya hem yukari hem de asagi akis
bolgelerine yerlestirilebilir. Plakanin esnek (Teksin ve
Yayla 2016) veya kati (Sahin vd., 2021) olabildigi
uygulamalarda plaka uzunlugu ve plaka ile incelenen
cisim arasindaki mesafe temel degiskenler olmakla
birlikte, duruma gore plaka katiligi (Zhou vd. 2019),
plaka gecirgenligi (Cardell 1993) ve plaka konumu (Gao,
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vd., 2020) gibi degiskenler, farkli Reynolds akis
degerlerine sahip durumlar i¢in siiriikleme katsayisi (Cd),
cevrinti dokiilme sikligi (St), Reynolds gerilmeleri,
tirbiilans  kinetik enerji  seviyeleri gibi veriler
kullanilarak degerlendirilmistir. Sekil 1 de akis kontrol
yontemleri gosterilmistir.

Ayiric1  plakalar ile akis kontrolii {izerine c¢alisan
aragtirmacilarin  onciillerinden Roshko (A. Roshko
1952), (A. Roshko 1954), periyodik sagilmanin serbest
girdap katmanlar1 arasindaki iletisime bagimliligini
gostermek icin bir dizi ¢alisma yapti (Re=14500).
Silindirin art izi merkez diizlemine yerlestirdigi ayiric
plaka uzunlugu 5d'ye ulastiginda (d, silindirin ¢apidir),
girdap dokiilmesinin tamamen ortadan kalktigini ve
basing direnci onemli Olglide azaldigmni goézlemledi.
Ayirict plakanin  uzunlugu 1d  olup silindire
baglandiginda dokiilme frekansimi ¢ok degistirmedigini
ancak silindir ile plaka arasinda bosluk birakildiginda
dokiilme frekansinin azaldigmi ve taban basmncinin
artiint  bulmustur. (Sekil 2). Aralik 3.85d'ye
ulasildiginda, dokiilme frekanst minimuma inmis ve
taban basinci maksimuma ¢ikmistir. Burada Roshko,
boslugu silindir yiizeyi ile ayirici plakanin arka tarafi
arasindaki mesafe olarak vermektedir.
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Sekil 2. Ayirict plakali ve ayirict plakasiz iz merkez hatti
tizerindeki basing. Re:14500 (A. Roshko 1954)

Cardell (Cardell 1993) 2.5 10° < Re < 1.8 10* Reynolds
sayisi araliginda diizgiin bir akista dairesel bir silindirin
art izi bolgesine farkli gecirgenlikte ayirici plakalar
yerlestirerek bir dizi deney gergeklestirmistir. Ayirici
plaka olarak ince tellerden olusturulan plakalar
kullanmistir ve plakalann gegirgenligi ile plakalarin
katilig1 arasinda basing diisiisiine bagl olarak bir iligki
belirlemistir. Kwon ve Choi (Kwon 1996) ayirici plaka
uzunlugu, Reynolds sayisiyla orantili olan kritik
uzunluktan daha biiyiik oldugunda, silindirin arkasindaki
girdap saciliminin tamamen ortadan kalktigini buldular.
Belirli bir Reynolds sayisi i¢gin siiriiklenmeyi en aza
indirmek igin 1<l/d <2 arasinda bir optimum uzunluk
oldugunu tespit ettiler. Hwang ve digerleri (Jong-Yeon
Hwang 2003) silindir art iz bdlgesine yerlestirilmis,
silindir ¢apiyla ayni uzunluga sahip bir ayirict plakanin
akis kaynakli kuvvetlere etkisini sayisal olarak
incelemistir. Ayirici plaka ile silindir arasindaki
mesafenin ayirici plaka ¢apina oran1 G/D=2.6 oldugunda,
Girdap dokiilmesini soniimlenmesi, siiriikleme kuvvetini
ve kaldirma kuvvetlerinin dalgalanmasini 6nemli lgiide
azaldigini bulmuslardir. Akilli ve ark. (Huseyin Akilli



2005) (Akilli vd., 2005), sig akista silindir arkasina
yerlestirilen ayirict plakalarin kalinlik ¢ap orani (T/D) ve
silindir ayiric1 plaka arasi mesafe oraninin (G/D) girdap
dalgalanmasina etkisini Re=5000 ‘de incelemisler ve
G/D=1.75 oldugunda akistaki Reynolds gerilmesinin 8.5
kat azaldigim tespit etmislerdir. Matsumoto ve ark.
(Matsumoto vd. 2008) riizgar tiinelinde, silindir art iz
bolgesine yerlestirdikleri %60-%70 gegirgenlikli ayiric
plakalar vasitasiyla girdap dokiilmesinin %10 civarinda
azaltilabilecegini gosterdiler. Xiao ve digerleri (Xiao
2011) D kesitli silindirin art iz bolgesine yerlestirilmis
NACAO0012 folyosunun hidrodinamik performansi
lizerine bir dizi sayisal ¢aligma yapt1 ve dalgali folyonun
silindir siiriikleme ve kaldirma genligi {izerindeki
etkilerinin, dalgalanma oraninin yani sira bosluk oranina
da 6nemli 6l¢giide bagli oldugunu bulmuslardir.

Perforated Splitter
plate (102)

a) perforation-ratio of b) perforation-ratio of

D=50[mm] 0.1D

splitter plate 90% splitter plate 40%

Sekil 3. Deneysel diizenleme (Matsumoto, ve digerleri 2008)
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Sekil 4. Deneysel diizenleme (Xiao 2011)

Ozgéren (Ozgoren 2006) calismasinda 550 < Re < 3400
araliginda, kare ve dairesel silindir art iz bdlgesindeki
akist incelemistir. Kesitlere ve kesit yerlesimine baglh
olarak Strouhal sayilarindaki degisimleri tespit etmis ve
literatiirdeki ~ degerlerle uyumlulugunu gostermis,
Beklendigi gibi Reynolds sayisiin artisi ile birlikte
cevrinti olusumu mesafesinin azaldigmi belirmistir.
Ozgoren ve arkadaslar1 (Ozgoren vd. 2011) bir bagka
calismalarinda ise Re=5000 ve Re=10000 de silindir ve
kiirenin art iz bolgesindeki akis  6zelliklerini
incelemislerdir. Kiire art iz bolgesinde kiiciik dlcekli
cevrintilerin daha baskin oldugunu ve silindirden farkl
olarak, kiire i¢cin 3 boyutlu akig sebebiyle ayrilma
tabaklar1 boyunca TKE’nin en yiiksek degerinin iki
noktada goriildiigiinii ifade etmislerdir. Ghadimi ve ark.
(Ghadimi vd. 2013) Re=200 i¢in farkli uzunluk ve
konuma sahip ayiricilanin dairesel bir silindirin ses
basinci diizeyine etkilerini arastirmiglar. Ayiricilarin
frekans Tlizerinde herhangi bir etkisinin olmadigini
bulmuglardir. Kaldirma kuvveti salimminin. Ayiricilar
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cift formda kullanildiginda ve merkez ¢izgisinden yarim
silindir yarigap1 uzaklikta bir konuma yerlestirildiginde,
kaldirma kuvveti salinimi yaklasik %99.6 oraninda azalir
ve ses basinci seviyesi (SPL) yaklasik %15.4 oraninda
artar (durum 8). Son olarak, bir ayirici ayni belirlenen
konuma yerlestirildiginde, SPL %6.4 oraninda azalir ve
kaldirma kuvveti salinimi da %90.5 oraninda bir azalma
sergiler (durum 7).

Case .Le.ugth of \'e;‘tical position o'f .splirtef Shape
splitter (m) from the center of cylinder (m)

- : @)
2 01 0 O—
3 0.075 0 O—
4 0.05 0 O
5 0.025 0 O
6 0.1 0.025 O
7 0.1 0.05 O
8 0.1 0.025 —

Sekil 5. Plaka yerlesimleri (Ghadimi, ve digerleri 2013)

Bao ve Tao (Bao ve Tao 2013) sayisal olarak laminer akis
rejimi (Re=20-160) dahilinde olan, arka yiizeye simetrik
olarak tutturulmus ¢ift plakalar tarafindan dairesel bir
silindirin art iz akig bolgesini incelemislerdir.
(40°<0<50°) igin, Re=160'"ta siiriiklenme degerlerinde
%13'e varan diisiis tespit etmislerdir; bu, ayni plaka
uzunlugundaki tek ayirict plakanin neredeyse iki katidir.
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Sekil 6. Deneysel diizenleme (Bao ve Tao 2013)

Reza-zadeh (Reza-zadeh 2013) silindir etrafindaki sivi
akisini kontrol etmek igin tel plakali elektrotlari ve ayirici
plakay1 aym anda uyguladi. Ayirma plakasmin agist 5°
derecelik artiglarla 0° ila 45° arasinda degisir. Bu
diizenlemeye bagl olarak korona riizgar etkisinin nasil
degistigini gozlemlediler.

Lee ve You (Lee ve You 2013) aymrict plakanin
uzunlugunu ve rijitligini degistirerek, esnek bir ayirici
plakaya sahip dairesel bir silindir art iz akisini
incelemislerdir. Bir ayiric1 plakanin  esnekliginin,
plakanin salinimini arttirirken, silindir yiizeyine etki eden
stirlikleme ve kaldirma kuvvetlerini olumsuz yonde
modiile ettigini buldular. Orug¢ ve digerleri (Oruc vd.
2013) yan yana iki silindir arasina uzunlugu L (1<L/D<5)
olan bir ayiric1 plaka yerlestirerek art iz bdlgesindeki
akist incelediler. L/D>3 igin ayiric1 plakanin varligiyla
izdeki sapmanin ve dolayistyla izdeki iki durumlulugun
onemli 6l¢lide 6nlendigini, bunun da yaklasik olarak ayni
girdap sacilimu biiyiikliik sirasina sahip iki iyi simetrik,



kararli iz ile sonuglandigim bulmuglardir. Teksin ve
Yayla (Teksin ve Yayla 2016) parcacik Goriintiilii Hiz
Olgiimii (PIV) kullanarak Re=2500 igin silindir art iz
bolgesine farkli uzunlukta elastik ayirict plakalar
yerlestirmisler ve L/D=2.5 i¢in girdap 06zgiin
degerlerindeki diisiisiin en yiiksek seviyeye ¢iktigmi ve
L/D=>2.5 igin bu diisiisiin neredeyse sabit kaldigini
tespit etmislerdir.

D <r

L=D

T

Sekil 7. Deneysel diizenleme (Reza-zadeh 2013)
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Flexible Splitter Plate
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Sekil 8. Deney yerlesimi (Teksin ve Yayla 2016)

Sahin ve arkadaslari (Sahin vd., 2021) Re=5000 igin,
silindir art iz bolgesinde farkli konumlara yerlestirdikleri,
farkli gecirgenliklere sahip ayirici plakalarn akis
Ozniteliklerine etkisini incelemisler, dzniteliklerdeki en
yiiksek diisiis igin plaka gecirgenligi artik¢a plaka ile
silindir arasindaki mesafenin artmasi gerektigini tespit
etmiglerdir.

Bu makalenin amaci, iki boyutlu Parcacik Goriintiilii Hiz

Olgiimii  (PIV)  teknikleri  kullanilarak,  farkli
gozeneklilige sahip ve akis yoniinde ¢esitli konumlarda
bulunan ayirict  plakalar  kullanilarak  silindirin

arkasindaki kararsiz akis yapisinin pasif kontroliinii
aragtirmaktir. Hesaplama alani, siir kosullarni ve
kullanilan yontembilimi Bolim 2'de anlatilmakta,
ardindan Boliim 3'te deney sonuglari ve irdelemeler
verilmis, bulunan sonuglar Boliim 4°te sunulmustur.

DENEYSEL METOT (EXPERIMENTAL
METHOD)

Bu calismada, diisey konumda bulunan dairesel bir
silindirin art izi bolgesindeki akis davranisi deneysel
olarak incelenmistir. Tim deneysel ¢aligmalar, Cukurova
tiniversitesinin 8000 mm uzunlugunda, 1000 mm
genigliginde ve 750 mm derinligindeki su kanalinda,
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Dantec PIV sistemi kullanilarak gerceklestirilmistir.
Deneyler esnasinda ve su yliksekligi 0.45m (hw) ye
sabitlenmis olup tim deneyler Re=5000 de yapilmustir.

Bu calismada segilen Reynolds sayisi (Re=5000) gibi
kritik alt1 Reynolds sayilarina sahip akislar ters basing
gradyanlar1 ve tiirbiilansa gegis siireci etkisi ile akis
kararl1 bir rejimde degildir. Kritik alt1 akislarda, kiit cisim
etrafindaki daimi olmayan akis yapilar1 miihendislik
acisindan birgok belirsizlige yol agmaktadir ve dikkatle
incelenmelidir. Diisiik Reynolds sayilarini ger¢ek diinya
akis yapilarina uyarlamak, deneysel kurulum ile gergek
sistem arasinda geometrik, kinematik ve dinamik
benzerliklerin ~ korunmasim  gerektirir.  Geometrik
benzerlik, Olgeklenmis deneysel kurulumun gercek
diinya uygulamasinin fiziksel geometrisini dogru bir
sekilde temsil etmesini saglar. Kinematik benzerlik,
model ve gercek sistem arasinda akis hizlarmi ve
ivmeleri eslestirmeye odaklanir. Dinamik benzerlik,

model izerinde etkili olan kuvvetlerin gercek
uygulamadaki kuvvetlere orantili olmasmi saglar,
bdylece genel akis davranisi korunur.
U,.D (N
Re =
T
1 numarali denklemde Re Reynolds sayisi,

U,=0.0837m/s serbest akis hizi, D silindir ¢api, 9 =
1.00401E — 06 20 °C de suyun kinematik viskozitesidir.
Dantec PIV Sistemi, akig alan1 aydinlatmas i¢in her biri
maksimum 120 mJ enerji ¢ikish, 532 nm dalga boyuna
sahip iki Nd-YAG darbeli lazer kaynagi kullanmaktadir.
Su, ¢apt 12 pm, yogunlugu 1100kg/m3 olan, nétr olarak
yiizer, glimils kaph kiiresel cam pargaciklar ile
tohumlanmig, akis alanimi tarayan yaklagtk 1.5mm
kalinhgindaki lazer tabakasi tarafindan aydinlatilarak
akigkan hareketi gozlemlenmistir. Parcaciklarin Stokes
sayis1 1.83x103 civarinda hesaplanmustir ve bu deger,
deneylerde parcaciklarin akis ¢izgilerini tam olarak takip
ettigini gostermektedir (Raffel vd., 2007) (Gozmen vd.,
2013). Kullanilan istii agik dikdoértgen kesitli su kanali
icin Froude sayis1 denklem 2 de verilmistir.

Us.

Fr=——— @
V(g-hy)

2 numarali denkleme gore Froude sayisi 0.042

hesaplanmis olup kritik Froude sayisi (1) den ¢ok diisiik
olmasindan 6tiirli akis serbest ylizeyinin etkisi goz ardi
edilmigtir. Tiim deneyler, Nikon AF micro 60 £/2.8D lens
ile donatilmis CCD kamera kullanilarak, 1600x1200
piksel ¢oziiniirlik ve 60 mm odak uzaklikli lens ile
goriintiilenmistir. Deneyler  iki set olarak
gerceklestirilmis olup, her iki set de 1000 anlik goriintii
igerir. Goriintii islemede 7227 (99x73) hiz vektoriinii
kapsayan 32x32 piksel dikdortgen etkili sorgulama
pencereleri kullanilmistir. Sorgulama siirecinde, Nyguist
kriterini  karsilamak igin  %50'lik  bir  Ortiisme
kullanilmistir. Westerweel (Westerweel 1993), Adrian
(Adrian 1991) ve Raffel (Raffel vd., 2007) PIV
yonteminde kullanilan matematiksel ve fiziksel
yaklasimlar1 ¢alismalarinda detayl olarak anlatmislardir.



Westerweel (Westerweel 1993) PIV yonteminde, lazer
tarafindan  aydinlatilacak  taneciklerin  rastlantisal
dagilimi, hiz hesaplarimin yapildig: alanin boyutu, 6l¢iim
ve goriintiileme aygitlarinin hassasiyeti gibi sebeplerden
dolayi, taneciklerin hiz Olgiimlerinde %?2 oraninda
yaklagik  belirsizlik oldugunu hesaplamistir. Bu
caligmada da benzer bir yaklagim yapildig: i¢in, yapilan
deneylerde derinlik ortalamali hiza gore hizdaki
belirsizlik yaklagik %2 olarak kabul edilmistir. Deney
diizeneginin sematik gosterimleri Sekil 9, Sekil 10 ve
Sekil 11°de verilmistir.
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Sekil 9. Deney diizenegi tistten bakis
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Sekil 10. Deney diizenegi B-B kesiti
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Sekil 11. Deney degiskenleri

Silindir art izi bdlgesinde, farkli konumlara yerlestirilen,
farkli gecirgenliklere sahip bir akis ayirict plaka
vasitasiyla, art izi bolgesindeki akis niteliklerindeki
degisimler gozlemlenmistir. Delikli ayirict plakalar
t=8x10*m kalinhginda paslanmaz ¢elik sagtan imal
edilmistir. Plaka iizerindeki d=2.5x10m ¢apindaki
delikler lazerde kesilmistir.  Ayirici  plakalarin
gecirgenligi (¢) toplam delik alaninin, plaka yiizey
alanini orani olarak tanimlanmustir. (Sekil 12)

_ Adelikto lam
%)OQ €= Aplaka;g‘lz:yalam
a
_ E=——

3a+b

Sekil 12. Plaka gegirgenlik tanim

Deneylerde kullanilan silindir ¢ap1 (D) 60 mm’dir.
Silindir (h) yiiksekligi 7D'dir. Dort farkli ayirici plaka
acisi degeri (0=0°; 15°; 30°; 45°) ve li¢ farkl gozeneklilik
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degeri (¢=0.30; 0.50; 0.70) incelenmis ve ayirict plaka
uzunlugu (Is*) ve ayirici plaka orta noktasi ile silindir
(1g**) arasindaki bosluk, deneyler sirasinda Is*=1 ve
lg**=1.5 olarak sabit tutulmustur.

_— 2)

ls —lD
-9 3)

lg = D
lg" =1g"+1s"/2 “)

DENEYSEL SONUCLAR VE iRDELEME

Farkli gecirgenlik ve agisal konumlamalar igin akis
yoniindeki farkli kesitlerdeki Reynolds Gerilme
profilleri, [u'u'|, Sekil 13, Sekil 14, Sekil 15 ve Sekil 16
'de verilmistir. Sekillerde, her siitun farkli a¢isal konumu
ve her satir kesit konumunu gostermektedir. Her hiicrede
lu'u'|, plakasiz silindir ve art izi akis bolgesine farkli
gecirgenlikte plakalar yerlestirilmis silindirler icin
yapilan odlgliimlerle olusturulmus, akis yoniindeki
Reynolds gerilme profilleri verilmistir. Silindirin akista
olusturdugu kayma tabakalar biiyiik bir hiz gradyanina
yol agar. Hiz gradyanindaki tepe noktalar1 en ytiksek [u'u'|
degerlerini temsil eder. Bundan otiirii elde edilen
Reynolds gerilme profilleri, silindir kayma tabakasina
benzer bir davranis gostermektedir. Akis yOniinde
ilerleyen (x/D) kesit konumlarinda, ¢evrinti dokiilmesi ve
kuyruk cevrintilerinin artisindan otiirli, tepe noktalari
akis yoniinde biiyiimektedir.

Her hiicrede |v'v'|, plakasiz silindir ve art izi akis
bolgesine farkli gecirgenlikte plakalar yerlestirilmis
silindirler i¢in yapilan 6l¢iimlerle olusturulmus, akisa dik
yondeki Reynolds gerilme profilleri verilmistir. Akis
yoniinde ilerleyen (x/D) kesit konumlarinda, cevrinti
dokiilmesi ve kuyruk cevrintilerinin artisindan Otiiri,
[v'v'| tepe noktalar1 akis yoniinde bityiimektedir.

Tiim agisal yonelimler ve tiim gegirgenlik degerleri i¢in
[u’v’'nun ulastig en biiyiik degerde, plakasiz silindire
gore diisiis oldugunu goriilmektedir. Ozellikle x/D=1.5
ve x/D=2 kesitlerinde [u’u’nun tepe degerlerindeki
diisiis daha acik olarak gozlemlenmektedir. x/D=2.5 ve
x/D=3 kesitlerinde c¢evrinti ¢alkalanmasi ve kuyruk
cevrintilerinin etkisiyle profiller birbirine
yaklagmaktadir. &€ = 0.3 gecirgenlik degeri, diisiik
gecirgenlik degeri sebebiyle, tabakalar arasindaki
karismayr oOnlemekte bu da genel olarak [u'u’|
degerlerinin daha diisiik olmasini saglamaktadir. Agisal
yonelim artikga akis simetrisi bozulmakta, 30° ve 45°°lik
yonelimler igin ise bu bozulma daha agik bir sekilde
goriilebilmektedir. |u'u| tepe degerlerindeki en biiyiik
diistis, 45°’lik yonelimli plaka ve x/D=2 kesitinde, € =
0.3 gecirgenligi i¢in saglanmaktadir.
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Sekll 13. ©=0° ve ©=15° a¢1 yonelimlerine sahip farkli Sekll 15. ©=30° ve O= 45° ac1 yonellmlerme sahip farkli
gecirgenlik  degerlerindeki plakalar icin  0.5<x/D<I1.5 gecirgenlik  degerlerindeki  plakalar igin  0.5<x/D<I.5

kesitlerinde olusan akis yoniinde Reynolds gerilimi profilleri.
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Sekll 14. ©6=0° ve ©O=15° ac1 yonellmlerme sahip farkli
gecirgenlik degerlerindeki plakalar i¢in 2<x/D<3 kesitlerinde
olusan akis yoniinde Reynolds gerilimi profilleri

kesitlerinde olusan akis yoniinde Reynolds gerilimi profilleri.
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Sekll 16. ©6=30° ve ©=45° ac1 yonellmlerme sahip farkli
gecirgenlik degerlerindeki plakalar i¢in 2<x/D<3 kesitlerinde
olusan akis yoniinde Reynolds gerilimi profilleri

Sekil 17, Sekil 18, Sekil 19 ve Sekil 20, silindir art izi
akig bolgesine farkli agisal yonelim ve farkh
gecirgenliklere sahip plakalarin yerlestirildigi durumlar
icin, farkli kesitlerdeki, akisa dik yonde olusan Reynolds
gerilim, |v’v’|, profillerini gostermektedir. Sekillerde, her
siitun farkli acisal konumu ve her satir kesit konumunu
gostermektedir.
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Sekll 17. ©6=0° ve ©=15° ac yonellmlerme sahip farkli
gecirgenlik  degerlerindeki  plakalar igcin  0.5<x/D<1.5
kesitlerinde olusan akis yoniine dik Reynolds gerilimi profilleri.
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Sekll 18. ©6=0° ve ©=15° a1 yonelimlerine sahip farkli
gecirgenlik degerlerindeki plakalar icin 2<x/D<3 kesitlerinde
olusan akis yoniine dik Reynolds gerilimi profilleri.

Tim agisal yonelimler ve tiim gegirgenlik degerleri i¢in
[v’v’[nin ulastigi en biiyiik degerde, plakasiz silindire
gore diisiis oldugunu goriilmektedir. Ozellikle x/D=1.5
ve x/D=2 kesitlerinde |[v’v’['nin tepe degerlerindeki diisiis
daha agik olarak gézlemlenmektedir. x/D=2.5 ve x/D=3
kesitlerinde  cevrinti  c¢alkalanmasi1 ve  kuyruk
cevrintilerinin etkisiyle profiller birbirine
yaklagmaktadir. €=0.3 gegirgenlik degeri, diisiik
gecirgenlik degeri sebebiyle, tabakalar arasindaki
karigmayr oOnlemekte bu da genel olarak |[v'V’|
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degerlerinin daha diisiik olmasini1 saglamaktadir. Agisal
yonelim artikga akis simetrisi bozulmakta, 30° ve 45°°1ik
yonelimler igin ise bu bozulma daha agik bir sekilde
goriilebilmektedir.
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Sekll 19. 6=30° ve ©=45° ac1 yonellmlerme sahip farkli
gecirgenlik  degerlerindeki  plakalar icin  0.5<x/D<1.5
kesitlerinde olusan akis yoniine dik Reynolds gerilimi profilleri.
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Sekll 20. ©6=30° ve ©=45° ac1 yonellmlerme sahip farkli
gecirgenlik degerlerindeki plakalar i¢in 2<x/D<3 kesitlerinde
olusan akis yoniine dik Reynolds gerilimi profilleri.

[v'v'| tepe degerlerindeki en biiyiik diisiis, 45°'1ik
yonehmh plaka ve x/D=2 kesitinde, £=0.3 geglrgenhgl
icin saglanmaktadir. Tiim durumlar igin, art izi
bolgesindeki zaman ortalamali normalize c¢evrinti



dagilimi Sekil 23'de verilmistir. Negatif isaretli ¢evrinti
biiyiikliikleri saat yoniinde doniisii gosterir. Silindirin her
iki tarafinda kayma tabakalari olusur ve bunlarin
mukavemeti asagi yonde azalir. Arkasinda plaka
olmayan silindir ile yapilan deneylerde, kayma
tabakasindaki girdabin biiyiikliigii-12.1'e ulagmaktadir.
Art izi bolgesine plaka yerlestirilmis durumlarda, €=0.3
gecirgenlik degeri icin, 0°, 15°, 30°, ve 45° derecelik
yonelimlerde olusan en biiyiik cevrinti degerleri sirasiyla
%-1, %-3, %-2 ve %-2 oranlarinda diismistiir. Art izi
akis bolgesine plaka yerlestirilmis durumlarda, €=0.5
gecirgenlik degeri igin, 0°, 15°, 30° ve 45° derecelik
yonelimlerde olusan en biiyiik cevrinti degerleri sirasiyla
%-4, %-3, %-3 ve %-2 oranlarinda diismistiir. Art izi
akis bolgesine plaka yerlestirilmis durumlarda, €=0.7
gecirgenlik degeri igin, 0°, 15°, 30° ve 45° derecelik
yonelimlerde olusan en biiyiik cevrinti degerleri sirasiyla
%-9, %-3, %-9 ve %-6 oranlarinda diismiistiir. 1z
bolgesindeki gegirgen ayirict plaka kesme tabakalarinin
etkilesimlerini engellediginden, kayma tabakalarinin
direncinin azaldig1 agiktir. Artan gozeneklilik ile ayirict
plaka etkinligi artmaktadir.

Silindir art iz bolgesine konuslandirilmis farkli
gecirgenlikli ve farkli yonelimli plakalar i¢in Reynolds
kayma gerilmesinin, yalniz silindir olmasi durumuna
gore degisimi Sekil 21 de verilmistir. Yalniz silindir
olmasi durumunda, silindir art iz bolgesindeki Reynolds
kayma gerilmesinin en yiiksek degeri 0.05 olarak
bulunmustur.
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Sekil 21. Farkli gecirgenlikteki plakalar icin plaka yoneliminin
en biiyilk Reynolds kayma gerilmesi degerine etkisinin,
plakasiz silindire gére mukayesesi

Ayirict  plakalarin  akis  iziyle ayni dogrultuda
yerlestirildigi durumda, tabakalar arasindaki etkilesimin
en diisiik oldugu €=0.3 gecirgenlik degeri icin, 0°, 15°,
30° ve 45° derecelik agisal yonelimlerde, Reynolds
gerilme degerinin ulastigi en yiiksek degerde sirasiyla
%30, %31, %19 ve %8’lik diisiisler goriilmiistiir. €=0.5
gecirgenlik degeri i¢in, 0°,15°, 30° ve 45° derecelik agisal
yonelimlerde, Reynolds gerilme degerinin ulastigi en
yiiksek degerde sirasiyla %13, %20, %28 ve %21’lik
diistisler goriilmiistiir. €=0.7 gecirgenlik degeri igin, 0°,
15°, 30° ve 45° derecelik agisal yonelimlerde, Reynolds
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gerilme degerinin ulastigi en yiiksek degerde sirasiyla
%19, %23, %1 ve %7’lik disiisler gorilmiistiir.

Sekil 22. Arka plakasiz silindir igin yakin iz bdlgesinde ¢evrinti
dagilimlar1.

150 200

15°‘lik agili konumlandirma icin, Reynolds gerilmesi
tepe degerlerindeki diisiis, tiim gegirgenlikler i¢in en
yiiksek degerlerine ulasmis ve gecirgenlik ve acisal
konumlandirma degerlerindeki artisla birlikte Reynolds
gerilme degerinin tepe noktasindaki diisiis, artan
etkilesimle birlikte azalmistir. Reynolds kayma
geriliminin  belirli bir oranda azalmasi, kayma
katmanlarmin  etkilesiminin  delikli ayirict  plaka
tarafindan zayiflatildigim  ve dolaysiyla cevrinti
siddetinin diistiigii seklinde degerlendirilebilir. Ozkan ve
digerleri (Ozkan vd. 2017), temel silindire gore tiirbiilans
istatistiklerinin azaldig1 durumlarda siiriiklenme direng
katsayisimin da distiigiinii  gostermistir. Dolayisiyla
Reynolds kayma gerilmesindeki bu azalma, silindirin
direng katsayisinin azalmasi olarak ta degerlendirilebilir.
Arka plakasiz silindi i¢in yakin iz ¢evrinti dagilimlari
Sekil 22°de, tliim test durumlari igin yakin iz bdlgesinde
cevrinti dagilimlar Sekil 23’de verilmistir.
Yiiksek Reynolds sayilarinda, basing ve hiz dagilimin
periyodik olarak degismesinden Otiirii art izi bolgesinde
tiirbiilans olusumlan goriiliir. Diger bir deyisle, bu
bolgedeki akista, akiskanin hizi ve akis yonii siirekli
degisir. Boyutsuz tiirbiilans kinetik enerjisi (TKE),
tirbiilansin  yogunlugunun bir odlgiisiidiir ve Chen
tarafindan belirtildigi gibi art izi bolgesindeki akis
ozellikleri i¢in bir degerlendirme gostergesi olarak
kullanilabilir (Chen vd., 2014) (Pinar vd., 2015). 2D-PIV
6l¢iimleriyle yakalanan iki boyutlu hiz alanlari sayesinde
ortalama TKE yaklasik olarak 5 numarali formiille
hesaplanir.

n2 n2 5
TKE=§((u)U+2(v)) ®)

Bu formiilde u’ akis yoniindeki iz degisimlerini, v’ akig
yoniine dik yondeki hiz degisimlerini gosterir. Bu
calismada da TKE art izi bolgesindeki akis kontroliinde
degerlendirme parametresi olarak secilmistir. Farkli
gecirgenliklere sahip ayirici plakalarin, silindir art izi
bolgesindeki akis yapisina etkisini belirlemek igin bir
dizi PIV ¢oziimlemesi yapilmustir.



Tim test durumlan i¢in yakin iz bolgesindeki akis
cizgileri Sekil 24 de verilmistir. Sekil 24 de siitunlar
strastyla 0.3, 0.5 ve 0.7 plaka gecirgenliklerini, satirlar
ise sirastyla 0°, 15°, 30° ve 45° agisal plaka yonelimleri
icin akis ¢izgilerini gostermektedir. Yapilan deneylerde,
tiirbiilans kinetik enerjisinin tepe degerleri ile tiirbiilans
kinetik enerjisinin tepe degerinin olusum noktalari,
ayirici plaka kullanilmayan, ¢iplak silindir durumundaki
degerlerle karsilastirilmistir. Sekil 25, Sekil 26, Sekil 27
ve Sekil 28 da silindir art iz bolgesine yerlestirilen farkli
gecirgenlikli plakalar kullanilarak yapilan deneylerde,
akis yoniindeki farkli kesitlerde yapilan 6lgiimlerden elde
edilen tiirbiilans kinetik enerji (TKE) profilleri, plakasiz
yapilan ol¢liimlerle birlikte verilmigtir. Sekillerde her

Bu durum tiim plaka gegirgenlikleri igin aynidir.
X/D=1 kesitiyle beraber ayirict plakalarin etkisi
goriilmeye baslanmakta ve art izi bolgesindeki TKE
degerlerinde, plakasiz akisa gore diisiis goriilmektedir.
Tim gecirgenlikler icin bu diislis gecerli olmakla
birlikte, farkli gecirgenlikteki plakalarin ¢ok yakin
sonuglar vermesi sebebiyle, X/D=1 kesiti i¢in

Sekil 23.Tiim test durumlart igin yakin iz bolgesinde ¢evrinti dagilimlari

97

siitun farkli acisal yonelimi, her satir ise farkli kesti
konumlarin1  belirtmektedir. Kesit konumu, silindir
capina boliinerek boyutsuz hale getirilmistir. Silindir
merkezi koordinat merkezidir. Profillerdeki tepe
noktalari, en yiiksek tiirbiilans kinetik enerji degerlerinin,
silindirin alt ve {ist akis ayrilma hatt1 boyunca olustugunu
gostermektedir. Plakasiz silindir grafikleri
incelendiginde, beklendigi gibi art izi bolgesindeki TKE
degerleri akis yoOniinde biiylik 0lgekli c¢evrinti

dalgalanmalar1 sebebiyle artis gostermektedir X/D=0.5
kesiti silindirin arka tegetine denk gelmesinden Otiiri,
herhangi bir agiyla yonelmis ayiric1 plakalarin tiirbiilans
kinetik enerji profilleri iizerinde fark edilir bir etkisi
gbzlemlenmemistir.

tizerindeki

gecirgenligin TKE etkisi
gozlemlenememistir.  X/D=1.5 ve sonrasindaki
kesitlerde ayiric1 plakalarin, tiirbiilans kinetik enerji
profilleri iizerindeki etkisi daha agik goriilmeye
baslanmaktadir. X/D=2.5 ve X/D=3 kesitlerinde akis
icindeki etkilesimin artmasindan Otiirli, ozellikle
yiiksek gecirgenlikli ayirici plakalarin etkisinde azalma



gozlemlenmektedir. ~ Plakalar  dondiiriildiiiinde,
plakalarin akisa paralel kesiti azalmaktadir bu durum
ayrict plaka uzunlugunun, silindir ¢apina esit
olmasindan Otiirii sinir tabakalar arasindaki etkilesimi
artirmakta buda a¢idan dolay1 olusan akisa dik yondeki
kesitten gelen faydayi sifirlamaktadir. Gegirgen ayirici
plakalar, silindir etrafindaki akista olusan sinir
tabakalarinin  etkilesimini engelledigi ig¢in, sir

tabakalarin etkilesiminin arti§1 daha geri konumdaki
kesitlerde gecirgen ayirici plakalarin etkisi artmaktadir.
Boylece,

akig yoniinde ve enine dalgalanmalar

azalmakta ve silindirin asag1 akisinda daha stabilize bir
iz akisi meydana gelmektedir. Gegirgenlik artikga,
etkilesimde artig1 icin en yiiksek soniimlemeyi,
neredeyse tiim ac1 ve kesit degerlerinde € = 0.3 i¢in
saglamaktadir. Farkli acilardaki plakalarin etkisi,
plakalar heniiz sinir tabakalarla yeterli temasa
gecemedigi igin belirsizdir. Tim kesit degerleri, iki
defa almman  Ol¢limlerin  ortalamast  alinarak
olusturulmustur.
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Sekil 24. Tiim test durumlari igin yakin iz bolgesinde akis ¢gizgileri

98



E= 4o Ig**=15 Is*=1 0=0° e < Ig**=15 Is*=1 0=15° Ig**=15 Is*=1 ©=30° A3 . lg**=15 Is*=1 0=45°
L ! B!
i .
os §f os %
e et
2 k. L
-0.5 I s ~bare 0.5 . bare
A -£=0.3 S £=0.3 "
-1 F £=0.5 1 £=0.5
? -£=0.7 £=0.7
is L x/D=0.5 | L x/D=0.5
0 0.05 TKE 0.1 0.15 0 0.05 TKE 0.1 0.15 0.05 TKE 0.05 TKE
5 o Ig**=15 Is*=1 9=0° 1.5 - Ig**=15 Is*=1 6=15° lg**=15 Is*=1 6=30° Ig**=1.5 Is*=1 B=45°
1 \ 1 ‘ e
0.5 0.5 0.5
Lo o o
-0.5 . ~bare 0.5 ~bare = - bare -0.5 - bare
* -£=0.3 -£=0.3 o -£=0.3 -£=0.3
-1 £=0.5 1 £=0.5 £=0.5 1 £=0.5
-£=0.7 -€=0.7 -~€=0.7 -€=0.7
15 x/D=1 |5 x/D=1 x/D=1 ;g x/D=1
0 0.05 TKE 0.1 0.15 0 0.05 TKE 0.1 0.15 0.05 TKE 0.1 0.15 0 0.05 TKE 0.1 0.15
L5 ¢ lg**=1.5 Is*=1 8=0° 1.5 €, Ig**=1.5 Is*=1 6=15° . lg**=15 Is*=1 8=30° 1.5 € Ig**=1.5 Is*=1 B=45°
1 1 o 4 1
0.5 0.5 0.5
Lo o So
-0.5 .. +bare 0.5 +.. -bare S+ ., -bare -0.5 . -bare
-£=0.3 ST g=0.3 - A e=03 -£=0.3
-1 £=0.5 1 £=0.5 1 gt £=0.5 -1 £=0.5
-£=0.7 -€=0.7 f -€=0.7 -£=0.7
1.5 x/D=1.5 |5 x/D=1.5 1.5 x/D=1.5 |5 x/D=1.5
0 0.05 TKE 0.1 0.15 0 0.05 bl 0.1 0.15 0 0.05 s 0.1 0.15 0 0.05 TKE 0.1 0.15
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bolgesindeki 0.5<x/D<1.5 kesitlerinde olusan TKE profilleri.

bolgesindeki 0.5<x/D<1.5 kesitlerinde olusan TKE profilleri.
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bolgesindeki 2<x/D<3 kesitlerinde olusan TKE profilleri.

Sekil 29 tiim agisal yonelimler ve tiim gegirgenlik
degerleri i¢in tiirbiillans kinetik enerjisinin ulastig1 en
biiyiik degerde, plakasiz silindire gore ne kadar diisiis
oldugunu gostermektedir. Olusan en biiylikk TKE
degerleri, € = 0.3 gecirgenlik degeri ve 0°, 15°, 30° ve
45° acisal plaka yonelimleri igin sirasiyla %16, %20,
%14 ve %20 oranlarinda diisiis gostermistir. € = 0.3
Gegirgenlikli ayirict plaka, 30° acisal ydnelim
haricinde tiim diger ayiric1 plakalar gére daha iyi sonug
vermistir.
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bolgesindeki 2<x/D<3 kesitlerinde olusan TKE profilleri.

TKE’nin en biiyiik konuma ulastif1 noktalar ise 0° ve
30° agisal yonelimler ig¢in %2 ve %4 oranlarinda
silindire dogru yaklasmistir (Sekil 30). Olusan en
biiyiik TKE degerleri, € = 0.5 gecirgenlik degeri ve 0°,
15°, 30° ve 45° agisal plaka yonelimleri igin sirasiyla
%S5, %13, %25 ve %18 oranlarinda diisiis gostermistir.
TKE’nin en biiyiik konuma ulastig1 noktalar ise 0°, 15°,
30° ve 45° agisal yonelimler icin %9, %2, %6 ve %3
oranlarinda silindire dogru yaklagmistir. Olusan en
biiyiik TKE degerleri, ¢ = 0.7 gecirgenlik degeri ve 0°,



15°, 30° ve 45° agisal plaka yonelimleri i¢in sirastyla
%12, %2, %20 ve %16 oranlarinda diisiis gostermistir.
TKE’nin en biiyiik konuma ulastig1 noktalar ise 0°, 15°,
30° ve 45°’lik agisal yonelimler icin %2, %4, %11 ve
%0 oranlarnda silindire dogru yaklagmustir.
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Sekil 29. Farkli gecirgenlikteki plakalar i¢in plaka

yoneliminin en bilyik TKE degerine etkisinin, plakasiz
silindire gére mukayesesi
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Sekil 30. Farkli gecirgenlikteki plakalar i¢in plaka

yoneliminin en bilyik TKE degerine olustugu konuma
etkisinin, plakasiz silindire gére mukayesesi

SONUC

Farkli gozeneklere sahip ayirict plakalarin, ¢iplak bir
silindirin iz bdlgesindeki akis yapilarina etkisini
belirlemek i¢in TKE tepe degerleri ve bu degerlerin
olusum noktalart karsilagtirilmistir. Dort farkl ayiric
plaka agist degeri (0 =0°; 15°; 30°; 45°) ve ii¢ farkl
gozeneklilik degeri (¢=0.3; 0.5; 0.7) incelenmis ve
ayirici plaka uzunlugu (Is*) ve ayirici plaka orta noktasi
ile silindir arasindaki bosluk (Ig**) deneyler boyunca
Is*=1 ve lg**=1.5 olarak sabit tutulmustur. PIV
6l¢limlerinden elde edilen sonuglar su sekildedir:

e Ayiricl plakanin gegirgenligi ve agisal konumu
girdap  dokiilmesini  azaltmak icin  etkili
degiskenlerdir.

e Plakalar dondiiriildiigiinde, akisa paralel kesit
azalmakta, bu da smr katmanlar1 arasindaki
etkilesimi arttirmaktadir.

e  Gegirgen ayirici plakalar, silindir etrafindaki akista
olusan sinir katmanlarinin etkilesimini
engellediginden, sinir katmanlarinin etkilesiminin
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arttigr art izi akis bolgelerinde gecirgen ayirici
plakalarin etkisi artmaktadir. Boylece,
dalgalanmalar azalmakta ve silindirin asag:
yoniinde daha stabilize bir iz akist meydana
gelmektedir.

e Aymrict  plaka acisimin - artmasiyla  gevrinti
olusumunun geciktigi gozlenmistir. &€ =0.5 ve
0=30° derece i¢in akis kontrolii saglanir. TKE'nin
tepe biiylkliigiiniin konumu %6 oraninda silindir
merkezine yaklasmis, TKE'nin tepe biylkliigi
%25'e kadar azaltilmistir. Ayni ag1 ve gegirgenlik
degeri i¢in Reynolds kayma gerilmesi %28
oraninda azalmustir. Bir bagka akis kontrol noktasi
ise € =0.3 ve 6=15°derece i¢in saglanmistir. Bu ag1
ve gecirgenlik degerleri i¢in TKE’nin ulagtig1 en
yiiksek deger %20 oraninda, Reynolds kayma
gerilmesinin tepe degeri ise %31 oraninda
azalmustir.

Tiirbiilans istatistiklerindeki belirli bir azalma (TKE,
[u'u'], [v'v'| ve [u'v'), kesme tabakalar1 arasindaki
etkilesimin  delikli ~ aymrict  plaka  tarafindan
zayiflatildigint gosterir. Bu nedenle, gevrinti sagilim
kontroliiniin ayric1 plakalar vasitasiyla saglandigi
sonucuna varilabilir. Bu aragtirmada ayirici plaka
acisinin etkisi ve plaka gegirgenliginin etkisi agikca
gozlemlenmistir.

iSIMLENDIRME

D Silindir ¢ap1 [m]

0 Ayiricl plakanin akis yoniiyle yaptigi aci
£ Ayiricl plaka gegirgenligi

Ueo.D

Re Reynolds sayisi [Re = T]
Is* Boyutsuzlastirilmis ayirici plaka uzunlugu
lg* Boyutsuzlastirilmis ayirici plaka silindir arasi
mesafe
lg**  Boyutsuzlastinlmis aywici plaka doénme
ekseni ile silindir aras1 mesafe
U Akis hizi [m/s]
9 Akiskanin kinematik viskozitesi [m?/s]
p Akigkan yogunlugu [kg/m?]
u'n' Akis yoniinde Reynolds normal gerilmesi
u'v' Reynolds kayma gerilmesi
Vrms akisa dik yondeki ¢evrinti yogunlugu
A% akisa dik yonde Reynolds normal gerilmesi
TKE  Tirbiillans  kinetik  enerjisi [TKE =
3 ((ul)2+(vl)2)
1 u?
Urms  Akis yoniinde gevrinti yogunlugu
u' Akis yoniindeki hiz degisimi
v’ Akis yoniine dik yondeki hiz degisimi
g Yercekimi ivmesi [m/s?]
hw Serbest su yiiksekligi [m]
Uoo.
fr Froude sayisi[Fr = \/(g_hw)]



KAYNAKCA

Adrian, Ronald J. 1991. «Particle-Imaging Techniques
for Experimental Fluid Mechanics.» Annual Review of
Fluid Mechanics, 261-304.
doi:https://doi.org/10.1146/annurev.f1.23.010191.0014
0l.

Bao, Y., ve J. Tao. 2013. «The passive control of wake
flow behind a circular cylinder by parallel dual plates.»
Journal of Fluids and Structures, 201-219.
doi:https://doi.org/10.1016/j.jfluidstructs.2012.11.002.

Blevins, R. D. 1985. «The effect of sound on vortex
shedding from cylinders.» J. of Fluid Mech., 217-237.
doi:https://doi.org/10.1017/S0022112085002890.

Cardell, G. S. 1993. Flow Past a Circular Cylinder
with a Permeable Wake Splitter Plate. Dissertation
(Ph.D.),. California Institute of Technology.
do0i:10.7907/25C5-1150.

Chen, WL., H Li, ve H. Hu. 2014. «An experimental
study on a suction flow control method to reduce the
unsteadiness of the wind loads acting on a circular
cylinder.»  doi:https://doi.org/10.1007/s00348-014-
1707-7.

Favier, J., A. Dauptain, D. Basso, ve A. Bottaro. 2009.
«Passive separation control using a self-adaptive hairy
coating.» J Fluid Mech, 451-483.
do0i:10.1017/S0022112009006119.

Gao, Dong-Lai, Guan-Bin Chen, Ye-Wei Huang, Wen-
Li Chen, ve Hui Li. 2020. «Flow characteristics of a
fixed circular cylinder with an upstream splitter plate:
On the plate-length sensitivity.» Experimental Thermal
and Fluid Science.
doi:https://doi.org/10.1016/j.expthermflusci.2020.110

135.

Ghadimi, Parviz, Saman Kermani, Sabra Razughi, ve
Rahim Zamanian. 2013. «Aerodynamic and Acoustical
Analysis of Flow around a Circular Cylinder in a
Channel and Parametric Study on the Effects of a
Splitter Plate on the Generated Vibration and Noise.»
Applied  Mathematics  and  Physics, 1-5.
doi:https://doi.org/10.12691/amp-1-1-1.

Gozmen, Bengi, Huseyin Akilli, and Besir Sahin. 2013.
"Passive control of circular cylinder wake in shallow
flow." Measurement (46): 1125-1136.
doi:http://dx.doi.org/10.1016/j.measurement.2012.11.
008.

Guilmineau, P. Q. E. 2002. «A numerical simulation of
vortex shedding from an oscillating circular cylinder.»
J. Fluid Struct., 773-794.
doi:https://doi.org/10.1006/jf1s.2002.0449.

Huseyin Akilli, Besir Sahin, N. Filiz Tumen,. 2005.
«Suppression of vortex shedding of circular cylinder in

101

shallow water by a splitter plate.» Flow Measurement
and Instrumentation, 211-219.
doi:https://doi.org/10.1016/j.flowmeasinst.2005.04.00
4,

Jong-Yeon Hwang, Kyung-Soo Yang, Seung-Han Sun.
2003. «Reduction of flow-induced forces on a circular
cylinder using a detached splitter plate.» Physics of
Fluids, 1 8: 2433-2436.
doi:https://doi.org/10.1063/1.1583733.

Kwon, K., & Choi, H. 1996. «Control of laminar vortex
shedding behind a circular cylinder using splitter
plates.» Physics of Fluids, 479-486.
doi:https://doi.org/10.1063/1.868801.

Lecordier, J. C., L. Hamma, ve P. Parantheon. 1991.
«The control vortex shedding behind heated cylinders
at low Reynolds numbers.» Exp. in Fluids, 224-229.
doi:https://doi.org/10.1007/BF00190392.

Lee, Jinmo, ve Donghyun You. 2013. «Study of vortex-
shedding-induced vibration of a flexible splitter plate
behind a  cylinder»  Physics of  Fluids.
doi:https://doi.org/10.1063/1.4819346.

Matsumoto, Masaru, Michio Hashimoto, Tomomi
Yagi, Tomoyuki Nakase, ve Kouji Maeta. 2008.
«Steady Galloping/Unsteady Galloping And Vortex-
Induced Vibration Of Bluff Bodies Associated With
Mitigation Of Karman Vortex Shedding.» BBAA VI
International Collogquium on:Bluff  Bodies
Aerodynamics & Applications. Milano.

Oruc, V., M. Akar, Akilli, H. A., ve B. Sahin. 2013.
«Suppression  of asymmetric flow  behavior
downstream of two side-by-side circular cylinders with
a splitter plate in shallow water.» Measurement:
Journal  of the International  Measurement
Confederation, 442-455.
doi:https://doi.org/10.1016/j.measurement.2012.07.02
0.

Ozgoren, Muammer. 2006. «Flow structure in the
downstream of square and circular cylinders.» Flow
Measurement  and  Instrumentation,  225-235.
doi:https://doi.org/10.1016/j.flowmeasinst.2005.11.00
S.

Ozgoren, Muammer, Engin Pinar, Besir Sahin, ve
Huseyin Akilli. 2011. «Comparison of flow structures
in the downstream region of a cylinder and sphere.»
International Journal of Heat and Fluid Flow, 1138-
1146.
doi:https://doi.org/10.1016/].ijheatfluidflow.2011.08.0
03.

Ozkan, G.M., E Firat, ve H. Akilli. 2017. «Control of
vortex shedding using a screen attached on the
separation point of a circular cylinder and its effect on



drag.» J. Fluids Eng. Transactions ASME, July.
doi:https://doi.org/10.1115/1.4036186.

Pinar, Engin, Gokturk M. Ozkan, Tahir Durhasan,
Muhammed M. Aksoy, ve Besir Sahin Huseyin Akilli.
2015. «Flow structure around perforated cylinders in
shallow water.» Journal of Fluids and Structures, 52-
63.

doi:https://doi.org/10.1016/j.jfluidstructs.2015.01.017.

Raffel, M., Christian Willert, Steve Wereley, ve
Juergen. Kompenhans. 2007. Particle Image
Velocimetry. Springer.

Reza-zadeh, S. 2013. «Investigation of fluid flow
around a cylinder with EHD actuation on inclined
plates behind the cylinder.» In Proceedings of the 2013
International Conference on Applied Mathematics and
Computational Methods in Engineering., 212-217.

Roshko, A. 1954. «On the drag and shedding frequency
of two-dimensional bluff bodies.» NACA Technical
Note 3169, 1-30. doi:https://doi.org/10.1.1.477.979.

Roshko, Anatol. 1952. On the development of turbulent
wakes from vortex streets. Dissertation (Ph.D.),.
California Institute of Technology.
doi:10.7907/4WDN-9807.

Sahin, Serdar, Tahir Durhasan, Engin Pinar, ve
Huseyin Akilli. 2021. «Experimental study on passive
flow control of circular cylinder via perforated splitter
plate.» Wind and Structures, 613-621.
doi:10.12989/WAS.2021.32.6.613.

Tabatabaeian, S., Mirzaei, M., Sadighzadeh, A.,
Damideh, V., & Shadaram, A. 2015. «Experimental
Study of the Flow Field around a Circular Cylinder
Using Plasma Actuators.» J. Applied Fluid Mechanics,
291-299.
doi:https://doi.org/10.18869/acadpub.jafm.67.221.214
59.

Teksin, S., ve S. Yayla. 2016. «Effects of Flexible
Splitter Plate in the Wake of a Cylindrical Body.»
Journal of Applied Fluid Mechanics, 3053-3059.
d0i:10.29252/jafm.09.06.25564.

Weier, T., G. Gerbeth, G. Mutschke, E. Platacis, ve O.
Lielausis. 1998. «Experiments on cylinder wake
stabilization in an electrolyte solution by means of
electromagnetic forced localized on the cylinder
surface.»  Exp.  Therm  Fluid  Sci., 84-91.
doi:https://doi.org/10.1016/S0894-1777(97)10008-5.

Westerweel, J. 1993. Digital particle image
velocimetry: Theory and application, PhD Thessis.
Delft University Press.

Xiao, Q., Sun, K., Liu, H., & Hu, J. 2011.
«Computational study on near wake interaction
between undulation body and a D-section cylinder.»

102

Ocean Engineering, 3: 673-683.
doi:https://doi.org/10.1016/j.oceaneng.2010.12.017.

Zhou, X., J. Wang, ve Y. Hu. 2019. «Experimental
investigation on the flow around a circular cylinder
with upstream splitter plate.» J Vis (Tokyo), 683-695.
do0i:10.1007/s12650-019-00560-x.



Is1 Bilimi ve Teknigi Dergisi, 44, 1, 103-115, 2024
J. of Thermal Science and Technology

©2024 TIBTD Printed in Turkey

ISSN 1300-3615

e-ISSN 2667-7725
https://doi.org/10.47480/isibted.1494143

OUTDOOR DEGRADATION ANALYSES OF SIX DIFFERENT AGED
PHOTOVOLTAIC MODULE TECHNOLOGIES UNDER THE ARID-STEPPE
CLIMATE CONDITION

Zeynep CANTURK"?", Talat OZDEN>?, Bulent G. AKINOGLU"**
! Department of Physics, Middle East Technical University, Ankara 06800, Turkey
20DTU-GUNAM, Middle East Technical University, Ankara 06800, Turkey
3 Department of Electrical and Electronics Engineering, Gumushane University, Gumushane 29100, Turkey
4 Barth System Science Program, Middle East Technical University, Ankara 06531, Turkey
0000-0003-2833-1832, 0000-0002-0781-2904, 0000-0003-1987-6937

(Gelis Tarihi: 22.06.2023, Kabul Tarihi: 11.02.2024)

Abstract: Outdoor tests of photovoltaics module are crucial both for marketing and for research and technological
developments. The electric generation performance and their degradation rates and lifetime are also related to different
climatic conditions of the regions. In this work, the outdoor tests are carried out for six different photovoltaic (PV)
modules under Arid-steppe Climate condition of Ankara, Tiirkiye. Their degradation rates are calculated by using linear
regression (LR) and year on year (YOY) methods. The comparison between LR and YOY are carried out and with the
other performed studies of different regions of world. In addition, it is investigated that how effective the climatic
conditions on daily degradation rates. The results obtained are as follows: Mono-Si and Hetero-junction Silicon (HIT)
cell modules degradation rates of 0.71/1.56 %/year and 0.84 %/year are respectively obtained by LR method and
0.57/0.90 %/year and 0.85%/year are respectively by YOY method. The degradation rates for Cupper Indium Selenide
(CIS), Cupper Indium Gallium Selenide (CIGS) and microcrystalline Silicon/Amorphous Silicon (pc-Si/a-Si) modules
have 1.73/1.49 %lyear, 11.55/9.52 %/year and 1.48 %/year for LR method and 1.28/1.12 %/year, 9.94/9.53 %/year and
0.99 %/year for YOY method are obtained respectively. It is also obtained for the Polycrystalline Silicon Modules as
1.20/1.86 %/year degradation rates by LR method and 0.79/1.88 %/year degradation rates by YOY method.
Keywords: Photovoltaic modules, Long-term outdoor testing, Degradation rates, Linear regression degradation
method, year on year degradation method

INTRODUCTION cables and/or invertor (Ozden et al. 2015). The overall
degradation rate is together with the system and PV

Utilization of renewable energy and especially solar modules degradations.

energy has grown worldwide over the past decade as

governments consider the increasing global warming and Ishii et al (Ishii, Takashima, and Otani 2011) tested 14

the supply of fossil fuels is declining (Griibler, Jefferson, different modules under moderate climate conditions for

and Naki¢enovi¢ 1996). The Solar PV modules are one 4 years. The results of degradation rates are between 0.64

of the most important systems of generating electricity by %/year and 0.92 %/year for mono-crystalline silicon

renewable energy. Their properties are related with the modules while 0.4 %/year for poly-crystalline silicon

PV module performances of electrical energy generation modules within the same time interval. Besides, the

and also to their length of life time. Environmental and obtained degradation rate for amorphous silicon modules

climate conditions are also effective for the lifetime of is higher than 1.45 %/year.

PV modules. Consequently, the degradation rates of PV

modules are important property to identify their life time ~ Makrides et al (Makrides et al. 2010) studied on 11 solar

to be supplied for PV modules by the manufacturers, modules under the Mediterranean climate in Cyprus
which is very important to make economic plan for solar region for the period June 2006 — June 2009 including 5
energy power plant (Annigoni et al. 2019; Tsanakas, Ha, kind modules which are mono-crystalline, poly-
and Buerhop 2016) (Micheli et al. 2022). crystalline, amorphous silicon, Cadmium Telluride

(CdTe), and Cupper Indium Gallium Selenide (CIGS).
Degradation rates of PV modules can be calculated by They found that the first-year degradation rates are in
two different steps to reach overall degradation. The first range 2.12 %/year and 4.73 %/year, for mono-crystalline
one includes only PV module degradation using the  modules, changes between 1.47 %/year and 2.40 %/year
measures of the energy generated by the module. The  for poly-crystalline, 0.26 %/year for CIGS modules, 0.32
second is the degradation coming from system equipment
loss such as the maximum power point tracking (MPPT),
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%/year for CdTe Modules and 0.23
amorphous silicon modules.

%/year for

Bogdanski et al. (Bogdanski et al. 2010) studied on the
influence of the climate conditions on the solar modules
in four different regions. The climates are warm
moderate climate (Cologne, Germany), tropical climate
(Serpong, Indonesia), cold high mountain climate
(Zugspitze, Germany) and arid climatic conditions (Sede
Boger, Israel). They outline that the climate is very
effective on the degradation rates. The highest
degradation rate belongs cold high mountain climate due
to high snowfall and wind stress. Because of high
temperature and irradiation, in the desert and tropical
climate, higher degradation is observed. In Israel and
Indonesia, the contamination with sand were observed
and this situation results in high decrease of the generated
energy. All modules analyzed in the all-climate condition
showed less than 1 %/year degradation although the
mountain climate data.

Quansah et al. (Quansah and Adaramola 2018) studied
using 29 crystalline solar modules at six different
locations in Ghana. They found that the degradation rates
in a range from 0.8 %/year to 6.5 %/year. In addition to
I-V investigations, they observed some mechanical
degradation such as broken glass, delimitation, yellowing
encapsulates materials and bubbles.

Savvakis et al. (Savvakis and Tsoutsos 2015) work out a
grid-connected system having 2.18 kWp micro
crystalline and based amorphous silicon (pc-Si / a-Si)
thin-film modules. The systems located in island of Crete
in Mediterranean for two years and the authors used
monthly average data. Their study included the module
temperature to clarify the outdoor PV operating
temperatures. This group found the performance ratio of
85.1 % with efficiency of about 7.25 %.

Tabatabaei et al. (Tabatabaei, Formolo, and Treur 2017)
studied on the degradation rates of 23 PV modules
installed on a roof of a family house in Netherlands. The
time interval of the data obtained is from May 2013 to
January 2017 and PV panels installed in the same
location and with the same orientation are compared with
respect to each other. They set the data to Seasonal and
Trend decomposition using LOESS technique. Locally
estimated scatterplot smoothing (LOESS) is a
nonparametric method.  This method is used for
smoothing a series of data where no assumptions have
been made about underlying structure of the data set.
According to this study, panels at the same location and
orientation have the same degradation rates and the
average degradation rate of modules in this system is 0.92
%lyear.

Limmanee et al. (Limmanee et al. 2017) presented a
study about degradation rates analysis of 73 different PV
modules of 4 different module types: multi c-Si,
heterojunction Si, thin film Si and CIGS on Thailand
Science Park with 4 years data from 2012 to 2016.
According to this study, performance rates of thin film Si
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modules are having low efficiencies and they degraded
seriously. Except that these modules, the degradation
rates of other modules are in a range between 0.3 %/year
and 1.9 %/year.

Solis-Aleman et al. (Solis-Aleman et al. 2019) in Spain
studied on degradation rates of four different thin film
solar module; a-Si, a-Si/uc-Si, CdTe and CIGS with a
five-and-a-half-year and a six-and-a-half-year periods,
respectively) by using classical seasonal decomposition
technics and year-on-year statistical technics and they
found ~1.3 %/year of average degradation rates.

Singh et al. (Singh et al. 2020) presented a study in 2020
about field analysis of three different PV system
technologies. Analysis included monthly average
performance rates, weather corrected performance rate
series resistance and effective peak power of HIT, poly-
crystalline and a-Si solar modules of three years data.
Also, degradation rates were calculated by using three
methods which were linear regression, classical seasonal
decomposition (CSD), and locally weighted scatterplot
smoothing (LOESS) via performance rate and
normalized efficiency. The degradation rates were found
as 1.24 %/year, 1.16 %/year and 1.16 %/year for a-Si
modules, 0.14 %/year, 0.56 %/year and 0.11 %/year for
HIT modules and 1.50 %/year, 0.82 %/year and 1.46
%/year for poly-Si modules using linear regression, CSD
and LOESS analysis respectively. The average efficiency
is found to be 5.17 % for a-Si, 15.40 % for HIT and
10.78% of poly-Si modules.

Frick et al. (Frick et al. 2020), at 2020, presented a unified
methodology to calculate degradation rate of PV systems
accurately and prove this calculation is location
dependent. The PV systems were installed at different
climatic locations by using different c-Si PV modules to
compare long term degradation rates. After 7 years, the
degradation rate results showed convergence between
time series analytical methods applied and degradation
results from the indoor standardized procedures. Hence
the multi crystalline silicon systems at the warm climatic
locations had more degradation rate in comparison with
the system in moderate climatic location. They obtained
in between 0.1%/year to 0.4%/year degradation rates of
the modules.

Dhimish at al. (Dhimish and Alrashidi 2020) presented a
study on degradation rates using 10 years of data (from
2008 to 2017) in U.K. and Australia. The degradation
rates are changing from 1.05 %/year to 1.16 %/year and
from 1.35 %/year to 1.46 %/year for the system in the
U.K and Australia respectively. In Australia, because of
rapidly changing ambient temperature and nonuniform
irradiance, multiple faulty bypass diodes were found
while, in U.K., damaged diodes were not observed. Also,
performance rate of PV systems was calculated as 88.81
% and 86.35 % in U.K and Australia, respectively.

Dag at al.(Dag and Buker 2020), in 2020, studied on the
degradation rates and performance characteristic of poly-
crystalline and hetero-junction with intrinsic thin layer
PV modules for half and two years. They installed the
system on a roof, in the region of Central Anatolia



(Konya). In this study, they consider also the same climatic conditions of central Anatolia were
temperature, and the calculation of degradation rates analyzed with 44 months data. As a result of this study,
were carried out by corrected performance rates. The the degradation rates are 0.4%/year, 1.88%/year and
results are lower than 0.1 %/year for thin film and within 10.60 %/year for Mono-Si, a-Si and CdTe thin film
arange of 0.67 %/year and 0.83 %/year poly- crystalline. modules, respectively. The yearly average efficiencies of
Kurtz and Jordan from National Renewable Energy these modules are 11.86%, 6.49% and 5.30%,
Laboratory (NREL) (Jordan and Kurtz 2013), made an respectively (Ozden et al. 2017).

extensive analysis of degradation rates of PV modules

and systems by using the results of outdoor In this paper, 10 modules are performance tested in
measurements of five different types of modules and Middle Anatolia climate conditions for nine years in six
systems. To analyze degradation rates of PV modules, different module groups, which are cupper indium
2000 reported degradation rates in last 40 years before selenide (CIS-1 & 2), cupper indium gallium selenide
2012 were worked out. The gaining value of average (CIGS-1 & 2), tandem cell (uc-Si / a-Si), mono-
degradation rate for a-Si PV systems installed before the crystalline (Mono-Si-1 & 2) and heterojunction with
year 2000 was around 1.8 %/year, and after the year 2000 intrinsic thin layer (HIT), poly- crystalline (Poly-Si-1 &
the average rate was about 1 %/year. For CdTe thin film 2), Their degradation rates are calculated by using Year-
PV systems, however, their reported values of average On-Year (YOY) Method and Linear Regression (LR).
degradation rates were about 2 %/year for pre-2000 and The results obtained are discussed and these two methods
about 0.6 %/year for post-2000. Finally, for Mono-Si are compared to each other and to some other studies in
arrays, the reported values were 0.7 %/year and 0.6 different regions by the researchers.

%/year for pre- and post-2000, respectively.

Dabher et al. (Hassan Daher, Gaillard, and Ménézo 2022) MATERIAL AND METHODS

presented a study on performance degradation of solar

PV power plant in Djibouti whose climate is desert Test Site

maritime over five years operation and the degradation

rates was considered using Photovoltaics for Utility Scale This study includes the outdoor testing in middle
Applications (PVUSA) regression analysis and PR Anatolia, Ankara-Turkey (latitude 39.9° N, longitude
analysis based on 1-min intervals data. The degradation 32.8° E), nine years data obtained from solar modules on
rates were found 0.96 + 0.37%/year and 1.01 =+ the roof of METU Physics Building; Figure 1. The
0.38%/year respectively for the DC and the AC parts of  climate of Ankara is cold semi-arid (Hasselbrink et al.
the PV solar system. For PVUSA under PTC conditions: 2013; Koppen, Volken, and Brénnimann 2011; Peel,
0.057 = 0.68%/year for DC power and 0.085 + Finlayson, and McMahon 2007). The average monthly

Meteorological stution und Pynusometers
-~

— -

PV Analyzer
and data logger

intormet N

Test beds and tested modules

Figure 1: METU-GUNAM Outdoor Test Facilities (39.894204, 32.781977)

0.68%/year for AC power. Also Daher et al. (Daher et al. temperature is about 12 °C with maximum and minimum
2023)release a study at 2023 given an information about values of around 41 °C and -25 °C for the months July
degradation rates of different area for different module and August, and January, respectively. In the recent 90
technologies. According to this study, the degradation years’ average value of precipitation depth are 387 mm
rates are in range between 0.03 % /year (Singapore, c-Si) The modules have been connected separately to a multi-
and 6.5 %/year (Ghana, m-Si and p-Si). In addition to tracer that is a testing system of it. This system
these studies, at the same location with this study Ozden continuously measures the performances of modules, and
at al. (Ozden et al. 2015) studied on two system arrays the modules are individually controlled and operated at
with an pc-Si/a-Si and a CdTe thin film arrays and they their peak power during daylight hours. The output data
found that the degradation rates are 0.39 %/year and and several input data (like ambient temperature, tilted
6.98%/year. Ozden at al. (Ozden, Akinoglu, and Turan and horizontal irradiance and module temperatures) were
2017) also studied the PV system performances and automatically measured and logged in every 10 minutes.
analyzed the degradation rates and performance ratios for

three years. The systems consist of a mono-Si, an a-Si Test Modules

thin film and a CdTe thin film array. The degradation

rates of these systems were 0.40 %/year, 1.88 %/year and The modules are in operation for nine years within the
10.60 %/year for mono-Si, a-Si thin film and CdTe time interval of 2012-2021. They are connected to a data
systems, respectively. Three different systems under the logging system which extracts the energy at maximum
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Table 1 Tested PV Modules Specifications

Module Type Pwmax Voc Isc Vmrp Impp Ar(;a Testing Period
[W] [Vl [A] [Vl [A] [m?] Started Ended

CIS1 130 59.5 3.28 44.9 2.90 1.05 Oct, 2014 Jun, 2021
CIS2 130 59.5 3.28 44.9 2.90 1.05 Oct, 2014 Jun, 2021
CIGS 1 75 72.36 1.6 54.02 1.4 0.70 Jan, 2013 Sep, 2018
CIGS 2 75.5 74.10 1.6 56.71 1.3 0.70 Jun, 2012 Sep, 2018
pe-Si/ a-Si 128 59.8 3.45 45.4 2.82 1.40 Apr, 2012 Jun, 2021
Mono-Si 1 160 43.7 5.06 353 4.58 1.28 Aug, 2012 Jun, 2021
Mono-Si2 160 43.7 5.06 353 4.58 1.28 Apr, 2012 Jun, 2021
HIT 230 423 7.22 343 6.71 1.39 Apr, 2012 continue
Poly-Si1 240 36.6 8.70 30.2 7.96 1.63 Apr, 2012 Jun, 2021
Poly-Si 2 130 21.7 8.18 17.8 7.30 1.02 May, 2012 Jun, 2021

power point (MPP) with a properly adjustable load. The
elements of our testing system can be seen in Figure 1
and the specifications of all types of ten tested modules
are tabulated in Table 1.

Data

For the years 2012-2016, we used the data taken by
Tiirkiye State Meteorological Service (TSMS) where the
station is located at some 20 km away from our testing
site of PV modules (Anon n.d.). After that time, for the
years 2016 to 2021, plane-of-modules irradiance was
measured by a Kipp&Zonnen high precision secondary
standard Pyranometer. The accuracy of the procedure for
using data from the first four years was presented by
Ozden (Akinoglu, Karaveli, and Ozden 2017; Ozden et
al. 2017) and Akinoglu (Akinoglu et al. 2017) The data
we obtained from TSMS was horizontal global solar
irradiation. To estimate the hourly global solar irradiation
on tilted PV modules the anisotropic model of HDKR
(Reindl, Beckman, and Duffie 1990) and later modified
by Reindl et al. (Reindl et al. 1990)), entitled by in the
book by Duffie and Beckman (Duffie and Beckman
2013). The equation used is given below:

1+cosf

L= Uy + LAy + 11— 4) (F2E) [1 +
fsin3 (g)] +1p, (—1_62056)

In this equation, I, represents the hourly total irradiation
incident to the module surface. I;, represents direct beam,
1, represents diffuse radiation from Sun. f is the tilt angle
of the PV modules, which is between module and
horizontal surface and p, is a constant value that
represents the coefficient of reflectance of ground.
According to Liu et all (Liu and Jordan 1963), the
average value of p is taken as 0.20 for all months during

which the ground is free of snow (Ineichen, Guisan, and
Perez 1990).

M

The output, that is the yield of the PV modules, are
measured by multi-tracer in every 10-minutes interval.
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Because of the failure of some device’s due to hard
weather conditions, some small amount of data could not
be obtained. To overcome this problem, data was
normalized and non-computational data filtering is
applied. In this calculation, data were filtered if solar
irradiation coming to the plane of solar PV module was
larger than 50 Watthour/m?. Hence, after this process
hourly, daily and monthly yields can be obtained. Also,
for monthly calculation, some minor deficiencies were
normalized but the greater deficiencies of the data in a
month were accepted as “Outliers”. The monthly yield
data for modules resulted due to the input measured
accurately for last one year (from January 2020 to
December 2020) is presented in Figure 2. The yields of
the modules clearly follow the seasonal variation of the
input while also reflects the proper outputs that
corresponds to the technology of the module.

Linear Regression Degradation Methodology

To calculate the degradation rates, firstly, the
performance ratio (R,) of modules are needed. R, is the
ratio of the final energy yield of the solar module (¥7) to
the reference yield (Y;), as shown in Eq. 2 (IEC 61724
1998; Ozden et al. 2017) .

— Q — Eout/EsTc
Yr Ein/GsTC

R 2

14

The first method used for calculating degradation rates is
the simple linear regression (LR) method. This method is
a simple linear regression analysis applied to the monthly
time series of the performance parameter which is the
performance ratio (Rp). By using the linear fitting of
graphs to time series versus monthly performance ratios
data set of each PV module and obtain an equation of the
form as shown in the Eq. 3
y=mx+n

3)
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Figure 2: Monthly cumulative yields of 8 modules during 2020

Thus, the below equation 4, for the percent degradation
rate can be expressed using the regression parameters m
and n given in Eq. 3. Also, N is the number of the months
of outdoor operation.

Rd=

[n—y(N) (4)

x 2] x 100
n N
Year on Year (YOY) Methodology

The other method used in this study was year-on-year
(YOY) degradation method. Firstly, daily performance
rates are calculated. Afterwards, daily degradation rates
are calculated for each operation time, Eq. 5. At this
equation, j represents j# month and i represents i day
and as mentioned in previous section, Rpdaiy is daily
performance ratio and Raqairy is daily degradation rates of
modules.

R ilv(i+6)i—R i i i
__ fpdaily(j+e6)i—*pdaily,(j—6)i
Ry qaity,ji = 2 % 100

6))

p.daily,(j—6)i

The final annual degradation ratio is accepted as the
median value of the distributions of degradations after the
frequency of degradations are plotted.

RESULTS AND DISCUSSION
Linear Regression Degradation

Figure 3 gives the time series of the monthly outdoor
performance ratios for the module groups of (a) thin film,
(b) monocrystalline and HIT and (c) polycrystalline. The
trend lines are also drawn, and the regression equations
are presented in the legend boxes. The linear regression
expressions are used to obtain degradation rates of the
modules as mentioned in section “Linear Regression
Degradation Methodology” and with Eqn. (4) (Ozden et
al. 2017). We should note again that the efficiencies
before April 2016 were computed using the solar
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irradiation data te}}(en from TSMS located at around 20
km away from GUNAM’s test facility.

As can be observed from Figure 3-a, CIS-1 & 2 and pc-
Si/a-Si modules have similar performance ratios. Also,
their degradation rates are close to each other. CIS-1 & 2
have 1.73 %/year and 1.49 %/year respectively while pc-
Si/a-Si has 1.48 Y%/year annual degradation. The
performance of the CIGS modules seems rather having
manufacturing problem, one started rather with
reasonable performance but degrades rapidly (CIGS 1)
while the other starts with unexpectedly low performance
value (CIGS 2). However, we calculated and presented
the degradation rates for CIGS and the results are 11.55
%/year and 9.52 %/year, respectively.

Figure 3-b is the same time series for the two Mono-Si
modules and one HIT module. The performance ratios of
Mono-Si-1 and HIT modules are too close to each other
while the performance rate of Mono-Si-2 module is a
little higher than two other modules. On the other hand,
the degradation of Mono-Si-2 module is 1.56 %/year and
higher than Mono-Si-1 and HIT modules. The annual
degradations rates are for Mono-Si and HIT 0.71 %/year
and 0.82 %/year respectively. That is, Mono-Si-2
degrades faster than HIT and Mono-Si-1 as shown in the
results. In the literature, according to Table-2, HIT
modules showed lower degradation (Ozden et al. 2020).
Although Mono-Si-1 and Mono-Si-2 modules are the
same brand, some processes of making module such as
cells, encapsulation material, lamination are different
each other. So according to this study, Mono-Si-2 shows
higher degradation rate.

As Poly-Si modules are shown at Figure 3-c, at the start
of testing, two modules have the same performance ratio.
However, the performance of Poly-Si-2 modules
decreased faster than Poly-Si-1 in the test duration.
Nevertheless, there is not too much difference among the
degradation of these two modules. Poly-Si-1 has 1.20
%/year degradations and Poly-Si-2 has 1.86 %/year.
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Figure 3: Monthly performance ratios of (a) Thin film, (b) Mono-Si and (c) Poly-Si module groups over the nine years
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Figure 4: YOY Degradation Rate of PV Modules: (a) CIS-1, (b) CIS-2, (c) CIGS-1, (d) CIGS-2, (e) pc-Si/a-Si, (f) HIT, (g) Mono-

Si-1, (h) Mono-Si-2, (i) Poly-Si-1, (j) Poly-Si2
Year on Year Degradation Method

For YOY degradation method, daily performance rates
were calculated, and the annual degradation of PV
module were calculated for each day during outdoor test
process. At Figure 4, daily degradation rates are shown
for each module separately. The median values of daily
degradation data sets are also shown on this graph. In
Figure 4-a and 4-b, CIS-1 & 2 modules demonstrate
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similar results. CIS-1 has 1.28 %/year and CIS-2 has 1.12
%/year degradation. Also, the distributions of
degradations data set of CIS-1 & 2 are close to each other.
When we look at the CIGS-1 & 2 modules as given in
Figure 4-c and 4-d, they have a wide range distribution.
Because of reasons aforementioned at the LR section,
these modules demonstrate high degradation and
according to results, these degradation rates increase in
time. While CIGS-1 has 9.94 %/year degradation, the



ratio of degradation of CIGS-2 is 9.35 %/year. In Figure
4-¢, the distribution of data set of uc-Si/a-Si module
accumulate + 10 %/year daily degradation and its annual
YOY degradation is 0.99%/year. pc-Si/a-Si modules is
the best module in terms of degradation, among the thin
film modules in our test area.

In Figure 4-f, HIT modules degradations data set are
shown and the degradation of this module is annually
0.85 %/year, and it is not observed that the distribution
accumulation of degradation is spread. Mono-Si-1 &2
have similar degradation distribution and their
degradations are 0.57 %/year and 0.9 %/year annually
respectively as shown at Figure 4g and 4-h. Poly-Si-1&2
is not different from Mono-Si Modules. In Figure 4i and
4-j, daily degradation distribution of data sets of Poly-Si-
1 & 2 are shown and they degraded 0.79 %/year and 1.88
%/year annually. Poly-Si-1 much less degraded than
Poly-Si-2.

Comparisons of YOY and LR

At the Table 2, annual degradation rates and process time
of outdoor test of ten different modules are shown. The
degradation rates are in the range of 1.88%/year and 0.71
%/year except CIGS 1 & 2. CIGS-1 & 2 modules were
problematic and their degradation rates higher than
expected. They were uninstalled in September 2018 and
they could be tested roughly 6-year operation. Moreover,
CIS-1 & 2 was installed October 2014 and their operation
time is seven years.

The comparisons of these two methods and the literature
are also shown at the Table 2. According to these results,
the degradations are close to each other but there are
some differences between the YOY and LR.

LR method show higher degradation rates than YOY
method expect HIT and Poly-Si-2 but the differences are
too small. If the LR Degradation method is used instead
of YOY, the degradations values could be observed
higher. On the other hand, the degradation rates found in
As shown in figure 5, CIS-1 & 2, also CIGS-1 & 2
showed lower performance in the lower temperature over
the years while higher temperatures did not show any
effect on performance ratios. pc-Si/a-Si  module
performance ratio did not show any effect on
performance ratios both lower and higher temperature.
The group of monosilicone modules were not affected by
temperature. Polysilicone modules have been affected by
higher temperature. While ambient temperature
increased, performance ratios decreased.

The wind speed annual average value is 0.9 km/h
according to our data in the module’s location. We can
say that is not an area gets a lot of wind and the effect of
the wind on modules has been not observed.

CONCLUSION

In this study, we tried to calculate degradation rates of ten
different PV modules by using two different methods.
Firstly, data getting the setup were adjusted to calculate
by making needed filtering and normalizations. After
that, performance ratios of modules are calculated, and
degradations rates are found based on performance rates.
Performance ratio of modules were compared with each
other. According to these results Mono-Si-1 module
shows better results in terms of degradation rates.

Table 2: Comparison of YOY and LR Degradation values of PV Modules

This Study Literature
Modul Test Time LR YOY LR YOY
oauie  (Month) (Y/year) (%/year) (%/year) (Ylyear)
2.34 (Silvestre et al. 2016)
CIS 80 1.73/1.49 1.28/1.12 1.04 (Ozden et al. 2020) -—-
0.96 (Jordan and Kurtz
. 2013)
CIGS 69/75 11.55/9.52  9.94/9.35  0.17(Makrides et al. 2010) 0.46 (Solis-Alemdn et al.
2019)
1.45(Ishii et al. 2011)
0.23(Makrides et al. 2010) 0.87(Jordan and Kurtz
pe-Si/a- 3.67~3.76(Solis-Aleman et 2013)
Si 110 1.48 0.99 al. 2019) 0.53 (Solis-Aleman et al.
1.73 (Silvestre et al. 2016) 2019)
2.28 (Ozden et al. 2020)
. 0.78 (Ishii et al. 2011) 0.36 (Jordan and Kurtz
Mono-Si 110 0.71/1.56  0.57/0.90 0.10 (Makrides et al. 2010) 2013)
0.26~0.63(Singh et al. 2020)
HIT 110 0.84 0-85 109 (Dag and Buker 2020)
Poly-Si 110 120/1.86  0.79/1.88 0.40 (Ishii et al. 2011) 0.64 (Jordan and Kurtz

0.67 (Dag and Buker 2020)

2013)
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Figure 5: Temperature vs performance rates graphs according to years with: (a) CIS-1, (b) CIS-2, (c) CIGS-1, (d) CIGS-2, (e) pc-
Si/a-Si, (f) HIT, (g) Mono-Si-1, (h) Mono-Si-2, (i) Poly-Si-1, (j) Poly-Si2

his study for both methods are in the range of values at The effect of weather conditions on performance rates

the literatures except HIT and CIGS. HIT results for

YOY and LR method are the same in this study but, in In this study the effect of weather condition on

the literature degradation for HIT modules are lower for performance rate has been investigated such as humidity

LR method. and ambient temperature. As shown in the appendix,
humidity vs performance ratios graph there are not any
effect or changes modules performance rates. However,
ambient temperature shows different effect on different
module technologies.
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Although this module was working nine years, its
performance decreased only 0.71 %/year in LR and 0.57
%/year YOY annually. Mono-Si-2 module shows 1.56
%/year and 0.90 %/year degradation according to LR and
YOY method respectively. HIT module degraded 0.84
%/year for LR method and 0.85 %/year for YOY method.
Overall Mono-Crystalline group (Mono-Si 1&2 and
HIT) performed well. On the other hand, Poly-Si Group
and thin film group except CIGS 1&2, show a similar
performance. The degradation ratios of Poly-Si 1&2 are
1.20 /1.86 % /year according to LR method, 0.79/1.88
%/year according to YOY method. CIS 1&2 modules
show a degradation amount of 1.73 %/year and 1.49
%/year according to LR method, 1.28 %/year and 1.12
%/year according to YOY method respectively. The
degradation ratio of pc-Si/a-Si module 1.48 %/year and
0.99 %/year for LR method and YOY method
respectively. CIGS 1&2 were problematic PV modules
and they performed badly. Their degradation was highest
with 10 %/year average. In conclusion, YOY method
shows lower degradation rates compare to LR method.
Used method in the calculation of degradation rates has a
crucial impact.
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APPENDIX 2

Years Annual wind speed (km/h)
2016 0.99
2017 0.94
2018 0.83
2019 0.79
2020 0.83
2021 0.77
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Abstract: Cleaner energy generation on light-duty off-road diesel engines is one of the objectives of this study, which
utilizes renewable diethyl ether (DEE) as a replacement for diesel to minimize the reliance on fossil diesel fuel. In an air-
cooled single-cylinder diesel engine, various DEE mixes of 5, 10, 15, 20 and 25% were attempted and evaluated under
varying loads (0, 25, 50, 75 and 100%) in an effort to enhance the performance and emission characteristics of agriculture
diesel engines and lower the environmental effect of harmful emissions. The injection pressure was optimized using
computational fluid dynamics (CFD), and performance and emission outcomes were optimized through response surface
methodology (RSM) techniques. The experimental results found that brake thermal efficiency and specific fuel consumption
were enhanced for a higher proportion of DEE blends under increasing loads. In addition, increasing the engine load
decreased CO emissions while increasing carbon dioxide (CO2), hydrocarbon (HC), and nitrogen oxide (NOx) emissions.
Reduced CO, NOx, and HC emissions and increased CO2 were realized in the blended fuel samples compared to those of
pure diesel fuel at increasing DEE percentages. In summary, the utilization of a 15% DEE blend and the optimization of
the injection pressure to 210 bar resulted in a notable improvement of 10% in thermal efficiency and a decrease in emissions
by 5% when compared to other parameters.

Keywords: Diesel engine, diethyl ether, performance, emission, NOx, CFD

Siirdiiriilebilir ulasim i¢in yenilenebilir dietil eter yakith arazi dis1 CI motorlarinin sayisal
optimizasyonu ve deneysel incelenmesi

Ozet: Fosil dizel yakitna bagimlihig en aza indirmek icin dizel yerine yenilenebilir dietil eter (DEE) kullanan bu ¢alismanin
amaglarndan biri, hafif hizmet arazi dizel motorlarmda daha temiz enerji liretimidir. Hava sogutmali tek silindirli bir dizel
motorda, %5, 10, 15, 20 ve 25'lik ¢esitli DEE karisimlart denenmis ve degisen yiikler altinda (%0, 25, 50, 75 ve 100)
degerlendirilmistir. Tarimsal dizel motorlarin performans ve emisyon 6zelliklerini azaltarak zararli emisyonlarin g¢evresel
etkisini azaltir. Enjeksiyon basinci, hesaplamali akiskanlar dinamigi (CFD) kullanilarak optimize edildi ve performans ve
emisyon sonuglari, yanit ylizeyi metodolojisi (RSM) teknikleri araciligiyla optimize edildi. Deney sonuglari, artan yiikler
altinda daha yiiksek oranda DEE karisimi i¢in fren termal verimliliginin ve spesifik yakit tiiketiminin arttigini buldu. Ayrica
motor yiikiiniin arttirilmas1 CO emisyonlarimi azaltirken karbondioksit (CO2), hidrokarbon (HC) ve nitrojen oksit (NOx)
emisyonlarini artirdi. Artan DEE yiizdelerinde, saf dizel yakitla karsilastirildiginda, harmanlanmis yakit 6rneklerinde CO,
NOx ve HC emisyonlarinda azalma ve CO2 artisi elde edildi. Ozetle, %15 DEE karisiminin kullanilmasi ve enjeksiyon
basincinin 210 bar'a optimizasyonu, diger parametrelerle karsilastirildiginda termal verimlilikte %10'luk kayda deger bir
iyilesme ve emisyonlarda %5'lik bir azalma ile sonuglandi.

Anahtar Kelimeler: Dizel motor, dietil eter, performans, emisyon, NOx, CFD
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Nomenclature

BTE-Brake thermal efficiency

BSFC -brake specific fuel consumption
CO»- Carbon dioxide

CO-Carbon monoxide

CI-Compression Ignition
CFD-Computational fluid dynamics

DEE- Diethyl ether

HC- Hydrocarbon

ICEs -Internal combustion engines

NOx- Nitrogen oxide

RSM - Response surface methodology
SI-Spark Ignition

WHO- World Health Organization

0% DEE- 100% diesel and 0% diethyl ether
5% DEE- 95% diesel and 5% diethyl ether
10% DEE-90% diesel and 10% diethyl ether
15% DEE-85% diesel and 15% diethyl ether
20% DEE-80% diesel and 20% diethyl ether
25% DEE-75% diesel and 25% diethyl ether

INTRODUCTION

Internal combustion engines (ICEs) are significant prime
movers expected to play a significant role in the
transportation industry for the foreseeable future. IC
engines rely heavily on fossil fuels for power. Heavy
reliance on fossil fuels boosted both greenhouse gas
emissions and fuel demand. In addition, high industrial and
transportation demands are driving up the price of and
scarcity of fossil fuels. To minimize fossil fuel utilization
for IC engines in the near future, they must use cleaner and
alternative fuels. Consequently, the necessity for
alternative fuels and their quality enhancement should be
explored (Martin et al. 2020). Furthermore, according to
the WHO reports, nine out of the ten most polluted cities in
the world are in India. By 2024, the nation anticipated
reducing air pollution levels by 20 to 30% in 100 major
cities (Cristian 2018).

Two of the largest markets for petroleum products are the
transportation industry and the farming or agriculture
sector. Conventional fossil-based diesel fuel is widely used
to power diesel engines in the automobile and agricultural
sectors. The necessity of a diesel engine is higher since the
thermal efficiency, fuel economy, and endurance limit are
higher than gasoline engines. As a result, diesel engines are
widely adopted in transport, electricity power generation,
and heavy industrial machinery and agriculture sectors. In
India's agricultural industry, diesel fuel tractors, farm
equipment, and irrigation pump set depend on diesel fuel
(Agarwal, Avinash Kumar and Krishn Chandra 2022a;
2022b). However, the increased usage of diesel fuel
contributes to harmful high soot and NOx emissions
because of the fuel-rich zones from fuel spray and high
combustion temperatures from the high compression ratio
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(Emaish et al. 2021). However, further efforts will be
needed to reduce harmful pollution from diesel combustion
processes by decreasing nitrogen oxides and particulate
matter emissions.

Emission control strategies and enhancing the fuel
characteristics like fuel volatility, diminishing the fuel's
aromatic and sulfur content, and augmenting the cetane
number could be better options to mitigate these emissions.
From these points of view, exploring potential alternate
fuel sources is typically beneficial, i.e., using oxygenated
renewable additives (Mofijur et al. 2015). There is
widespread availability of different oxygenated sources;
among them, biodiesel, alcohols and ethers are prominent
oxygenated fuel sources. Alcohols such as ethanol,
methanol, butanol, pentanol, and ethers such as dimethyl,
diethyl, dibutyl, and dimethyl carbonate (Praveen et al
2014a; 2014b; Sezer, Ismet 2019; Gainey et al 2021) have
been investigated by several studies as oxygenated
additives in diesel, biodiesel, and diesel-biodiesel blends
(Negi, Himani and Raj Kumar Singh 2020).

Alcohol is primarily used in SI engines due to its superior
octane rating, and these days alcohol is also considered a
blended fuel for diesel engines (Goktas et al. 2021).
However, the usage of alcohol in diesel engines suffers
from cold starting issues, and lower calorific values of
alcohol affect the performance of the engine. In addition,
ethanol and methanol as a binary and ternary blend for
diesel cause immiscibility (above 10 % by volume),
hygroscopic and phase separation problems under higher
alcohol proportion (Nanthagopal et al. 2020).

In this context, ethers are another oxygenated option in
which among different ethers the DEE is a renewable
oxygenated additive or fuel produced from ethanol using a
dehydration process (Jawre et al. 2016; Dinesha et al.
2019). DEE offers numerous desirable characteristics for
diesel-powered engines as an alternate fuel, i.e., high
oxygen content (21.6%), enhanced miscibility, reasonable
energy density, high cetane number, non-corrosive,
increased flammability limits and low auto-ignition
temperature (Agarwal et al. 2022). Furthermore, the greater
H/C ratio and fewer C-C bonds of DEE as a diesel fuel
addition resulted in less soot production (Nanthagopal et al.
2019).

Gorski and  Przedlacki  (2014) analyzed the
physicochemical properties of diesel fuel containing DEE.
They noticed that blends were stable at temperatures below
0°C, that the cold filter pour point decreased, and that the
miscibility of the blend was improved throughout a range
of temperatures. In addition, fuel injectors were not
affected by the modest reduction in lubricity. However, the
viscosity decreases, and if the blend is tested above 20% by
volume, it creates vapour locks and deteriorates
performance. As well, Iranmanesh et al. (2008) reported



that DEE as an additive (2,5 and 10% volume) in diesel fuel
improved the viscosity, cetane number, flash point and fuel
volatility.

Ibrahim (2016) tested a single-cylinder diesel engine with
5, 10 and 15% DEE blends and found that 15% DEE
improved the brake thermal efficiency by 7.2% and
abridged the BSFC by 6.7% in comparison to diesel fuel.
However, the combustion stability was slightly affected
when the blends were more than 20%. In another study,
Subramanian et al. (2002) investigated DEE (5,10 and 15%
by weight) together with water-diesel emulsion and
reported improved performance and lower NOx, smoke and
increased HC and CO emissions. Ismet Sezer (2018)
reviewed the effect of DEE on NOx emissions and reported
that adding DEE to diesel and biodiesel blends reduces the
NOx emissions owing to the higher cetane number and
latent vaporization, and lower heating value.

Similarly, Lee and Kim (2017) studied the maximum
concentration of DEE (10, 25 and 50%) in diesel fuel,
compared the results with diesel fuel, and found lower CO,
HC, and particular emissions. However, DEE blends
suffered from higher NOx emissions because of reduced
ignition delay and inborn oxygen content. Rakopoulos et al.
(2013) investigated the combustion behaviour of diethyl
ether in diesel fuel. They reported no cyclic variations, i.e.,
stable operation of engine operated with DEE blends up to
24% relative to diesel fuel. Moreover, the maximum
pressure rate was lower (~ 3 bar/deg), whereas it is ~4.3
bar/degree for diesel fuel at a rated (5.37 bar BMEP) load.

Researchers also tested diethyl ether as an additive for
diesel-biodiesel blended fuels. Ali et al. (2016) showed that
DEE as an additive (2, 4, 6 and 8% by volume) for diesel-
biodiesel blends (B30) deteriorated the heating value of
B30 and increased the cyclic variability at increased DEE
proportion. Carvalho et al. (2020) found that the addition
of 5% DEE in ternary blends of diesel-ethanol-biodiesel
under different loads (8, 16 and 24 kW) increased the HC
emissions and decreased the NOx and smoke emissions at
all loads. In an investigation on DEE (Ibrahim 2018), 5%
of DEE in a diesel-biodiesel blend showed improved BTE
and BSFC; however, the performance (efficiency and fuel
consumption) was affected when the DEE blend increased
to 10% owing to the latent heat of vaporization and lower
calorific value of DEE. Prabakaran et al. (2022) reported
that for diesel-biodiesel-DEE blends under all load
conditions (0 to 100%), the NOx emissions were increased
by 11.6, 16.2 and 18.7% at increased DEE content (5,7.5
and 10% by volume). The increased oxygen content of
DEE and biodiesel in ternary blends was the primary reason
for NOx formation. A similar increase in NOx emission
was reported by Reddy et al. (2022) for DEE-biodiesel
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blends. However, other emissions (HC, CO and smoke)
were decreased with improved performance due to better
oxidation and combustion. Similar reduction in HC and CO
was also reported in the studies of different biodiesel fuel
with DEE blends (Rami Reddy et al. 2022; Dinesha et al.
2019).

Literature indicates that biodiesel blends and ternary blends
of diesel-DEE-biodiesel reported higher NOx emissions at
rated loads. In addition, the alcohols as a diesel blend
suffered from phase separation problems at increased
alcohol concentration. Hence, oxygenated DEE is chosen
as an alternative fuel in this work. Literature is scarce on
the combined effects of diethyl ether-diesel and response
surface approaches on the performance and emissions of a
compression ignition engine. The novelty of this work
comprises a numerical and experimental approach to
identifying the optimum usage of renewable diethyl ether
across distinct load circumstances of agricultural diesel
engines in order to reduce diesel utilization and CO2
emission and enhance performance and other emission
characteristics. Consequently, the objective of the study is
to examine the optimal injection pressure for tested DEE
blends of 0 to 25% using CFD and investigate the different
DEE blends in diesel fuel operating under diverse loads of
0 to 100%. Finally, the performance and emission
outcomes of DEE blends are compared with conventional
diesel fuel.

MATERIALS and METHOD
CFD modelling

Controlling the fuel injection conditions is one way to
influence the combustion parameters. This study employs
computational fluid dynamics (CFD) to investigate the
combination of diesel and oxygenated fuel on spray
properties under high-pressure fuel injection. Cross-
sectioned model dimensions of the injector and closed
chamber are shown in Figure 1. The injector had six orifice
holes of 0.04 mm diameter with an equal spacing of 60
degrees. The injection pressure was varied between 200,
205, and 210 bars, while the ambient pressure and
temperature were kept constant at 1 atm and 305K. The
mixture of 75% diesel and 25% diethyl ether blend fuel was
considered for all simulation trials. Table 1 describes the
properties and boundary conditions of the chamber and
injector. The properties of diesel-diethyl ether blends are
given in Table 2. The spray characteristics of diesel-diethyl
ether blends were studied using CFD. This includes spray
angle, penetration length, and air-fuel mixture parameters
such as pressure, velocity and viscosity patterns.
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Figure 1. Dimensional cross-section of the CFD model: Cylindrical chamber and fuel injector

Table 1. Properties and boundary conditions of cylindrical
chamber and injector

Material Specification Aluminium
Ambient pressure 1 bar
Ambient temperature 305K
Injection pressure 200 bar, 205 bar 210 bar
Boundary condition
(1) Inlet fuel injector
(i1) Boundary wall
(iii)Interior Compressed air
Table 2. Fuel properties of diesel and diethyl ether (DEE)
. . Diethyl
Fuel Properties Diesel ether
Density at 20°C (kg/m?) 820 713.4
L 240-
Boiling point (°C) 360 34.6
Latent Heat of vaporization 250- 376
(kJ/kg) 290
Flash point (°C) 52-96 -45
Auto ignition temperature (°C) 260 160
Calorific Value at 20°C (MJ/kg) 44.9 33.892
Stoichiometric A/F ratio 14.4 11.2
Octane number - 92
Cetane number 50 125
Kinematic Viscosity (cS) 0.223 0.224

Experimental test facilities and methods

Experimentation was conducted using a single-cylinder,
air-cooled research engine. The maximum power output of
the test engine is 4.4 kW at a constant speed of 1,500 rpm.
Table 3 details the test engine's specifications. Figure
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2 depicts a pictorial representation of the research engine.
An electrical dynamometer was used to apply load by
varying the field current. To monitor airflow, a manometer
connected to a large tank was attached to the engine. Using
a burette and stopwatch, the flow rate of fuel was measured
volumetrically. A crank angle encoder (365C Indi
Advanced) manufactured by AVL is installed on the
camshaft of the engine. The test apparatus is outfitted with
AVL software to generate an operational performance
measurement.

Table 3. Specification of research engine

Engine type Four stroke diesel engine
Bore 87.5 mm
Stroke 110 mm
Swept volume 661.5 cc
Injection timing 23°b TDC
Nozzle opening pressure 220 bar
Rated output 4.4 kW
Rated speed 1500 rpm
Compression ratio 17.5:1

Initially, conventional diesel fuel was used to obtain
baseline data under fixed speeds and different load
conditions (25-100%). Secondly, the diesel fuel was
blended with oxygenated diethyl ether diesel. The amount
of oxygenated diethyl ether in diesel was then varied
between 5, 10, 15, 20, and 25%. Based on CFD analysis,
the optimal injection pressure was determined. Then the
prepared blends were tested, and their performance and
emission parameters were investigated and compared with
those of baseline diesel fuel. The Bridge five gas exhaust
emissions analyzer was used to measure exhaust pollutants
such as carbon monoxide (CO), carbon dioxide (CO»),
nitrogen oxides (NOx), hydrocarbons (HC), and oxygen
(02).



Table 4. Accuracy and error (%) of measuring instruments

Parameters Accuracy Error (%)
CO +0.01% +0.1
CO2 +03% +1.5
HC + 8 ppm +0.2
NOx + 5 ppm +0.1

An investigation of the experimental setup's uncertainty
was required to reduce error and confirm the experiment's
accuracy. Hence, the uncertainty analysis was performed
for all the tested conditions and were calculated based on
the equation (1) given below.

AU =

Ax1)2 + (:TUZ

fz

Where, U denoted the overall uncertainty. x;,%, X3 ... Xp
are independent variables and Ax;, Ax,, Ax,,; are the errors.
Table. 4 represent an accuracy and error percentage of
measuring instruments and Table. 5 represent the overall
uncertainties.

M

Table 5. Overall percentage of uncertainty

Parameters Uncertainty (%)
Shaft power 0.83
Fuel consumption 0.31
BTE 1.05
BSFC 0.95
CcO 1.23
HC 1.35
CO, 1.12
NOx 0.80
Results and discussion
This section explains the spray characteristics,

performance, and emission parameters of diesel and
oxygenated blended fuel (i.e., diethyl ether) in varying
amounts.

Numerical spray characteristics

The numerical spray characteristics such as pressure,
velocity, viscosity, spray cone length and spray cone angle

sz)z + (:TZAJ@)Z +--+ (;TUnAxn)z}
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of diesel and diethyl ether blends are discussed in this
section.

The change in pressure, velocity, and viscosity distribution
of diesel and DEE blends at varied fuel injection pressures
(i.e., 200, 205, and 210 bar) are shown in Figures 3-5. In
the case of fuel injection pressures of 200 and 205, a partial
amount of vaporization and atomization of fuel occurred.
But when fuel was injected at 210, the pressure was spread
evenly across the cylindrical chamber, and the fuel was
completely atomized. This is depicted in Figures 3 (a-c).
The change in velocity distribution of fuel injection
pressures of 200, 205, and 210 bars is shown in Figures 4
(a—c). Upon increasing the injection pressure, the velocity
distribution of fuel decreases. When the injection pressure
was low and there was some semi-liquid fuel, the peak
velocity of the spray gathered in the middle portion. Figures
5 (a-c) depict the variation in the viscosity pattern of diesel-
diethyl ether fuel blends at various injection pressures. In
the case of low injection pressure (200 bar), the viscosity
of fuel was higher compared to high injection pressure (210
bar). The spray cone length and cone angle were similar in
all cases. However, the uniform distribution of fuel in a
cylindrical chamber with a swirl flow pattern was achieved
in the case of 210 bar injection pressure, and this
phenomenon was absent in the case of 200 and 205 bar
injection pressure. Based on these observations, it shows
clear evidence that the complete vaporization, atomization,
and uniform distribution of fuel blends were achieved in the
case of 210 bar injection pressure. Hence, this optimized
injection pressure was considered for all the experimental
test trials.

Performance Characteristics

The performance characteristics like BTE, BSFC,
mechanical efficiency and exhaust gas temperature of
diesel and DEE blends are discussed in this section.

The variations in BTE of diesel and DEE blends under
diverse loads are shown in Figure 6. The BTE rises as the
engine load rises because, with increasing load levels, the
fuel required to match is higher to meet the operating load
and effective power produced is higher results in increased
BTE. From Figure 6, it can be observed that for all load
levels, increasing the DEE concentration from 5 to 25% in
diesel fuel improved the BTE. This is because the inclusion
of DEE increased combustion efficiency due to the inherent
oxygen content and higher cetane number (Agarwal et al.
2022a), hence increasing the BTE of diesel-DEE blends.
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Furthermore, the interfacial tension between two or more
interacting immiscible liquids helped fuel atomization,
improving diesel combustion. Among the tested fuels, the
maximum BTE is observed for 25% DEE at 75 and 100%
rated loads. This is because, at increased DEE
concentration, the higher volatile characteristics and
reduced viscosity of DEE improve air-fuel mixing, which
promotes combustion and facilitates an increase in BTE
(Ibrahim 2016).

k BTE region
50

BTE %

25% DEE 30.80

28.78
20% DEE
26.75
5% DEE 24.73

2270

ion of fugl blends

S10% DEE

20.68

18.65
5% DEE
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16.63

Diesel 14.60

75

Load (%)
Figure 6. Comparison of BTE of diesel and DEE blends

The variations in brake specific fuel consumption (BSFC)
of diesel and DEE blends under varied loads are shown in

Figure 7. From Figure 7, it can be seen that the increasing
DEE proportion decreases the BSFC compared to pure
diesel fuel for all load points. Therefore, the drop in BSFC
with increasing load could be attributable to the greater
availability of fuel oxygen.
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Figure 7. Comparison of BSFC of diesel and DEE blends

Figure 8 represents the improvement scale of mechanical
efficiency of DEE blends under different loads. It is
observed from Figure 8 that the increase in the proportion
of DEE from 0 to 25% in diesel improved the mechanical
efficiency under all loads. It could be due to the inherent
oxygen content of DEE that promotes combustion and
increases power output.

Improvement Scale

i |
Load . 10% 15% 20% 25%
(o | Diesel |SY%DEEl oy | pee | pEE | DEE

25
50 41.86 44 44.97 44.925 44.88 4512
75 57.28 61.7 60.77 61.45 62.13 63.11
100
Figure 8. Comparison of mechanical efficiency of diesel and
DEE blends
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Figure 9 depicts the variation in exhaust gas temperature
(EGT) of DEE blends under different loads. From Figure 9,
it is observed that the EGT of the diethyl ether blend is
lesser than the conventional diesel under medium to high
loads (50 to100%). This reduction in exhaust gas
temperature of DEE blends could be accredited to the
presence of lower calorific value fuel of DEE than diesel
fuel.

Emission Characteristics

This section discusses the effect of DEE addition in diesel
fuel and its various engine exhaust emission parameters
like carbon monoxide, carbon dioxide, oxides of nitrogen,
and hydrocarbon.

CO emissions in diesel engines are mainly due to
inefficient fuel combustion in an oxygen-deficient
environment. Figure 10 depicts the variation in Carbon
Monoxide (CO) emissions of DEE blends under different
loads. Figure 10 shows that CO emissions were decreased
with a rise in engine load level. This is because low
combustion temperature at load loads contributes to higher
CO emissions. However, the scenario is different at high
load conditions because the in-cylinder environment is high
enough to oxidize carbon monoxide, resulting in reduced
CO level than low load conditions.

It can be seen from Figure 10 that CO emissions were lower
for increased DEE concentration from 5 to 15% at all load
conditions. The inherent oxygen content of DEE promotes
CO oxidation, resulting in lower CO emissions compared
to conventional diesel fuel. However, Fig.10 shows that CO
emissions are elevated at lower loads for all DEE blends
compared to high loads. This could be accredited to the
latent heat of evaporation of DEE producing a cooling
effect that affects the oxidation process resulting in a
considerable increase in CO emissions. The fuel-bound
oxygen in DEE blends is offset by the latent heat of
vaporization of DEE fuel (Sezer 2019). Overall, 10% DEE
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exhibits lower CO levels
conditions.

among tested blends at all load
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Figure 10. Comparison of CO emissions of DEE blends and

diesel under different loads

In general, HC emissions from diesel engines are
influenced by fuel-air mixing and the physical properties of
the fuel. During diesel engine combustion, HC emission
mainly forms due to partial or un-bumnt fuel. This could be
due to flame quenching near cylinder walls, over mixing or
under mixing of air-fuel mixtures. Figure 11 represents the
variation in hydrocarbon (HC) emissions of DEE blends
under different loads. It can be seen from Figure 11 that HC
emissions were decreased for all the tested DEE blends
compared to diesel fuel up to part loads and identical values
and slight variations at high loads. It could be attributed to
the cetane number of DEE, which is higher than diesel,
resulting in shorter ignition delay and contributing to
enhanced combustion (Agarwal et al. 2022).

Furthermore, the oxygen content of DEE oxidizes the HC
leading to a lower HC level. Increasing the DEE
concentration in diesel fuel decreases the HC up to 10% and
then increases at 15 to 25% DEE. Because the higher
concentration of DEE produces a cooling effect which
affects the HC oxidation. Similar studies (Agarwal et al.
2022a; Dinesha et al. 2019; Iranmanesh et al. 2008 and Lee
and Tae 2017) in the literature also reported higher HC with
increased DEE. Overall, 10% DEE exhibits a lower HC
level among tested blends at all load conditions.
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Figure 11. Comparison of HC emission of DEE blends and

diesel under different loads

Generally, the more fuel the engine burns, the more carbon
dioxide is emitted into the atmosphere. Figure 12 depicts
the variation in carbon dioxide (COz) emissions of DEE
blends under different loads. Figure 12 shows that CO2
emissions increased with the increase in engine load from
no load to full load conditions. Since better in-cylinder
environment temperature occurs at elevated loads,
enhanced combustion causes greater CO:z level than lower
load levels. As the CO: level increases, there is a betterment
of combustion. Figure 12 indicates that CO2 emissions
were more significant for all the DEE blends (5 to 15%)
under all load conditions because the fuel-bound oxygen of
DEE contributes to more efficient combustion, resulting in

higher COz emissions than conventional diesel fuel.
CO, (% vol)
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Figure 12. Comparison of CO, emission of DEE blends and
diesel under different loads

In general, NOx formation in diesel engines is influenced
by the duration of combustion, oxygen availability,
temperature, pressure and increased compression ratios. In
the diesel engine, combustion occurs at higher
temperatures, causing nitrogen in the air to react with
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oxygen to form NOx emissions. Furthermore, the spray
characteristics, oxygen concentration and adiabatic
temperature of fuel blends influenced the exhaust NOx

emissions.
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Figure 13. Comparison of NOyx emission of DEE blends and
diesel under different loads
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NOx emission variations of DEE blends under different
loads are shown in Figure 13. In general, the thermal NOx
effect at increasing loads increasing the combustion
temperature led to increased NOx formation level.
However, From Figure 13, it is observed that increasing the
load from 0 to 100% load decreases the NOx emissions.
This could be due to lower NOx emissions per unit brake
power output than lower loads. Figure 13 shows that under
all load levels, NOx emission of DEE blends is decreased
with an increase in blend level from 0 to 15%, and it is also
lower than baseline diesel fuel. This could be accredited to
the addition of DEE to diesel fuel in which diethyl ether
diminishes the combustion temperature since the latent heat
of vaporization of DEE is higher than diesel which is
beneficial in reducing the combustion temperature. This
decreasing NOx trend with increased DEE concentration
was corroborated with similar diesel-DEE blend studies
(Agarwal et al. 2022a; Sezer 2018; Ibrahim 2018; Firew et
al. 2016).

Response surface methodology (RSM) method

In general, there will be a greater number of experiments
carried out in order to validate the reproducibility and
accuracy of the findings. To reduce the number of
experiments, an attempt was made to predict engine
performance (BTE, BSFC, and mechanical efficiency) and
exhaust gas emissions (CO, HC, and NOx) as a function of
percentage of engine load and percentage of DEE blends
using response surface methodology. Using this method,
3D surface plots (Figures 14 and 15) between the
aforementioned variables were created with a fit efficiency
between 96% and 100%.
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From Figure 14, it is clearly indicated that BTE and
mechanical efficiency were higher and BSEC was lower
when an engine runs with 25% DEE blends at peak load
conditions compared to neat diesel. Similarly, exhaust
gas emissions (CO, HC, and NOx) were lower compared
to neat diesel, as shown in Figure 15. An optimized
injection pressure of 210 bar and 15% DEE blends show
a significant rise in engine performance as well as
reduced emissions.
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Figure 15. Response surface plots of emission characteristics
of DEE blends (a) CO (b) HC and (c) NOx

A polynomial 2D exponential fit equation was generated
using the fit surface, and the same is given in Eq. 2. The
surface equation was used to predict engine performance
(BTE, BSFC, and mechanical efficiency) and exhaust gas
emissions (CO, HC, and NOx) for different engine loads
(%) and DEE blend compositions (%). Using this
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expression, one can determine the engine parameters with

respect to the engine load (%) and composition of DEE
blends.

7Z=7,+ {B (eXp (%X)) (eXp (_FY))}

Percentage variations comparison of DEE blends with
baseline diesel

2

The Percentage variations of Performance and emissions of
DEE blends compared to pure diesel fuel, as given in Table
6. BTE is highest at a 25% DEE for all loads, having 25.9%
improvement 25.9% over pure Diesel fuel. When
employing 20% DEE at varied loads, NOx shows a
reduction of up to 24% than diesel. DEE at 10% shows
significant reduction of HC and CO among other blends
across loads. Reduced by a maximum of 26.9% at 100% for
HC and 64.8% at 25% load for CO.

Table 6. Percentage variations of Performance and emissions of
DEE blends compared to pure diesel fuel (-) denotes percentage

decrement
Performance | Load Fuel blends
& emission
parameters | o 10% 15% 20% 25%
(%0) 5% DEE |;)pp DEE DEE DEE
25 107 199 196 193
BTE (%) 50 13.8 14.1 16.0 17.9
75 9.7 11.5 13.4 19.1
100 11.3 18.0
25 -13.1
50
NOx (g/kWh) =
100 -11.7  -13.5  -154  -103
25
50 -16.1
HC (g/kWh) 75 -20.0
100 -18.7
25 303 GER 542
50 2341 -499 457
Wh
CO (gk )75 2326  -515  -36.9
100 450  -33.8
Conclusions

This study evaluated an air-cooled agricultural diesel
engine with various DEE-to-diesel mixtures. The
conclusions can be summarized as follows:

e The 210-bar injection pressure was found to be
optimal for the DEE blends.
The higher proportion of DEE blends under
increasing loads enhanced the brake thermal
efficiency and specific fuel consumption



compared to diesel fuel. The maximum BTE was
noted for the 25% DEE blends at rated loads.
Increasing DEE blends improved the mechanical
efficiency at all load levels.

For all load levels, all the DEE percentages
lowered CO, NOx, and HC emissions compared
to pure diesel fuel. Expect the HC emission of
25% DEE blend.

By increasing the DEE blend in diesel fuel by up
to 20%, NOx and CO emissions are reduced. In
contrast, HC lowers the DEE blend up to 15%.
Among the assessed mixtures, when evaluating
the balance between brake thermal efficiency
(BTE) and emissions, the use of a 15% DEE blend
and optimizing the injection pressure to 210 bar
led to a significant 10% enhancement in thermal
efficiency and a 5% reduction in emissions.
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Abstract: An experimental study on the effect of active flow control using a synthetic jet mechanism on stall delay for
the NACA 0020 airfoil is conducted. The experiments are carried out at an open-suction type wind tunnel at Reynolds
number 5x10% In the presented experimental study, aerodynamic force measurements of the airfoil with having
different orifice geometries (cylindrical, rectangular, sinusoidal, v-type, inclined rectangular) are examined by using a
speaker type actuator in synthetic jet mechanism. It is observed that all different orifice geometries are effective in
delaying the stall angle of NACA 0020 airfoil. However, it is observed that the inclined rectangular type of synthetic
jet geometry is the most advantageous in delaying the stall of the airfoil. The effects of geometric parameters of the
actuator on lift and drag coefficient of the NACAO0020 airfoil are investigated. Experimental results show that among
the all-orifice geometries the rectangular orifice geometry is the most effective in increasing lift coefficient of the airfoil.
It is observed that there is a maximum decrease in drag at 10° where the stall occurs. In addition, the decrease in drag
is observed after 10° in rectangular, v-type and inclined rectangular orifice geometries.

Keywords: Active flow control, synthetic jet, NACA0020 airfoil, drag and lift coefficient, stall shifting

FARKLI DELIK GEOMETRISINE SAHIP SENTETIK JET AKTUATOR DIiZiSi
KULLANARAK NACA 0020 HAVA FOLYOSUNUN DURUSUNUN
GECIKTIRILMESINE YONELIK DENEYSEL CALISMA

Ozet: NACA 0020 kanat profili iizerinde sentetik jet mekanizmasi icin aktif akis kontroliiniin stall gecikmesi iizerindeki
etkisi hakkinda deneysel bir ¢aligma gerceklestirilmistir. Deneyler 5x104 Reynolds sayisinda agik emisli tip riizgar
tiinelinde gergeklestirilmistir. Sunulan deneysel caligmada, sentetik jet mekanizmasinda hoparlor tipi bir aktiiator
kullanilarak farkli orifis geometrilerine (silindirik, dikddrtgen, siniizoidal, v-tipi, egimli dikddrtgen) sahip kanadin
aerodinamik kuvvet o6lgiimleri incelenmistir. Tiim farkli orifis geometrilerinin NACA 0020 kanadinin stall agisini
geciktirmede etkili oldugu gézlemlenmistir. Ancak egimli dikdortgen tip sentetik jet geometrisinin kanadin stall agisini
geciktirmede en avantajli oldugu gozlemlenmistir. Aktiiatoriin geometrik parametrelerinin NACA0020 kanadinin
kaldirma ve siiriikleme katsayisi lizerindeki etkileri aragtirilmistir. Deneysel sonuglar, tim delikli geometriler arasinda
dikdortgen delikli geometrinin kanadin kaldirma katsayisini arttirmak i¢in en etkili oldugunu gostermektedir. Stall' un
meydana geldigi 10°'de siirliklemede maksimum azalma oldugu gézlemlenmistir. Ayrica dikddrtgen, v-tipi ve egimli
dikdortgen orifis geometrilerinde 10°°den sonra siiriiklemede azalma oldugu goézlenmistir.

Anahtar Kelimeler: Aktif akis kontrolii, sentetik jet, NACA0020 kanat profili, siiriikleme ve kaldirma katsayisi, durma
kaymas1

NOMENCLATURE f  Excitation frequency [kHz]
FL  Lift force
Fp  Drag force
Cp Drag coefficient
CL Lift coefficient
D  Diameter of the cylinder [mm]
p  Fluid density [kg/m’]
p  Fluid dynamic viscosity [kg/(m.s)
Re Reynolds number [=UopD/p]
Uo Free stream velocity [m/s]
A Airfoil area [mm?]
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INTRODUCTION

Throughout history, people have experimented with the
dream of flying through the air. With the beginning of
human flight in the 18th century, many researchers tried
to increase the lift force and reduce the drag force by
making changes to the aircraft's structure and
configuration, aiming to improve the aerodynamic
performance of the system Therefore, the flow control
applications are used to delay or prevent undesirable
situations occurring in the flow. The aerodynamic flow
control is initially defined by Gad-el-Hak (2000) as a
method of appropriately changing the natural shape or
character of a desired section of a flow field. The flow
control methods cause changes in many factors such as
increase in lift, decrease in drag, delaying flow separation
etc. contributing to its acrodynamic performance.

Mainly, the flow control methods are classified as active
and passive methods (Geng et al. 2012; Joshi and
Gujarathi, 2016). The active or passive flow control
methods aim to change the flow field on an aerodynamic
body by using various techniques (Traub et al. 2004). The
passive control technique is a method that does not
require any external power. For example, vortex
generators, roughness, hump, groove and tip blade type
airfoil modification are defined as passive flow control
methods. Since passive flow control methods do not
utilize an external power, they cannot adjust the
components that change according to variable flow
conditions, such as different angles of attack and
Reynolds numbers, under desired conditions. The active
flow control techniques are methods that require an
additional power source. The active flow controllers have
many advantages in terms of increasing efficiency in
obtaining data at the right time and reducing power
consumption of control systems. The biggest advantage
compared to passive flow control methods is that they
can adjust actuators according to the changing variables
in the desired conditions. The piezoelectric, acoustic
(loudspeaker) and piston-cylinder mechanisms are used
as actuators in synthetic jet, which is one of the active
flow control applications. Mallinson et al. (2004), a
piezoelectric diaphragm and a speaker created using a
piston-cylinder mechanism as the moving surface were
investigated. Frequency and amplitude variation types of
actuators such as piston cylinder, speaker and
piezoelectric diaphragm have generally been created for
such purposes. In the piston-cylinder mechanism, the
frequency is lower and the amplitude is larger. However,
in piezoelectric diaphragms the frequency is high and the
amplitude is very low. The advantage of the speaker is
about its fast response time and controllability as a
synthetic jet mechanism, which is preferred in flow
control applications. Zhao et al. (2016) investigated
experimentally using speakers as actuators in synthetic
jetarrays. As a result of this experimental study, it is seen
that synthetic jet arrays are effective in delaying the flow
separation. It is also observed that it contributes to
delaying the airfoil stalling. Pulsed jet is an unstable type
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of a jet. Because they need an additional flow source and
produce instantaneous high velocity in the exit gap.
Pulsed jets can be created as fast-acting solenoid valves,
high-speed rotary sounder valves or structures with
rotating cavities (Critten et al, 2001). Fibre composite
materials occur by changing the shape of airfoil. It
contributes to improving aerodynamic performance in
different flight conditions. However, the morphing
aircraft wings created with fibre composite materials
always have disadvantages in terms of cost, complexity
or weight (Barbarino et al., 2011) In their study, Ahuja
and Burrin (1984) used it to control the flow of signal
generation in a given Reynolds number and angle of
attack for specific frequency generation in an audio
source connected to an amplifier. The synthetic jets,
which are one of the active flow control methods, attract
the attention of researchers because of their wide
application area. The Synthetic jet mechanisms are used
for many different purposes such as heat transfer
(Youmin et al. 2014), mixing vessels (Qingfeng et al.
2013), cooling of electronic devices (Chaudhari et al.
2010), separation control in aircraft wings (Gillarranz et
al. 2005), (Holman et al. 2003), increase in lift (Kim a
Kim, 2009), reduction in friction force (He et al. 2001),
boundary layer control (You and Moin. 2008) and stall
control (Yen and Ahmed 2012). An important advantage
of the synthetic jet mechanism is that it has a simple
working principle in which the liquid is sucked and
blown by the forward and backward movement of the
cavity diaphragm in an open pipe or channel. In the
periodic flow movement that occurs here, the fluid forms
a vortex ring in the cavity during blowing. This vortex
ring spreads outward at its own speed. During suction,
this liquid is drawn back into the cavity. By repeating this
periodic motion, synthetic jets are formed.

Studies of synthetic jet mechanisms began in the 1950s
with the study of acoustic flow by Ingard and Labate
(1950). Later, as synthetic jet studies became more
widespread as studies in this field expanded in the late
20th century. Smith and Glezer (1998) carried out
extensive studies on this subject and introduced the term
'Synthetic Jet' to the literature. After the 21st century,
numerical and experimental studies on the structures of
synthetic jets have become widespread (Travnicek 2005).
The use of loudspeakers in synthetic jets is preferred
because it is easy to integrate into the system and has a
short response time. The synthetic jet mechanism is
affected by the actuator, its geometric form and related
fluid parameters (Hong, 2020). Zhang et al., (2015)
numerically examined the frequency variation of the
actuator parameters of the synthetic jet mechanism. In the
models created in their study, it was observed that the
heat transfer has increased with the increase in the
frequency. Feero et al. (2015) examined the effect of jet
structure in the orifice of a change in the diaphragm
cavity. In this study, the performance of cylindrical,
conical and curvilinear contraction structures in the
cavity structure of the diaphragm was investigated. As a
result of the study, it was observed that the cavity
oscillation had the best performance in the curvilinear
cavity. Although the synthetic jet mechanism is relatively



new active flow control method, it has been observed that
it is an effective method in many areas such as flow
separation around the wing, shifting the stall angle, and
increase in lift and decrease in drag. In a study by Seifert
et al. (1996), a synthetic jet mechanism, which is one of
the active flow control applications, was used for the
NACA 0015 airfoil. In this study, it reported that
synthetic jet mechanism was effective in delaying the
stall. Hassan (2006) numerically investigated the stall
control in a two-actuated jet array used in the airfoil. As
a result of the study, it is determined that when the
existing two-point hybrid active flow control strategy is
used instead of a single point at a certain angle of attack
of the airfoil in the jet array, the improvement post-stall
lift-drag ratio. Amitay et al. (2001) investigated flow
separation using synthetic jet actuators on a symmetrical
airfoil. It has been observed that the momentum required
to recombine the separated air decreases as the actuator
approaches the separation point. Zhang and Zhong
(2009) observed flow control in water by creating a series
of circular synthetic jet structures in the airfoil. In their
study, a laser-induced fluorescence was used for flow
visualization. It has been determined that in separated
flow, flow separation occurs in two or three high flow
velocity lines.

Collins and Zelenevitz (1975) studied the Reynols
number between 25000 and 53000 using a synthetic jet
mechanism in an airfoil. A loudspeaker was placed on the
surface of the airfoil. The experiments were performed
by generating a constant sound wave until partial bonding
occurred. As a result of the experiments, it was observed
that the lift greatly increased as the amplitude value of
the acoustic stimulation increased. Zaman and McKinzie
(1991) studied the acoustic effect in a two-dimensional
airfoil with Reynolds number between 25 000 and 100
000. The Smoke wire flow visualization and hot-wire
anemometry were used to support the experimental setup.
In addition, in this study, frequency variation was
investigated by keeping the excitation amplitude
constant. In the experimental results, it is observed that
there is an increase in the Cv lift coefficient. Yarusevych
et al. (2003) studied acoustic excitation in a NACA 0025
airfoil at Reynolds numbers 57 000, 100 000 and 150 000
and at three different angles of attack (0, 5 and 10
degrees). In the study, a hot wire anemometer was used
for velocity measurements. As a result of the experiment,
it was observed that the optimum frequency and
amplitude values of acoustic stimulation varied
depending on the Reynolds number and attack angles.
Guagqing et al. (2016) experimentally investigated the
NACA 0025 airfoil on the airfoil using the synthetic jet
mechanism from the active flow control method. In this
study, they examined the effect on synthetic jet locations.
In addition, the effect of the angle change in the synthetic
jet inlet was investigated. As a result, jets located close
to the front of the airfoil were more advantageous in
delaying the stall. In addition, it has been determined that
the performance of jet arrays in flow control application
is more effective than single actuator performances.
Moreover, it has been observed that the aerodynamic
performance of the lifting force has been improved.

In this study, one of the active flow control applications
is used to examine the flow control effects of Reynolds
number 50 000 on the NACA 0020 airfoil in a synthetic
jet mechanism using a loudspeaker as an actuator. In
addition, in this study, it is aimed to investigate the
contribution of the flow control around the airfoil of the
orifice jet geometries named in five different structures
as cylindrical, rectangular, sinusoidal, V-type and
inclined rectangular. The experimental study is carried
out in an open suction wind tunnel. It is aimed that
different orifice jet geometries can shifting the stall angle
formed on the airfoil and contribute to aerodynamic
properties such as improvements in drag, lift force and
stall.

EXPERIMENTAL SETUP
Airfoil Model and Synthetic Jet Design

In this study, 40 mm loudspeakers are used as the
synthetic jet mechanism as shown in Figure 1. In this
experimental study, five different models are selected to
examine the effects of the jet structures in different
orifice geometries of the synthetic jet mechanism. The
orifice models of the synthetic jet mechanism are
determined as circular, rectangular, sinusoidal, V-type
and inclined rectangular. The circular (Lee et al. 2012
and Zhao et al. 2016) and rectangular (Abdou et al. 2006)
orifices are used in the literature. In addition, three new
different geometries are also used as namely as
sinusoidal, V-type and inclined rectangular to control the
flow around the airfoil. Figure 2 shows orifice geometries
in different geometries. When Guoqing et al. (2016)
examined the position of the synthetic jet mechanism in
their study; maximum lift coefficient and stall were
observed when it was close to the leading edge. In this
study, considering the airfoil and the dimensions of the
speaker, it is positioned at approximately %21 of the
chord as the closest position to the leading edge.

Orifice of
synthetic jet

Sealing between
actuator and cover

kY Cavity

Figure 1. Assembly of the jet actuator in the airfoil model

Inclined
rectangular

Cylinder  Rectangular Siniisoidal ~ V type
orifice orifice orifice orice
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Figure 2. Design of 5 different orifice geometric models in a
synthetic jet actuator
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Figure 3. The loudspeaker used as the actuator in the synthetic
jet mechanism a. Systematic wiring diagram b. Connection
equipment in the experimental setup c. Illustration of each
connection of the speaker actuator

In the study of Paula et al. (2017), NACAO0012,
NACA0020 and NACAO0030 airfoils were examined at
low Reynolds number (MAV and UAV operating
conditions). As a result of the study, it was seen that
although the profile drag increases as the wing thickness
increases in airfoil design, thicker airfoils are more
suitable in terms of maximum lift values. In the light of
this study, the selection of the NACA 0020 airfoil model
was also made by taking into account the dimensions of
the actuator, the assembly of the actuator arrays and the
location of the actuators at low Reynolds number (MAV
and UAV operating conditions). NACA 0020 airfoil
model is designed with a span length of 300 mm and a
chord length of 150 mm. In design of the wind, five 40
mm-long speakers, are used as synthetic jet actuator
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array, are placed on the airfoil profile at equal intervals.
Figure 3a shows the loudspeaker electrical connection
diagram. Figure 3b shows the connection of the system
to the computer and the Arduino. In Figure 3c, each
connection of the loudspeaker actuator is numbered. In
Figure 3c, all green, and white cables were connected to
the "-" output of each amplifier for speaker connection in
connections 1, 2, 3, 4, and 5, respectively. Black, white,
blue, red and yellow 22 AWG cables were connected to
the "+" output respectively. Connection cable number 6
is brown coloured to the "-" output of the adapter, and a
red cable is connected to the "+" output. Arduino Uno is
used as the signal driver in the speaker connection circuit.
The circuit is completed by connecting a grey cable to the
GND input at connection number 7 and a white cable to
pin number 10. In order to prevent the amplifiers from
overheating, a 12V 2A fan has been added to the system.
Finally, the operating frequency of the experiment (Tiiren
and Yavuz, 2023) is created at 2, 4 and 8 Hz, with a
constant pulse width of 1%.

The NACA 0020 airfoil is selected, taking into account
the size of the actuator and the placement of the actuator
arrays in the airfoil model. The NACA 0020 airfoil is
designed by taking the chord length as 150 mm and the
span length as 300 mm. The first design of the NACA
0020 aircraft wing is modelled in the Computer Aided
Design (CAD) software, as seen in Figure 4.

b.

a.

Figure 4. a. Loudspeaker placement image of NACA 0020
airfoil in CAD software b. Image of top cover designs of NACA
0020 airfoil in CAD software

Then, the parts of the designed airfoil profile are
produced by using a Three-Dimensional Printer (3D
printer). There are parts of the airfoil as seen in Figure 5.
After the airfoil model is produced on a 3D printer, its
surface is first sanded with P320 sandpaper. Then,
polyester body filler is applied to the model surface and
the airfoil is mounted. The model surface is finally
sanded smooth with P2000 sandpaper. Finally, the
smoothness is achieved by painting the model. Table 1
shows the parameters of the airfoil in the experiment and
the loudspeaker used as a synthetic jet actuator.



c.
Figure 5. NACA 0020 airfoil a. Pre-assembly view of
loudspeakers and cables b. Assembled top view c. Assembled
side view and airfoil assembly image without slides

Table 1. Parameters of airfoil and jet actuator

PARAMETERS VALUE
Chord x Span (mm) 150 x 300
Width.x lenght of jet 05x2

orifice (mm)
Size of jet asctuator 40 x 40 x 18
(mm”)
Resistance of actuator 4
(D))
Rated power of 5

actuators (W)
Wind Tunnel

The experiments are carried out in the wind tunnel
located in the Aerodynamics Research Laboratory of
Nigde Omer Halisdemir University, Department of
Mechanical Engineering. This wind tunnel is an open
suction type wind tunnel with the test section having a
cross section of 570 mm x 570 mm and a length of 1000
mm. The experiments on flow control around the NACA
0020 airfoil are carried out in a wind tunnel at a Reynolds
number of 50000 and a free stream speed of 6.2 m/s.
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Starting from the entrance of the test area in the wind
tunnel, speed scanning is carried out in horizontal and
vertical directions using a hot wire anemometer (Dantec
Multichannel CTA and 55P11 probe). Turbulence
intensity is found to be around 0.5% in the region outside
the boundary layer region where uniform velocity
distributions are obtained. The experimental setup of the
wind tunnel is shown in Figure 6. NACA 0020 The chord
length and span length of the airfoil are defined as 150
and 500 mm, respectively. Two end plates are used and
their diameter is chosen as 300 mm. The wing profile is
mounted in the wind tunnel section made of Plexiglas

material.
‘.
“l Cold Light Source |
Probe : ‘

-_‘F i Test del 1

1 Wind Tunnel
Test Section

Loud Cell
Traverse

Control
Equipment |

Figure 6. Wind tunnel experimental setup

In the 3D printer, the main body of the airfoil model is
produced from PLA+ filament with 1.75 mm diameter.
In addition, end plates made of Plexiglas material is
added to the two ends of the airfoil model and the whole
model is assembled. As seen in Figure 7, the airfoil is
placed vertically on the test setup in the wind tunnel.

Force Measurement

ATI Gamma model six-axis load force is used to measure
the drag and lift force of the test model. It is mounted on
a computer-controlled rotating unit to measure the angle
of attack of the test model. Measurements are taken at a
sampling frequency of 300 Hz and the average of every
100 measurements is taken to record 3 measurements per
second. The measurements lasted 25 seconds and 2500
data are taken for each experiment. These experiments
are repeated twice in each experimental session. Angle of
attacks for the force measurement is varied between 0°
and 18° with an increment of 1°. Uncertainty for the force
measurement is calculated to be lower than +3%. The
experiments are repeated and hence the error rate is
minimized. To determine the net forces acting on the
airfoil, the connection plates between the end plates,
retaining rod and model are subtracted from the total
force. Considering the interface effect, the forces acting
on the retaining rod and the lower end plate are measured
together. The test model, consisting of the upper end
plates, the airfoil model and the connecting elements
between the model, the bottom end plate and the retaining
rod, is prepared and mounted in the test section of the
wind tunnel. As a result of these measurements, the force



acting on the lower end plate is calculated. The force
acting on the bottom end plate is also considered as the
force acting on the upper end plate. As a result of these
experimental studies, the net force acting on the airfoil is
determined based on the interface effect. These
experimental steps are repeated for all angles of attack.
Lift force was defined as
Fi=p.Us"A.C, (1)
p is the density of the fluid flowing in the tunnel, Uo is
the free stream velocity of the fluid flowing in the tunnel,
A is the upper airfoil area, Cvis the lift coefficient. Drag
force is defined as,

Fo=p. Up*A. C, Q)
p is the density of the fluid flowing in the tunnel, Uo is
the free stream velocity of the fluid flowing in the tunnel,
A is the area, CLis the drag coefficient.

Figure 7. The vertical view of the airfoil in the wind tunnel
EXPERIMENTAL RESULT

In this study, the effect of drag and lift force of 5 synthetic
jet actuators placed linearly along the NACA 0020
aircraft wing is examined. Aerodynamic force
measurements are made at 50000 Reynolds number (with
+4% uncertainty). Mueller (1999) described MAVs and
UAVs as being compatible with flow conditions in this
Reynolds number range. The operating frequency
applied in the experiment is examined at 2, 4 and 8 Hz
using a total of 5 loudspeakers of 4 ohms and 5 Watts. Jet
outlets with 2 mm orifice lengths are examined in
cylindrical, rectangular, sinusoidal, v-type and inclined
rectangles. As reported by Tiiren and Yavuz (2023), as a
result of the experiments conducted at 4 Hz with a fixed
pulse width ratio of 1%, flow structures with different
orifice geometries are formed at the best flow jet exits.
As reported by Geng et all. (2016), the force
measurement are measured at 2 © intervals. Post-stop
measurements are made in 1° increments to obtain the
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necessary data. In this study, in force measurement
experiments, lift and drag coefficients are measured at
50000 Reynolds number, between 0°-18° angle of attack,
with a 1° measurement interval. Force measurements are
made with the loudspeaker on and the loudspeaker off. In
these experiments, lift and drag coefficients in different
jet geometries and their effects on stall characteristics are
investigated by using the loudspeaker as an actuator. The
lift (Cr) and drag (Cp) coefficients are calculated and
plotted for the attack angle a of the airfoil. In Figure 8,
the lift and drag forces on the NACA 0020 airfoil are
measured when the loudspeakers are turned off. To
provide a reference for comparison, the loudspeaker off
condition is defined as basic model. In this case, the
repose angle of the NACA 0020 airfoil is approximately
10 degrees. The 10° angle of repose in measurements
made with the speaker turned off also supports the
baseline measurements in the study of Ethiraj and Pillai
(2021). In Figure 8, when the speaker is off, the Cr value
is 1.068.

Figure 8, a delay in shifting stall is observed in all
synthetic jet orifice models except the inclined
rectangular orifice model with linear and spaced
synthetic jet actuators. The main reason for this appears
to be due to the activated synthetic jet actuator, actuator
position and orifice jet structures. The maximum lift
coefficient and stall angle shift are observed when close
to the leading edge (Guoqing et al., 2016).

In the first step of the presented study, the cylinder orifice
model placed in the synthetic jet actuator is activated. It
is observed that the increase in the best lift coefficient in
the Cylinder orifice synthetic jet actuator occurred at 4
Hz frequency, compared to the loudspeaker actuator off
condition, by 8%. In the cylinder orifice, there is an
increase in the lift coefficient at frequencies of 2 and 4
Hz, but it is observed that it started to decrease again after
the frequency of 8 Hz. The reason for this is that after a
certain frequency increase, it causes a loss in lift
coefficient due to distortions in the vortex structures that
occur at the orifice jet exit. The cylinder orifice is shifted
stall angle from 10° to approximately 13° in the synthetic
jet actuator array. This means that despite a low increase
in the lift coefficient in the cylinder orifice structure, a
significant change in the shifted stall angle is observed.
In Figure 8b, as the operating frequency increases in the
Rectangular orifice synthetic jet actuator, the lift
coefficient increases. As a result, a better improvement
(about 17%) in the buoyancy coefficient is observed with
increasing frequency compared to the cylinder orifice
model. This seems to be due to the effect of vortex
structures formed at the cylinder and rectangular orifice
jet exit. Wang et al. (2017) observed that the vortex area
of the rectangular orifice is larger compared to the
cylindrical orifice shape. Additionally, a 3° shift in the
stall angle was observed in the rectangular orifice
synthetic jet actuator array. In the V-type orifice synthetic
jet actuator, the coefficient of lift force increases linearly
with the stall angle. In Figure 8c, as the operating
frequency increased, the lift coefficient increased and it
is observed that there is an improvement in the best lift



force (approximately 17%) at 8 Hz. A decrease in the lift
coefficient is observed compared to the rectangular
orifice. The main reason for this is due to the angular
structure of the model, distortions occur in the jet
structures formed at the orifice exit. It has been observed
that these deteriorations lead to a decrease in the lift
coefficient and the angle of stall. In this orifice structure,
the stall angle creates a 2° translation. In Figure 8d, a 16%
improvement is observed at the highest lift coefficient
and 10° angle of attack at 2 Hz operating frequency in the
sinusoidal orifice synthetic jet actuator. While the stall
angle is only shifted by 1° at 2 Hz, a shift of 4° at 4 Hz
and 5° at 8 Hz are observed with increasing frequency.
Although the maximum lift force decreased at 4 and 8
Hz, the aircraft wing does not enter the stall immediately
after the stall angle and the lift coefficient remains at 1.18
levels. It appears that the lift coefficient curve is
horizontal at 4 and 8 Hz and then stalls, due to the
disruption of the 'laminar separation bubble' formation on
the suction surface of the airfoil at low Reynolds numbers
by the synthetic jet actuator. In Figure 8e, it is observed
that as the operating frequency increases, the lift force
coefficient increases and there is an improvement in the
best lift force (about 12%) at 4 Hz.

Although there is an increase in the lift coefficient of the
Inclined rectangular orifice model compared to the
cylinder orifice model, a smaller improvement (about
12%) is observed compared to the other orifice structure.
In this orifice model, similar to the sinusoidal geometric
structure, the lift coefficient remained constant for a
while before stalling and then stalled. In the Inclined
rectangular orifice synthetic jet model, it is observed that
there is a translation of 4° at 2 and 4 Hz and 5° at 8 Hz.
It has been observed that the synthetic jet mechanism is
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effective in shifting the stall angle in 5 different synthetic
jet orifice models. Guoqing et al. (2016) supports the
study that the synthetic jet mechanism created using a
speaker jet array is effective in analysing the stall control
effects of the airfoil. Thus, with the presented study,
higher lift coefficient effects are observed and separation
is taken under control.

In the NACA 0020 airfoil, in Figure 9, firstly, when the
loudspeaker actuator is closed in the synthetic jet
mechanism, the drag coefficient (Cp) increases with the
angle of attack. It is observed that the Cp of the NACA
0020 airfoil increased by up to 10 degrees, except for the
cylinder orifice model. However, after the stall angle, the
drag coefficient gradually increases in all orifice
structures. As seen in Figure 11, 4 Hz operating
frequency is more effective than 2 Hz operating
frequency in reducing the drag coefficient. However, at
the 8 Hz operating frequency, it causes irregular
fluctuations. The main reason for this is the fluctuations
in the flow structures formed in orifice jet models.
Especially in inclined rectangular models, unstable
fluctuations in the drag coefficient are quite high at 8 Hz
operating frequency. This causes a negative effect on the
wing. Additionally, in rectangular, V type, inclined
rectangular orifice models, it is observed that 2 Hz
operating frequency is more effective in pre-stall
situations, but 4 Hz operating frequency is more effective
after stopping. Among the orifice models in the synthetic
jet mechanism, the minimum improvement, called the
reduction in drag coefficient, is at 8° angle of attack
(about 20%) at 2 Hz of the cylindrical model, while the
maximum improvement is sinusoidal at 4 Hz at 8° angle
of attack (about 80%) and inclined rectangle at 8§ Hz.
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Figure 8. Lift coefficient of the NACA 0020 airfoil synthetic jets at Reynolds number 50 000 a. cylinder b. Rectangle ¢. Sinusoidal
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Figure 10. Lift to drag of the NACA 0020 airfoil synthetic jets at Reynolds number 50 000 a. cylinder b. Rectangle ¢. Sinusoidal

d. V type e. Inclined rectangular

Mueller (1999) observed that the lift and drag coefficient
of a smooth airfoil can vary significantly in the range of
10000 to 100000 Reynolds numbers. In the light of these
observations, it is observed in our study that the flow in
the different orifice synthetic jet mechanism causes
shifting in stall, increase in lift coefficient and decrease
in drag coefficient.

In this study, it was observed that the different orifice
models presented in Figure 9 play a critical role in
reducing the drag coefficient. In Figure 10, in the lift-
drag ratio graphs of 5 different orifice models in the
synthetic jet mechanism, improvements are observed for
all models when compared to the basic model with the
loudspeaker off. As a result of this study, when the
aerodynamic forces are analyzed and interpreted
together, different orifice structures have shorter take-off
distances and fuel consumption is saved for the same
journey. When comparing the loudspeaker off model of
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the NACA 0020 airfoil with other orifice models, the
flight range is extended with improvements in the lift-
drag ratio in the aerodynamic design.

To demonstrate the reliability of the lift coefficient at low
Reynolds number (Dajun and Takafumi, 2018), the
fluctuation of the lift coefficient in a randomly selected
time interval is seen in Figure 11. It can be seen that there
is a stable fluctuation structure when the loudspeaker is
off and the wavelength increases slightly after the stall
angle. When orifice models are tested with frequencies
of 2, 4 and 8 Hz, it is observed that wavelengths increase
with increasing frequency and wavelength frequency
increases. Additionally, when the graphs are compared
with the lift coefficient graph, it is observed that the
periodic oscillation increases after the stall angle in each
of them, and these oscillations and the lift coefficient (Cr)
fluctuation are directly related to each other.
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Figure 11. Fluctuating lift coefficient of the NACA 0020 airfoil in closed synthetic jets at Reynolds number 50 000 a. Loudspeaker
off'b. Cylinder 2, 4, and 8 Hz ¢. Rectangular 2, 4, and 8 Hz d. V type 2, 4, and 8 Hz e. Sinusoidal 2, 4, and 8 Hz f. Inclined rectangular

CONCLUSIONS

The main objective of this study is to investigate the
effects of different orifice geometries on shifting the stall
angle in the synthetic jet mechanism. In addition, the
effects of different orifice geometries on the airfoils lift
coefficient and drag properties are investigated by
varying the angle of attack. Based on the presented
experimental data, some significant results obtained are
as follows:

It has been observed that the use of synthetic jet for flow
control has a potential for enhancing the aerodynamic
performance. It has been noted that synthetic jet
mechanisms based on different orifice geometries have
delayed the stall with geometry based differing
performance levels.

The orifice geometry, which is most effective in shifting
the stall angle, shifted the inclined sinusoidal orifice stall
from 10° to 14° in 4 Hz and from 10° to 15° in 8 Hz. In
addition, it is observed that the stall angles are shifted
from 10° to 13° for cylinder, rectangular, and from 10° to
12° for V-type orifice structures and from 10° to 11° for
inclined rectangular. According to the results of these
experiments, different orifice models have found to be
effective in shifting the stall angle.

When the different orifice geometries in the NACA 0020
airfoil are examined, an improvement of approximately
17% in the lift coefficient is observed at 8 Hz and 11°
angles of attack for the rectangular and V-type orifice
models.

In the NACA 0020 airfoil, when stalling occurred, an
80% decrease in the drag coefficient is observed at its
maximum value at 8§ Hz for the rectangular and
sinusoidal models at an angle of attack of 8 degrees, and
an outstanding improvement in the drag coefficient is
observed. In 8 Hz operation in the inclined rectangular
orifice structure, irregularity occurred in the drag
coefficient. As a result, this irregularity in the drag force
that occurs as the frequency increases has a negative
effect on the airfoil.

The study presents results regarding its contribution to
the improvements in aerodynamic performance of
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synthetic jet mechanisms for different orifice geometries
on the NACA 0020 airfoil. It contributes to acrodynamic
performance by increasing the lift force by
approximately 17% and the decrease of drag force by up
to 80%. These results contribute to the literature on
aerodynamic performance improvements of airfoils in
the rapidly developing aircraft industry.
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Abstract: The overall performance of PV-PCM integrated with rectangular straight fins is analysed by three-
dimensional transient numerical simulations. The influence of fin lengths, number of fins (), and inclination () of
the system is investigated and compared with the PV-only system, and an optimal system configuration is then
identified. Finite element analysis is used to conduct the simulations using COMSOL Multiphysics 6.0. The PV
front surface is subjected to a constant flux of 1000 W/m? for 180 min, and the PCM employed is RT25HC. The
results indicate that the average PV temperature tends to drop with increasing inclination and fin length, thereby
enhancing the PV efficiency, with maximum improvement attained for the full fin case for a given inclination and
number of fins. Compared to the PV-only system, the highest PV temperature reduction and PV efficiency
enhancement are 59.65 °C and 45.1%, respectively, for the horizontal system of full-length fins with a number of
fins equal to 6. The full-fin PV-PCM system with 6 fins and 45° inclination gives the highest instantaneous power
output of 14.16 W. The melting rate of PCM is strongly related to the heat transfer rate inside PCM, and the lowest
melting time is obtained for the 8-finned PV-PCM system with § = 45°. The peak velocity magnitude for all
systems with different fin lengths is also examined to analyse the extent of convection levels within PCM.
Keywords: Transient numerical simulations, Number of fins, Inclination angle, PV efficiency, Melting rate

UC BOYUTLU GECICi SAYISAL SIMULASYON iLE KANATLI PCM iLE ENTEGRE
PV MODULUN PERFORMANSINDAKI ARTISIN ANALIZi

Ozet: Dikdortgen diiz kanatlarla entegre edilmis PV-PCM'in genel performansi, ii¢ boyutlu gegici sayisal
simiilasyonlarla analiz edilir. Sistemin kanat uzunluklarinin, kanat sayisinin (#) ve egiminin () etkisi arastirilir ve
yalnizca PV sistemiyle karsilastirilir ve daha sonra optimum sistem konfigiirasyonu tanimlanir. Simiilasyonlar
COMSOL Multiphysics 6.0 kullanarak gerceklestirmek icin sonlu elemanlar analizi kullanildi. PV'nin 6n yiizeyi
180 dakika boyunca 1000 W/m? 'lik sabit bir akisa maruz birakilir ve kullanilan PCM, RT25HC'dir. Sonuglar,
ortalama PV sicakliginin artan egim ve kanat uzunluguyla birlikte diisme egiliminde oldugunu, dolayisiyla PV
verimliliginin arttigin1 ve belirli bir egim ve kanat sayisi i¢in tam kanat durumunda maksimum iyilestirmenin elde
edildigini gostermektedir. Yalnizca PV sistemiyle karsilagtirildiginda, kanat sayisi 6'ya esit olan tam uzunlukta
kanatlardan olusan yatay sistem icin en yiiksek PV sicaklik diisiisii ve PV verimlilik artis1 sirasiyla 59,65 °C ve
%45,1'dir. -6 kanatli ve 45° egimli PCM sistemi, 14,16 W ile en yiiksek anlik gii¢ ¢ikisini verir. PCM'nin erime
hizi, PCM igindeki 1s1 aktarim hiziyla giiglii bir sekilde iligkilidir ve en diisiik erime siiresi, 8 kanatli PV- i¢in elde
edilir. 8 = 45° olan PCM sistemi. Farkli kanat uzunluklarina sahip tiim sistemler igin tepe hiz biiyiikliigii de PCM
icindeki konveksiyon seviyelerinin kapsamini analiz etmek i¢in incelenir.

Anahtar Kelimler: Gegici rejim sayisal simiilasyonlar, Kanat sayisi, Egim acis1, PV verimliligi, Erime hiz.

NOMENCLATURE n Efficiency [%]
Gr Solar irradiation [W/m?]
A Upper surface of the PV panel [m?] y Temperature coefficient of PV material [K™']
B Liquid fraction g Acceleration due to gravity [m/s?]
s Volume expansion coefficient [K™'] h heat transfer coefficient [W/m2 .K]
Cp Heat capacity [J/ kg.K] k Thermal conductivity [W/m.K]
AT Phase change zone [°C] Le Characteristic length [m]
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L Latent heat [J/kg]

u Dynamic viscosity [Pa s]

v Kinematic viscosity [m%/s]

P Pressure [Pa]

O Heat generation per unit volume [W/m?3]
Ra Rayleigh number

Re Reynolds number

p Density [kg/m3]

T Temperature [°C]

Tin Melting temperature [°C]

t Time [s]
Inclination angle (°)

INTRODUCTION

Growing global power demand, rising fossil fuel
prices, and global warming worries have accelerated
the idea of a swift transition to renewable energy
supply, particularly in the last two decades (Azarpour
et al.,, 2013). The most abundant renewable energy
source on earth is solar energy. Installing photovoltaic
(PV) on the roofs of houses can reduce reliance on the
electrical grid and lead to net-zero energy (Cuce and
Cuce, 2014). Over the years, various methods have
been developed to increase the efficiency of solar
power generation and make it a more cost-effective
technology (Mohanraj et al., 2016). The effectiveness
of photovoltaic solar cells diminishes with the rise in
their temperature, according to the experiments done
by Radziemska (Hui Dai and Wei-Min Ma, 2002). The
drop in open-circuit cell voltage is the primary source
of the decrease in conversion efficiency of the cell, and
hence, PV cells must be cooled to work efficiently
during peak sunshine hours (Kaldellis et al., 2014). The
commercially available PV module has 12% to 18%
electric conversion efficiency. The excess solar
radiation falling on the PV is converted to thermal
energy, which raises the solar modules' working
temperature (Agrawal and Tiwari, 2010; Dubey et al.,
2013). To combat the impacts of high cell temperatures
and keep the cell’s operating temperature within an
acceptable range, effective cooling mechanisms must
be used to remove excess thermal energy by heat
transfer from the cells (Ali, 2020; Bilen and Erdogan,
2023). PCM with a proper melting temperature can be
used to maintain the temperature of the PV module
within the required temperature range, allowing it to
achieve high efficiency. PCM provides the added
benefit of storing thermal energy as compared to other
passive techniques of thermal regulation (Da et al.,
2023). The PCMs used are mostly organic types with
very low thermal conductivity, so enhancement
techniques such as the inclusion of fins are adopted for
effective thermal regulation of PV (Kazem et al.,
2023).

Bria et al. (2023) numerically investigated the
utilisation of a PV-PCM cooling system as a means to
minimise the adverse impact of temperature on the
efficiency of PV with six different PCM thicknesses.
The optimal PCM thickness for achieving maximum
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power output is found to be 0.06 m. Chibani et al.
(2023) examined the integration of fins composed of
different materials and explored the effects of the
inclination angle of the panel. Cuce et al. (2011)
studied a passively cooled silicon solar cell with a heat
sink and observed a significant energy and exergy
efficiency increase. The power conversion of PV
increased by 13% at a solar radiation of 800 W/m?.
Experimental and numerical analyses were done by
Park et al. (2014) to study the performance of a vertical
PV-PCM, and the results showed that the power output
rose by 1.0 to 1.5% compared to the conventional PV
module.

The thermal management of a building with a
concentrated PV-PCM system was investigated by
Sharma et al. (2016), and a maximum improvement in
electrical efficiency of 6.8% was reported for the
incident radiation flux of 1200W/m2. A transient
numerical investigation of the PV-PCM system was
conducted by Kant et al. (2016) by using RT35HC as
PCM, and a maximum temperature reduction of 58.5
°C was found. It was reported that the increased wind
speed and inclination resulted in a reduced PV panel
temperature. The effects of employing several PCMs of
different thicknesses and outside working conditions on
PV-PCM performance were analysed by Nouira and
Sammouda (2018). The results showed that the power
output of PV increases with low dust deposition,
increased PCM thickness, high wind speed, and low
wind azimuth angle. Metwally et al. (2021) combined
RT25 PCM with PV panels and found that efficiency
increased by 2.5% in summer and 3.5% in normal
weather.

The integration of two PCMs (PCM27 and PCM31)
through an alternative tubular shape enclosure on PV
was experimentally studied by Savvakis et al. (2020),
and the results showed a temperature decrease of 6.4
and 7.5 °C, respectively, for PCM27 and PCM3l1
compared to the PV only system. Kumar et al. (2020)
studied the impact of integrating PCM on the thermal
behaviour and electrical performance of the panel to
examine the system's behaviour. The use of PCM could
lower the panel temperature by an average of 4.4 °C
and boost efficiency by 2.2%. The influence of tilt
angle on the melting of PCM-based heat sink and its
potential usage for passive cooling of PV was
examined by Abdulmunem et al. (2021). The findings
demonstrated that when the tilt angle of the system
increases from 0° to 90°, the PV temperature decreases
from 0.4% to 12%. Akshayveer et al. (2021) explored a
new bifacial PV-PCM system, which significantly
increases PV electric output by about 74% compared to
the PV-PCM system. According to Variji et al. (2022),
incorporating metal foam with a porosity of 0.9 led to a
6.8% increase in average PV temperature and a 9.8%
improvement in electrical efficiency compared to the
PV-PCM system.



The impact of convection with RT27 PCM on the heat
transfer rate from the PV panel in a finned PV-PCM
system  was  investigated  theoretically  and
experimentally by Huang et al. (2011), and they found
that PCM with internal fins resulted in a reduction in
the PV temperature up to 12 °C. Khanna et al. (2018)
compared the performances of PV, PV-PCM, and
Finned-PV-PCM systems using modelling and
simulation and inferred that the PV module could be
kept cooler by reducing the distance between fins, but
reducing spacing below 25 cm does not improve the
performance. Singh et al. (2020) proposed a
mathematical model for a finned PV-PCM system. The
effects of wind azimuths, ambient temperature, phase
change temperature, and FPCM confinement
dimensions were studied. The results showed that for 5
cm deep FPCM confinement, the power enhancement
period increases from 6.1 h to 7.3 h when the wind
azimuth varies from 75° to 0°. The impact of various
structures of fins on the thermal performance of finned
PV-PCM system oriented at various inclinations was
quantitatively examined by Groulx et al. (2020) using a
two-dimensional numerical study. Full fin and front fin
configurations were found to be the most effective.
Khanna et al. (2019) conducted a study to optimise a
finned PV-PCM system for power augmentation under
various operating conditions such as wind speed,
azimuth angle, outdoor temperature, phase transition
point, fin spacing, and fin width. A power generation
of 143 W/m? was obtained for the system with a fin
width of 4 mm, as compared to 125 W/m? for PV-only
system.

The impact of fins in a rectangular enclosure of solid-
liquid PCM on heat transfer was investigated
numerically by Biwole et al. (2018). The results
revealed that increasing the number of fins decreases
the front surface temperature as well as the regulation
period and speeds up the latent energy stored in the
PCM. Emam and Ahmed (2018) computationally
simulated a PV-PCM system with heat sinks in four
different configurations based on the number and
position of cavities and showed that a five-parallel
cavity configuration significantly reduces solar cell
temperature. Yildiz et al. (2020) explored the heat
transfer inside a PCM container, which can serve as a
typical model for PV/PCM systems, numerically,
taking into account varied aspect ratios and types of
fins. When the aspect ratio equals 1, the natural
convection rate inside PCM is at its highest. Johnston
et al. (2021) carried out a combined computational and
experimental analysis to determine how orientation
impacts the performance of a heat sink in a PV-PCM
system and how fin height influences the heat sink's
ability. Power output rose by 11.3 % and 15.3 % for
PV integrated with 20 mm and 100 mm heat sinks,
respectively, compared to standalone PV.

Klemm et al. (2017) numerically investigated the
passive cooling of the system consisting of PCM with
metallic fibre architectures using the = COMSOL
Multiphysics and found that the peak panel temperature
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was reduced by around 20 K compared to the PV alone
system. Duan (2021) examined the utilisation of porous
PV-PCM systems with various inclinations numerically
as well as experimentally and concluded that the
inclination has little effect on the porous PCM system
when the porosity is minimal. Based on numerical
simulation, Mahdi et al. (2021) showed that the
employment of multiple PCMs in a particular position
may improve in liquid fraction and thermal regulation
period by 18% and 33%, respectively. Additionally,
combining  several PCMs  with  acceptable
thermophysical properties at lower inclinations can
further reduce the PV temperature. Sasidharan and
Bandaru (2022) conducted an analysis by numerical
simulation of a nano-enhanced PCM (PV-NEPCM)
system with mass concentrations of 1%, 3%, and 5%
and compared its performance with that of a
conventional PV-PCM system. It was found that
NEPCM performs better at lower inclinations with a
temperature drop of the PV module as 1.26 °C for
horizontal orientation PV-PCM system.

From the literature, it can be concluded that the
integration of PCM with a PV module is an effective
way of thermal regulation of the module when PCM is
incorporated with proper thermal conductivity
enhancers like fins, metallic fibres and nanoparticles. It
is also worth noting that practically most of the
previous numerical studies related to finned PV-PCM
systems have started with the assumption of the two-
dimensional domain without considering the variation
of temperature and velocity of PCM in the z-axis and
almost all deal with its thermal performance. To this
end, the novelty of the present work is that, here, a
three-dimensional transient numerical model has been
developed for finned PV-PCM systems to study the
effect of PCM and fins on the thermal performance of
the system and the electrical performance of the PV
module. Modelling finned PV-PCM systems in three
dimensions for numerical analysis offers several
important advantages and provides a more realistic
representation of the system's behaviour compared to
two-dimensional models. Key reasons for the
importance of 3D modelling are (1) Accurate
representation of complex geometries, accounting for
variations in shape, size, and positioning of
components such as fins. This is critical for capturing
the interactions and flow patterns within the system;
(2) Realistic boundary conditions that account for heat
transfer from all directions essential for capturing
natural convection and radiation heat transfer, which
can vary significantly with spatial positioning, and (3)
it is essential for analyzing the fluid flow pathways.
This includes understanding the velocity distribution
and pressure variations within the system. Accurate
fluid flow analysis is critical for assessing heat transfer
rates and efficiency.

The main objective of this paper is to propose a three-
dimensional mathematical model of the domain and
investigate the performance of PV module integrated
with finned PCM system by numerical simulation at



different inclinations (#), number of fins and fin
lengths.  Rectangular-shaped  straight fins are
considered in the system. The influence of the number
of fins (n) and the inclination angle is also examined.
Simulation results are then compared with that of the
only system. An optimum finned PV-PCM system is
then proposed based on maximum temperature
reduction, efficiency enhancement and maximum
power output. The effect of fin length on the PV
temperature, electrical efficiency, PV electrical output,
melting time and convection velocity magnitude is also
investigated. While increasing the number of fins, the
thickness of the fin is so adjusted that the mass of PCM
is kept constant for all the finned PV-PCM
configurations. In all, five finned PV-PCM systems are
considered with the number of fins (z) = 0 (no fin), 2,
4, 6 and 8, with three different fin lengths at four
different inclination angles 8 = 0°, 15°, 30°, and 45°.
So a total of 60 finned PV-PCM geometries are
considered for the present work. The reliability of the
model is authenticated by using validation with the
available and established experimental data.

METHODOLOGY
Physical Model

The three-dimensional representation of the physical
geometry of the finned PV-PCM system on which the
present investigations are carried out is shown in Fig.
1. The system consists of a PCM-based heat sink
within the aluminium plates, which is mounted on the
bottom side of the polycrystalline PV module. Table 1
represents the geometry and properties of different
layers of PV module. The PCM used in the system is
RT25HC, which is commercially available, and its
thermophysical properties are specified in Table 2. The
ambient temperature is kept constant at 20 °C;
therefore, selecting RT25HC with a melting point of
26.6 °C as PCM is appropriate. The system's
inclination (0) is the angle it makes with the horizontal
plane. The depth of the PCM layer is taken as 20 mm.
The top surface of the PV module is subjected to
incident solar radiation. The top and bottom surfaces
are exposed to a combined convective-radiative
environment.

Internal longitudinal parallel aluminium fins are
provided inside the PCM domain of the system.
Different physical configurations of the finned PV-
PCM system are established with different lengths and
numbers of fins. Different lengths of the fins
considered are 9, 36/4 and &/2, where 6 is the depth of
the PCM in the system, which is normal to the plane of
the PV module. The thickness of the fin is so varied in
such a way that whatever the number of fins in the
system, the volume of the fin remains constant. This is
achieved by reducing the fin thickness as the number
of fins increases. The thickness of the fin and spacing
between the fins for different finned PV-PCM systems
are shown in Table 3. Every physical configuration of
the system will be operated at different tilt angles.
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Different operational configurations of the system are
established with the variation of the fin arrangement in
the system as well as variation of the inclination angle
of the system, and this leads to simulating the
performance of different configurations of the system
and to investigate the effect of fins and inclination of
the system on the performance of PV module.

Figure 1. Schematic diagram of three-dimensional finned
PV-PCM system.

Table 1. Properties and geometry of PV materials and
aluminium (Khanna et al., 2019)

Layer Thickness p k Cp
(m) (kg/m®) | (W/mXK) | (J/kg

K)

Glass 0.003 3000 1.8 500
EVA 0.0005 960 0.35 2080

Silicon 0.0003 2330 147 678
Tedlar 0.0001 1200 0.2 1250

Aluminium | 0.002 2675 211 903

Table 2. Properties of RT25HC (Khanna et al., 2018)

Thickness (mm) 20

p (kg/m®) 785/749

k (W/m.K) 0.19/0.18
¢p (J/kg K) 1800/2400
Ln (kJ/kg) 232

i (Pas) 0.001798
Tm (°C) 26.6

Table 3. Details of finned structure with varying number of
fins

Number of | Fin thickness | Fin spacing (mm)
fins (mm)

2 4 40

4 2 24

6 1.33 20

8 1 15

Governing Differential Equations

Governing differential equations of the problem
domain and applicable boundary and initial conditions
need to be specified to define the problem. Specifying



the governing differential equations leads to modelling

the system mathematically. The assumptions used for

the mathematical modelling of the system are:

Incoming solar flux on the PV module is
uniformly distributed at an instant.

Materials of different layers of PV module are
considered homogeneous and isotropic.

Flow of the PCM is considered as Newtonian,
laminar, incompressible and unsteady.

Effect of viscous dissipation is neglected.

Thermal contact resistances between different
layers of the system are neglected.

Radiation effect inside PCM is neglected.

Dust and rain effects are neglected.

Resistive losses in the PV module are
neglected.

The unsteady heat conduction equation is invoked for
describing the temperature distribution of different
layers of PV module and aluminium plates in the
system, and it is (Khanna et al., 2018)
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cC — =
ppat
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k(a_T P o' "

+—+— |+ 0,
ox? 6y2 oz? J £
Qg is the rate of heat generation per unit volume in the

silicon layer it is to be considered as zero for
aluminium layers since they are not involved with heat
generation. It can be expressed as

O, =[1-npy J(za) G 4,1V, Q)
where (z) is the effective transmissivity-absorbtivity

coefficient, and Gris the solar irradiation in W/m?. The
efficiency of the solar cell is represented by 77,

which is defined as (Kaplani and Kaplanis, 2014)

Npy =20[1-0.005(Tp, —25°C)+0.0851n (G /1000) |
3)

Modelling of the PCM was done by a modified specific
heat capacity method. The governing equations for the
PCM, as a fluid coupled with buoyant volumetric
force, can be formulated based on the assumptions as:

continuity: ou + Gl + ow =0 4)
ox Oy Oz
X-momentum:
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y-momentum:
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For the solid phase of the PCM, the effect of velocity
components in Eqn. (8) becomes zero. The third term
on the RHS of momentum equations is the buoyant
force which is volumetric in nature, and it results in
motion in the melted PCM due to variation in density.
The secondary volumetric force is represented by the
last term in the RHS of momentum equations, and it is
included to help the solver to arrive at the PCM
velocities equal to 0 in the solid phase quickly. The
porosity operator is derived from the Carmen-Kozeny
equation for porous media, which is represented by
A(T) (Brent et al., 1988), and it is,

Cm (1_B(T))2
B(TY +y

®

A(T)

The value of Cu specifies how quickly the velocity is
decreased to zero when the PCM is in the solid state,
and it is determined by the morphology of the PCM.
The value of Cu is generally taken as 103 for organic
PCM (Khanna et al., 2017). The denominator was
added with a very small computational constant y to
prevent division by zero. In effect, the initial large
value of A(7T) swamps out all the terms in the
governing equations and effectively forces velocity to
reach zero in completely solid elements. The validity
of the Carman-Kozeny equation in modelling the flow
mushy zone was shown experimentally by Poirier
(1987).

The viscosity of the PCM can be modified as

u(T)= g (1+ 4(D)) (10)

It ensures the usage of very high and very low
viscosities in the regions of PCM that are below the
solidus temperature, (7,,—AT/2), and above the

liquidus temperature (7,, + AT /2), respectively.



The density and thermal conductivity of the PCM can
be modelled as (Khanna et al., 2017)

ppcnz(T):ps+(pl_p.s)B(T) (11)

k

pem

(T)=ky+(k —k,)B(T) (12)
where B(T) is the liquid fraction which characterises
the phase change, and it can be defined as
(Balavinayagam et al., 2021)(Khanna et al., 2017)

B(T)

0 it T<(T, ~AT/2)
(T-T, +AT)/(2AT) if (T, ~AT/2)<T <(T, +AT /2

)(13)
1 if T>(T, +AT/2)

The modified specific heat capacity of the PCM is
(Unnikrishnan et al., 2023)

¢y pn (T)=¢,, +(c,; —c,, ) B(T)+L,D(T) (14)
and
-(r-1,,)°
e (AT/4Y
D(T) = = (15)
7(AT/4)

where D(T) is a smoothed Dirac delta function, with a
value of zero everywhere except in the transition zone
of the PCM. This function is used to disperse PCM's
latent heat evenly around the melting temperature in
the transition region.

Boundary and Initial Conditions

The top and bottom surfaces of the system are
subjected to combined convection and radiation heat
transfer. A solar irradiation Gr is uniformly applied on
the front surface of the PV module as input.

The boundary condition on the top surface of the
system is:

k, [Z_)T] - (h/m» Hreed )(Tu'"” I )+ %Ot (16)
5g0<Tamb4 ];4)

The boundary condition on the bottom surface of the
system is:

g (%TJ ) (hf"“ * Prced )(7;/ ~T,,)+ (17)
g“’G(Taf -T,,' )

where /ipee  and hgorcea are the free and forced
convection heat transfer coefficients, respectively,
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which are defined as (Kaplani and Kaplanis, 2014;
Khanna et al., 2017)

hj'ree:
0.67(Ra, sin@)">
]z—” 0.684 20T (Rasn0) | yep g
9/16
e 0.492k,
1+
uc,
i} -
0.387(Ra, sin )"
Kl 0,825+ (Ra, sin0) ifRa, >10°
I o/16 \8/27 L
s 0.492k,
1+
e,
(18)

where Ray is the Rayleigh number, which is defined as
(Incropera and Dewitt, 1985)

g1/ T )(r-1,)L,}
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(19)

va
with a and v as thermal and momentum diffusivities of
air, respectively, at the film temperature (Fujii and
Imura, 1972).
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with Rer and L. as Reynolds number and characteristic
length, respectively.

The side walls of the system are insulated, and hence,
the boundary conditions at the side walls are:

oT
— =0 21
Z an
front and rear side walls: (z—Tj =0 (22)
'z

No slip condition at six boundary surfaces of the PCM
in the system leads to the boundary condition at all the

surfaces.
u=v=w-=20 (23)

At all the interfaces in the system, the boundary
condition is applicable, and it can be defined as



T,
oy

(24)

o7,
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where r and s represent the materials of two different
layers on either side of the interface in the system.
Initial Conditions:
Att=0,u =v =w =0 (25)
Att=0,T=T,=20°C (26)

The value of G and other inputs required to carry out
the simulation are specified in Table. 4.

Table 4. Inputs to simulation

Parameter Value
PCM thickness (mm) 20

B (K 9.1x10*
T.(°C) 20

Gr (W/m?) 1000
(ta) 0.9

AT (°O) 2

NUMERICAL PROCEDURE and VALIDATION of
THE MODEL

The simulation of all the configurations of the system
considered in the present work is carried out using
COMSOL Multiphysics 6.0. Easy linking and solution
of partial differential equations related to different
fields of physics are possible by the COMSOL
Multiphysics software based on the finite element
approach. The coupled problem of heat transfer and
fluid flow (laminar) in melted PCM is modelled using
continuity, momentum equations with Boussinesq
approximation and energy equations by employing the
conservation principles and solved using COMSOL
software. The three-dimensional geometry of the PV-
PCM system is developed using the geometry module
of the COMSOL interface, and appropriate materials
with dimensions and thermophysical properties are
attached to each PV-PCM layer and fins. Different
configurations of PV-PCM system geometries
considered in the present work are established, and the
same is shown in Fig. 2 when they are operating at 15°
inclination. Aspects of physics involved in the
development of the present mathematical model are
heat transfer in solids (PV, solid PCM fins and
aluminium), heat transfer in fluids (liquid PCM) and
laminar fluid flow (liquid PCM), which replicate heat
transfer and buoyancy-driven fluid flow along with
phase transition. Material properties of the PCM and
variables and functions involved in the mathematical
model of the PCM are defined to establish the PCM
domain in the PV-PCM system.

The COMSOL Multiphysics® provides an automated
process of meshing the geometry of the model. The
default physics-controlled mesh sequence setting is
invoked for the meshing of the field’s geometry. The
physics-controlled meshing process examines the
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physics to determine the size attributes and operations
needed to create a mesh that is suited to the task. The
tetrahedral mesh is used in the three-dimensional
domain of the present system. Under the physics-
controlled mesh sequence type, the different mesh
settings from coarse to extra fine are chosen for
conducting grid independence study, as shown in Fig.
3. The study shows that going from fine to extra fine
yields no significant change in the PV temperature,
therefore, fine mesh is selected as the preferred mesh
option. There are 176822 domain elements, 45698
boundary elements, and 2308 edge elements in the
final mesh. Fig. 4 shows the mesh that was created for
the system with eight fins at 30° inclination.

Figure 2. PV-PCM system configurations with different
numbers of fins at 15° inclination.
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Figure 3. Grid Independence study.
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Most time-dependent problems like the current one in
COMSOL Multiphysics are solved by default using an
adaptive time-stepping technique. The solver will
adjust the appropriate time-step size to maintain the
chosen Relative Tolerance of 0.001. Lowering the
relative tolerance to smaller values results in smaller
time steps, thereby improving solution accuracy and
reducing solving time. Here, the initial time-step size is
set to 0.001 sec, and the maximum time step that can
be taken is set to one second. The solver will
automatically adjust the time-step size as needed to
address any fast variations in the solution during the
solution  procedure. = The implicit Backward
Differentiation Formula (BDF) with an order of
accuracy equal to 2 is utilised as the time-stepping
approach.
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Figure 4. Generated mesh.

The current model is validated by comparing the
simulation predictions with the experimental results of
Huang et al. (2011) for the thermal performance of a
PV-PCM system with internal fins. The fins are
provided in the PCM domain with 24 mm spacing, and
the top surface of the PV-PCM system is exposed to a
constant flux of 750 W/m? with an initial temperature
of 19°C. RT27 is used PCM in the system for
validation purpose. The measurements of the PV-PCM
system are 0.132 m x 0.04 m x 0.3 m. The
experimental average temperature of the finned PV-
PCM system is compared with the simulated values, as
shown in Fig. 5. It can be inferred from the comparison
that the simulated predictions are found to be in
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reasonable agreement with the experimental results.
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Figure 5. Validation of the model.
SIMULATION OF THE SYSTEM

The performance of PV module in different
configurations of PV-only systems, PV-PCM systems
(no fins) and finned PV-PCM systems considered in the
present work are numerically simulated. The effect of
including the PCM and fins in the system on the
performance of the PV module was analysed by
comparing it with the performance of the only system
at different inclinations. The numbers of fins
considered for the study are no fin, 2, 4, 6 and 8, and
different inclinations of the system considered are 0°,
15°, 30 and 45°. All the configurations of the system
systems under the study are subjected to constant solar
radiation flux throughout the duration of the
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simulation, considered with an ambient temperature.
The area of the PV module is 120 mmx60 mm. Fins
having lengths of 10 mm (half fin), 15 mm (three-
quarter fin) and 20 mm (full fin) are considered in the
PCM in different systems. The average PV temperature
profiles, temperature contours, and PV efficiency
variation are simulated for all the PV-PCM and finned
PV-PCM systems and compared with the conventional
PV-only system. The time-dependent study is carried
out for all the configurations.

RESULTS AND DISCUSSION

The investigations were carried out for different
configurations of finned PV-PCM systems with the
inclusion of longitudinal fin with multiple numbers of
fins and lengths at various inclinations, and the effect
of fins and PCM on the performance of the PV module
was explored.

For PV-only Case

Fig. 6 depicts the temporal evolution of average PV
temperature and PV efficiency of standard PV alone
systems at various orientations. The temperature rises
rapidly with time, reaching an almost steady-state
temperature of 88.7 °C and 65.4 °C for 0° and 45°
inclinations, respectively, in almost 45 min, as shown
in Fig. 6 (a). External natural and forced convection,
along with radiation, are the sources of cooling. The
PV temperature decreases because of the increased
external natural convection heat transfer rate with an
inclination angle. The lowest PV temperature is
observed for the system with a 45° inclination. The
efficiency of the PV module follows the opposite trend
compared to PV temperature, and PV efficiency rises
as the inclination rises, as shown in Fig. 6 (b).

For Finned PV-PCM

Fig. 7 shows the time-dependent variation of average
PV temperature of all PV-PCM system (no fin)
configurations and finned PV-PCM  system
configurations with different fin lengths of 10 mm, 15
mm and 20 mm at different inclinations. The average
PV temperature decreases with the increasing
inclination of the system, with the lowest PV
temperature recorded at an inclination of 45°. When
the PV-PCM system is in horizontal orientation (0 =
0°), the presence of the buoyant forces is negligible,
and convection currents within the melted PCM of the
system hardly exist. As a result, conduction is the
primary mode of heat transfer within the PCM,
resulting in thermal stratification. Due to this, the rate
of heat transfer involved through PCM is less, which
leads to the maximum PV temperature for horizontal
systems than systems at other inclinations. There is a
significant presence of buoyant force, which is
volumetric in nature and thus, the existence of
convection currents in the melted PCM for sloped PV-
PCM systems. Convection heat transfer becomes the
major heat transfer mode within the melted PCM due



to this increased intensity of buoyant volumetric force.
So, natural convection heat transfer plays a vital role,
which affects the melting rate of PCM. The direction
of the gravitational force vector is highly important in
this scenario. The intensity of the convection heat
transfer rate so developed increases with increasing
inclination, thereby enhancing the rate of heat transfer
from the PV module and lowering the temperature of
the module. Hence, it is critical to look into how the
inclination of the overall system affects the thermal
processes that occur within it.

It is evident for PV-PCM systems from Fig. 7 that the
solid PCM first receives heat, resulting in a sharp
increase in time-dependent temperature initially due to
sensible heating. After that, the melting process of
PCM begins and continues until the solid PCM
becomes liquid. Within the melting zone, the PCM
temperature rises slightly. Whatever heat is transferred
from the PV module is used by PCM to satisfy its
latent heat requirement for undergoing a phase change.
The time interval required from the commencement of
the phase change process to its completion is the actual
period of thermal regulation. Heat transfer to the PCM
after the phase change process leads to sensible heating
of the liquid PCM, which causes the steep temperature
rise. This behaviour can be observed for all PV-PCM
systems irrespective of its inclination.

However, the poor thermal conductivity of paraffin
PCMs creates a hurdle for the higher heat extraction
from the PV module to the PCM in the system. The
heat transfer rate is lower for sensible heating of the
solid PCM because as the layer thickness increases,
conduction is the only heat transfer mode through the
solid PCM at any inclination of the system. The
thermal resistance of the PCM is too high for the
required phase transformation rate because of its low
thermal conductivity. Natural convection can form in
the liquid PCM layer due to a temperature difference
between the heated boundary and the solid section of
the PCM, complicating the physical scenario. The
system's geometry and PCM thickness determine the

Average Temperature of the PV (°C)

10 T T T
0 30 60 920

T
120 180

Time (min)

PV Efficiency (%)

extent of natural convection and its contribution to
overall heat transfer. Aluminium Fins were included in
the system to overcome the low thermal conductivity
of the paraffin PCM in the present work. Low density
and high thermal conductivity of aluminium compared
to many other metals results in a significantly lighter
thermal energy storage device. The inclusion of fins in
the PV-PCM system transforms the system into a
finned PV-PCM system. Fins of multiple numbers and
different heights are used to establish different finned
systems. This leads to a considerable reduction of the
operating temperature of the PV module in the finned
PV-PCM systems with different numbers of fins and
fin lengths considered at any inclination compared to
the PV-PCM system, as shown in Fig. 7. The presence
of fins within the PCM enhances the heat transfer rate
from the PV module to PCM and improves the
module's performance in the finned PV-PCM systems
at all inclinations. A steep increase in temperature of
the module during sensible heating of the PCM in the
solid and liquid phases and a slight increase in
temperature of the module during the phase change
process of the PCM are also seen in all the
configurations of the finned PV-PCM systems. It is
worth noting that the temperature trends converge in
the end, indicating that the entire PCM has melted. The
presence of fins accelerates all the thermal processes,
and the thermal regulation happens at a lower
temperature compared to the unfinned cases.

The fin heights of 10 mm, 15 mm and 20 mm are
selected and distributed evenly over the PCM domain.
Fins are used in PCM to increase the heat transfer
surface area. The liquid PCM will have more thermal
contact with the heat transfer surface when fins are
introduced into the system, and thermal resistance to
heat transfer will be lowered consequently. The heat
transfer rate from PV to PCM and inside the PCM is
greatly improved by the presence of fins because more
area is accessible for heat transfer. As a result, the PV
temperature drops, increasing its energy conversion
performance.

T T
120 150 180

Time (min)

Figure 6. Variations of (a) average PV temperature and (b) PV efficiency with time for different inclinations of PV-only

system.
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From Fig. 7, it is evident that for the systems with fin
lengths of 10 mm and 15 mm, the temperature is lowest
initially for finned PV-PCM system with 8 fins up to 50
min for 10 mm fin systems and 80 min for 15 mm fin
systems and then, the system with 6 fins shows the
lowest temperature for all the angles except for the
system with 10 mm fins at 0° case. The system with 2
fins shows the lowest average PV temperature after 50
min at 0° inclination with 10 mm fins. For the 20 mm
fin length case (full fin), the lowest average PV
temperature is obtained for the finned PV-PCM system
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with 6 fins for all the angles. When comparing different
lengths of fins, systems with 20 mm fin lengths are
found to be better systems with the lowest PV
temperature. It is also clear that the relative temperature
decreases with an increase in the inclinations of the
systems. Considering the fin lengths, the number of fins
and inclinations, the optimum system, i.e., one with the
lowest PV temperature, is found for the PV-PCM PCM
system with 6 fins at an inclination angle of 45°.
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Figure 7. Variation of the mean temperature of the module with time for PV-PCM and finned PV-PCM systems with fin
lengths (a) 10 mm, (b) 15 mm and (c) 20 mm at different inclinations.

The temperature contours of PV-PCM system (no fin)
and finned PV-PCM (fin length of 20 mm) systems with
the number of fins of 2, 4, 6 and 8 for the inclinations of
0°, 15°, 30°, and 45° at different instants are shown in
Fig. 8 (a) - (e). The figures indicate that the temperature
front for the horizontal system with the inclination of 0°
orientation travels uniformly downwards with the
progress of time for PV-PCM and finned PV-PCM
systems. In the presence of fins for finned PV-PCM
systems, the temperature front travels faster compared
to the PV-PCM system due to the enhanced heat
transfer rate to the PCM. The temperature front
movement in inclined systems is non-uniform due to the
presence of a buoyancy effect within the melted PCM.
As solar radiation falls on the PV panel's front surface,
the temperature rises, and heat transfer from the PV
panel to the PCM begins. In its solid phase, the PCM
absorbs and stores energy in the form of sensible heat as
its temperature rises.

Storage of energy in the form of latent heat in PCM
commences when the temperature of a solid PCM
approaches the transition temperature. The temperature
profile in inclined systems is non-uniform because of
the existence of melted PCM's buoyancy effect by
virtue of convection currents present in it. At first, pure
conduction dominates the heat transfer process in PCM.
The temperature front remains about parallel during the
initial conduction-dominated melting process. As time

progresses in the interaction between the module and
PCM, the temperature front moves closer to the bottom.
With time, the motion of the liquid PCM will be
detected in the upper right portion of the melt zone,
followed by a nearly immobile liquid PCM below it.
Both conduction and convection heat transfer modes
dominate the melting process in such a transition state.
In the upper portion of the PCM liquid zone (dominated
by convection), the temperature profile curves sharply,
followed by a front parallel to the left wall in the lower
half of the liquid region (conduction-dominated). The
height of the convection-dominated zone increases with
time throughout the transition phase. The convection-
dominated zone of the transition regime will fill the
whole domain of the PCM. The spontaneous circulation
of liquid PCM distinguishes this regime. At a certain
point in time, the upper part of the curved melting front
makes contact with the right vertical wall. In the liquid
phase, convection is the predominant route of heat
transfer, while in the solid phase, conduction is the
primary mode of heat transfer. After completing the
melting process, the melted PCM absorbs energy from
the PV module in sensible heat, and its temperature
rises. During sensible heating, the heated liquid PCM
near the upper aluminium plate flows downwards and
circulates throughout the container. The inclusion of
fins reduces PV temperature significantly, as shown by
the contour plots, by virtue of improved heat transfer
rate from the module to PCM in the system.
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Figure 8. Temperature profiles and liquid PCM movement at various inclinations in different systems: (a) No fin (PV-PCM),

(b) 2 fin, (c) 4 fin, (d) 6 fin and (e) 8 fin at different instants.

The trend of efficiency of the PV module is opposite to
its temperature, and the same is explained with Eqn.
(3). For mono and polycrystalline PV cells, an increase
in operating temperature causes a decrease in open-
circuit voltage, fill factor and power output, with an
increase in short circuit current, which ultimately
results in the loss of electrical efficiency of the module
and irreversible damage to the PV cell materials. PV
module works better at lower temperatures, as shown in
Fig. 9. (a)-(c) At the system's inclinations, 45° and 0°,
the highest and lowest efficiency trends are reported,
respectively, for PV-PCM and finned PV-PCM systems
of fin lengths 10 mm, 15 mm and 20 mm. The
efficiency of the PV module is highest at 45° inclination
for the finned PV-PCM system with 6 fins, as the PV
temperature is lowest for this case.

Trends of mean PV temperature and electrical
efficiency of PV-PCM systems without any fins are
compared with corresponding PV-only systems for each
system's inclination. The maximum reduction in mean
temperature and enhancement in the electrical
efficiency of the module in the PV-PCM system over
PV only system at each inclination is shown in Fig. 10.

The maximum PV temperature reduction of 53.4 °C,
45.58 °C, 44.4 °C, and 43.63 °C are achieved with PV-
PCM systems at inclinations of 0°, 15°, 30°, and 45°,
respectively. Maximum and minimum relative
enhancement in electrical efficiency is obtained as
39.6% and 30.45% for PV-PCM systems at the
inclinations of 0° and 45°, respectively.

Trends of mean PV temperature and electrical
efficiency of PV-PCM systems without any fins are
compared with corresponding PV-only systems for each
system's inclination. The maximum reduction in mean
temperature and enhancement in the electrical
efficiency of the module in the PV-PCM system over
PV only system at each inclination is shown in Fig. 10.
The maximum PV temperature reduction of 53.4 °C,
45.58 °C, 44.4 °C, and 43.63 °C are achieved with PV-
PCM systems at inclinations of 0°, 15°, 30°, and 45°,
respectively. Maximum and minimum relative
enhancement in electrical efficiency is obtained as
39.6% and 30.45% for PV-PCM systems at the
inclinations of 0° and 45°, respectively.
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Figure 9. Variation of electrical efficiency of the module with time for PV-PCM and finned PV-PCM systems with fin lengths

(a) 10 mm (b) 15 mm and (¢) 20 mm at different inclinations.
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Figure. 10 Comparison of (a) maximum reduction in PV temperature and (b) Maximum percentage increase in efficiency of

PV-PCM systems of different orientations with PV-only cases.

Fig. 11 shows the highest PV temperature reduction for
finned PV-PCM systems with different fin lengths and
the number of fins at various orientations compared to
the PV-only system. The inclusion of fins leads to the
best results in the form of the highest temperature
reduction of the module for horizontal systems due to
the involvement of conduction heat transfer from the
module to PCM in such systems. For horizontal
systems, the conduction heat transfer rate is enhanced
due to the inclusion of fins without any effect that
reduces the rate of heat transfer. However, in the

inclined systems, convection heat transfer mode is
present when the PCM is in the liquid phase. Increased
heat transfer area with the inclusion of the fins leads to
a higher rate of heat transfer in inclined systems. But,
higher surface area with finned systems will also
enhance the fluid friction, which reduces the strength of
convection currents. Hence, in the inclined systems, two
competing opposite effects in the form of increased heat
transfer rate and fluid friction are present, leading to a
relatively lower effect compared to horizontal systems.
As the figure indicates, for any inclination, with the
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increase in fin length, the PV module temperature is
further reduced, and consequently, electrical efficiency
is improved. So when comparing the different fin
lengths, systems with 20 mm fin length give the best
results in terms of maximum PV temperature reduction
and improving PV efficiency. Among the systems with
20 mm fin length, the performance statistics are
relatively best when number of fins equals 6. It is also
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apparent that the effect of the inclusion of fins is
greatest for horizontal systems with an inclination of 0°
and diminishes as the inclination angle increases. The
highest temperature reduction of 59.65 °C is observed
for the PV-PCM system with 6 fins for fin length = 20
mm at an inclination angle 0°, and the lowest is
observed for the system with 2 fins for 10 mm fin length
at an inclination angle of 45°.
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Figure 11. Comparison of maximum temperature reduction of finned PV-PCM with respect to multiple numbers of fins and

inclinations for different fin lengths.

The comparison of maximum enhancement in electrical
efficiency of the module for finned PV-PCM systems
with different fin lengths and number of fins at various
inclinations with PV-only systems is shown in Fig. 12.
It is clear that efficiency levels increase with the
increase in fin lengths, with a maximum obtained for
20 mm fin length (full length) configuration for a
particular number of fins and inclination. The highest
and lowest enhancement values of efficiency are
obtained for systems with 0° and 45° orientations,
respectively, indicating that the effect of fin inclusion
is more prominent when the inclination is low.
Maximum efficiency enhancement of 45.08% is
obtained for the system with 6 fins at inclination 0° for
fin length 20 mm and the least value of 32.07%
obtained for 10 mm 2 finned PV-PCM systems at 45°.
It is clear that the inclusion of fin is most effective
when the inclination of the system is small.

As the PV efficiency values are highest for 20 mm fin
length systems, the comparison of the maximum power
output of PV module for different finned PV-PCM
systems with fin lengths of 20 mm, including the
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unfinned system at different inclinations are shown in
Fig. 13. There is a marked improvement in PV module
power output for finned systems compared to unfinned
one. The PV output levels increase with the increase in
inclination angle for a particular number of fins. The
PV power output is found to increase with the increase
in number of fins for finned PV-PCM systems up to 6
fins, then decreases for the system with 8 fins. The
maximum power output of 14.16 W is observed for the
PV-PCM system with 6 fins at an inclination angle of
45°.

The time taken for the complete melting of PCM with
respect to inclinations for different numbers of fins
with 20 mm fin length is shown in Fig. 14. The figure
shows that the melting is slower for unfinned systems
compared to finned ones, indicating a lesser heat
transfer rate inside PCM of unfinned systems. There is
a considerable decrease in melting time with an
increase in inclination as the heat transfer rate is higher
to PCM in the systems at higher inclinations. This is
due to the increased natural convection heat transfer
rate within the melted PCM due to the existence of a



higher buoyant force. The reduction of PCM melting
time with the increase in number of fins is because
when the number of fins is higher, the surface area
available for heat transfer within PCM is also higher.
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The lowest melting time of PCM is obtained as 132
min for the system with 8 fins with an orientation of
45°, and the highest melting time is 148.7 min for the
unfinned system with 0 = 0.
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Figure 12. Comparison of maximum efficiency enhancement of finned PV-PCM systems with respect to multiple numbers of

fins and fin lengths for different inclinations.

Figure 13. Comparison of the maximum power output of PV
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Fig. 15 (a)-(c) depicts the peak value of the average
velocity of melted PCM for unfinned and finned PV-
PCM systems with different fin lengths (half fin, three-
quarter fin and full fin) at various inclinations. Peak
average velocity indicates the strength of the
convection current that has been created inside the
melted PCM. Among the different finned PV-PCM
systems considered in the present study, it is clear that
the velocity values are generally lowest for full fin
cases, indicating a reduction of convection currents
inside the PCM. In the full fin case, the resistance to
the flow of melted PCM increases as the flow channel's

length is reduced and fluid friction increases, which
reduces the developed buoyancy force and consequent
convection current inside the PCM chamber. The
velocity magnitude appears to decrease with an
increase in the number of fins as the convection
channel length gets reduced and fluid friction increases
further.

180

[ Jwithoutfin [___]2fins [ |4fins
[ lefins [_]8fins

1504 —

120

90

60

30

Time takrn for complete melting (min)

0 T 1 1 T

0° 15° 30° 45°
Angle of inclination

Figure 14. Comparison of melting time of PCM for all PV-

PCM systems with 20 mm fin length at different inclinations.
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Among all the systems with PCM, the lowest peak
velocity magnitude is found in the unfinned PV-PCM
system with the inclination of 0°, suggesting that
convection heat transfer is insignificant and conduction
is the primary heat transfer mode. As temperature
differences inside the PCM rise, the peak velocity
increases slightly with the number of fins for systems
with 0° orientation. For inclined systems, because of
the buoyancy force created within the melted PCM, the
peak velocity increases as the angle of inclination
increases for any fin length and number of fins. In the
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comparison of systems with full fin and unfinned cases,
the highest magnitude of velocity is obtained as 0.61
mm/s for the unfinned PV-PCM system with the
orientation of 45°. For three-quarter fin and half fin
cases, the convection levels are higher than the full fin
case as the flow of melted PCM can still occur through
the space below the fin. The corresponding values are
0.893 mm/s for three quarter (15 mm) fin case with an
inclination of 45° when the number of fins is two as
well as 0.925 mm/s for half fin case (10 mm) with an
inclination of 45° when the number of fins is 8.
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Figure 15. Comparison of peak magnitude of the velocity of melted PCM for finned PV-PCM systems at different inclinations:

(a) half fin, (b) three-quarter fin, and (c) full fin.

CONCLUSIONS

The performance augmentation of the PV module, when
integrated with finned PCM (RT25HC) for different
numbers of fins and fin lengths, is numerically
investigated at different inclinations of the system using
a three-dimensional model. It is found that both
increases in the number of fins and inclination angle
reduce the PV temperature and thereby enhance the
electrical efficiency of the PV module. Different
findings of the present investigations are summarized as
follows:

e The average temperature of the PV module
decreases with an increase in inclination and
an increase in fin length. The PV efficiency
follows the opposite trend in contrast to PV
temperature; PV efficiency increases with the
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inclination. The drop in the average
temperature of the PV with the inclusion of
PCM and fins is relatively highest for the
finned PV-PCM system with 6 fins.

For conventional PV-PCM systems (no fins),
the maximum temperature reduction values
compared to corresponding PV-only cases are
53.4°C and 43.63°C, respectively, for 0° and
45° orientations. The maximum efficiency

enhancement for the corresponding
orientations is  39.6% and = 30.45%,
respectively.

The effectiveness of fin inclusion in the system
tends to reduce with an increase in inclination.



e The effectiveness of increment in the number
of fins is more prominent for full fin cases.

e The full-finned PV-PCM system with 6 fins
gives a maximum PV temperature reduction of
59.65°C compared to the conventional PV-only
system when the inclination is 0° among all the
finned PV-PCM  systems, and the
corresponding maximum enhancement of
efficiency is 45.1% compared to the PV-only

system.
e The full-finned PV-PCM system with 6 fins
and 45° inclination gives the highest

instantaneous power output of 14.16 W.

e The melting rate of the PCM in the PV-PCM
system is strongly influenced by inclination
and number of fins, indicating the extent of the
heat transfer rate within the PCM.
Enhancement in melting rate with respect to
increasing in inclination is due to increment in
convective heat transfer rate, whereas with
respect to number of fins, is due to increase in
the rate of conduction heat transfer rate.

e The peak value of the average velocity of
melted PCM increases with the inclination
angle and decreases with the presence of fins.
An increase in fin length also reduces the
velocity values as it adversely affects the
convection current inside melted PCM.
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Abstract: In this paper, a parabolic trough humidifying solar collector-based solar still (PHSC-SS) is proposed.
Its purpose is to apply some important performance improvement techniques to the flat plate humidifying solar
collector-based solar still (flat plate HSC-SS), to significantly improve overall system performance. These
included the use of parabolic trough solar concentrators and the design of humidifying solar collectors from
evacuated tube collectors. The results reveal that, unlike flat plate HSC-SS, which must operate with a turbulent
airflow regime to achieve optimum overall performance, PHSC-SS must operate with a laminar airflow regime
and high inlet and outlet temperatures of air (at least 55 °C and less than 100 °C, at atmospheric pressure) in the
heat collector element. For 900 W/m? of incident solar irradiance, 2 m? of solar collector area, and 0,00042 kg/s
of air flow rate, the maximum energy efficiency, exergy efficiency and daily freshwater productivity of PHSC-
SS were found to be 68,12%, 14,87% and 1,697 kg/h, respectively. Whereas for the same incident solar irradiance
and solar collector area, and 0,1 kg/s of air flow rate, those of the flat plat HSC-SS were 72,9%, 1,12%, and
between 1,07 — 2,923 kg/h (for inlet and outlet temperatures of air less than 30 °C, at atmospheric pressure),
respectively. Although in some extreme cases freshwater productivity of flat plate HSC-SS can be higher than
that of PHSC-SS, it should be noted that laminar airflow regime confers great advantages to PHSC-SS. These are
higher air temperatures at condenser inlet (which ease water condensation process), no need of an auxiliary cooling
device (needed in the flat plate HSC-SS), less mechanical vibrations of system, reduced condenser size, and less
energy consumed by air blowers. Furthermore, the upper limit of the PHSC-SS is a PHSC-SS that operates without
air flow, but rather by vaporization of water droplets at boiling point from absorber, followed by their suction to
condenser, similarly to a flash evaporation.

Keywords: seawater desalination, parabolic trough humidifying solar collector, heat collector element, energy
efficiency, exergy efficiency

PARABOLIK OLUKLU NEMLENDIRICi GUNES KOLLEKTORU BAZLI GUNES ENERJILI
DESALINASYON SiSTEMININ TEORiK PERFORMANS DEGERLENDIRILMESI

Ozet: Bu makalede, parabolik oluklu nemlendirici giines kolektérii bazli giines enerjili desalinasyon sistemi
(PHSC-SS) dnerilmektedir. Amaci, bazi 6nemli performans iyilestirme tekniklerini diiz plaka nemlendirici giines
kolektorii bazli desalinasyon sistemine (diiz plaka HSC-SS) uygulamaktir. Genel sistem performansini 6nemli
olgtide iyilestirmek i¢indir. Bunlar arasinda parabolik oluklu giines yogunlastiricilarinin kullamim ve nemlendirici
giines kolektorlerinin tahliye borulu kolektorlerden tasarlanmasi yer almaktadir. Sonuglar, optimum genel
performans elde etmek i¢in tiirbiilansh bir hava akisi rejimiyle ¢alismasi gereken diiz plakali HSC-SS'nin aksine,
PHSC-SS'nin laminer bir hava akisi rejimiyle ve 1s1 kolektorii elemaninda yiiksek hava giris ve ¢ikis sicakliklariyla
(atmosferik basingta en az 55 °C ve 100 °C'den diisiik) calismas1 gerektigini ortaya koymaktadir. 900 W/m? gelen
giines 151, 2 m? giines kolektorii alan1 ve 0,00042 kg/s hava akis hiz1 igin PHSC-SS'nin maksimum enerji
verimi, ekserji verimi ve tatli su tliretkenligi sirasiyla %68,12, %14,87 ve 1.697 kg/saat olarak bulunmustur. Ayni
gelen giines 151mim1, giines kolektorii alani, ve 0,1 kg/s hava akis hiz1 i¢in diiz plakali HSC-SS'nin elde edilen
degerleri sirasiyla %72,9, %1,12 ve atmosferik basingta 30 °C'den diisiik hava giris ve ¢ikis sicakliklari i¢in 1,07
- 2,923 kg/saat arasinda olarak bulunmustur. Bazi asir1 durumlarda diiz plakali HSC-SS'nin tath su verimliligi,
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PHSC-SS'den daha yiiksek olsa da, laminer hava akimi rejiminin PHSC-SS'ye bilyiik avantajlar sagladigi
belirtilmelidir. Bunlar, kondenser girisindeki daha yiksek hava sicakliklart (suyun yogusma islemi
kolaylagtirmasi), yardime1 bir sogutma cihazina gerek olmamasi (diiz plakali HSC-SS'te gereklidir), sistemin daha
az mekanik titresimi, kondenser boyutunun kii¢iilmesi ve hava iifleyiciler tarafindan daha az enerji tiiketilmesidir.
Ayrica, PHSC-SS'nin iist sinir1, hava akisi olmadan c¢alisan bir PHSC-SS'dir. Bu sistem, kaynama noktasindaki su
damlaciklarinin absorberden buharlastiriimasi ve ardindan kondensere emilmesi ile ¢alismaktadir. Bu, bir flag
buharlagsmaya benzemektedir.

Anahtar Kelimler: deniz suyu desalinasyonu, parabolik oluklu nemlendirici giines kolektorii, 1s1 toplayici

elemani, enerji verimliligi, ekserji verimliligi

NOMENCLATURE

a : length of the collector cross-section area (m)

A : area, projection area of parabolic trough refl. (m?)

Ay : cross-sectional area of absorber (m?)

Agext : absorber outer area (m?)

Ag,ine : absorber inner area (m?)

Ag,ext © glass envelope outer area (m?)

At glass envelope inner area (m?)

¢p : specific heat at constant pressure (J/kg.K)

¢, : specific heat at constant volume (J/kg.K)

d : diameter (m)

D,p : mass diffusion coefficient of substance A into substance B (m?/s)
Dy, 0-qir : mass diffusion coefficient of water into air, especially liquid water
from absorber surface into air passing through the collector (m?/s)

E : incident solar irradiance (W/m?)

e, : emissivity of glass cover or overall emissivity between the sky and the
glass cover

E,, : incident solar exergy (W)

eg : emissivity of absorber

eqe - overall emissivity between abs. and glass envelope

f : Darcy friction factor

hy : specific enth. of liq. water sprayed into system (J/kg)

hy g : latent heat of water vaporization (J/kg)

hg : specific enthalpy of water vapor (J/kg)

hgar, : specific enth. of saturated water vapor at the glass cover temperature
(J/kg)

hger, : specific enthalpy of saturated water vapor at the absorber
temperature (J/kg)

Rumass : mass transfer coefficient (m/s)

hying : convective heat transfer coefficient resulting from wind effect
(W/m?.K)

h : enthalpy of moist air per unit mass of dry air (J/kgry ain), convective heat
transfer coefficient (W/m?.K)

K (i): incident angle modifier

k : thermal conductivity (W/m.K)

L : length of heat collector element (m)

Le: Lewis number

M : molar mass, molar mass of moist air (kg/kmol)

iy : mass flow rate of moist air (kg/s)

m : dry air mass flow rate passing through the system (kg/s)

My Fickisiaw : Water evaporation rate from absorber or liquid water surface
derived from Fick’s law (kg/s)

Myyq : maximum water mass flow rate that can be evaporated into the system,
(kgfs)

ny: number of brackets

Nu: Nusselt number

Nuy: Nusselt number for a fully developed flow

p: partial pressure (Pa), perimeter

P : total pressure (Pa), and (atm) in the expression of Dyp, 1 atm = 101325
Pa

Pq: partial pressure of dry air in moist air (Pa)

Pe: Peclet number

Pr: Prandlt number

Q: heat transfer, total enthalpy, total enthalpy variation (W)

R, : gas constant of dry air (J/kg.K)

Re: Reynolds number

Sc: Schmidt number

Sh: Sherwood number

s¢: entropy of liquid water sprayed into system (J/kg.K)

sg : water vapor entropy (J/kg.K)

T : temperature (K)

y : proportion y of the water mass flow rate that reaches the abs. to the total
sprayed water mass flow rate (0 <y < 1).
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Abbreviations

ETC: evacuated tube collector

HCE: heat collector element

HDH: humidification — dehumidification

HSC-SS: humidifying solar collector-based solar still

ISD: interfacial solar desalination

MSEF: multi-stage flash

PCM: phase change material

PHSC: parabolic humidifying solar collector

PHSC-SS: parabolic humidifying solar collector-based solar still
SAH/SWH-HDH: solar air and water heaters-based humidification —
dehumidification

SAH: solar air heater

SAH-HDH: solar air heater-based humidification — dehumidification
SS: solar still

SWHE: solar water heater

SWH-HDH: solar water heater-based humidification — dehumidification

Subscripts

0: dead state, ambient environment

1: state 1 of air, state of air at system inlet
2: state 2 of air, state of air at condenser inlet
a: absorber

abs: absorbed

amb: ambient environment

b: bracket

bb: base of bracket

ci: condenser inlet

co: condenser outlet

cond: conduction

conv: convection

e: glass envelope

evap: evaporation

ext: external

f: moist air, air flowing through the heat coll. element
g: gas in vacuum annulus (air in this study)
int: internal

opt: optical

r: reflector (parabolic trough reflector)

rad: radiation

s: sun

sat: saturated state

wa : liquid water sprayed into system

Greek symbols

a : absorptivity,

y: product of effective optical efficiency terms

&: molecular diameter (m)

I': specific heat ratio

AT : difference between air temperature at heat collector element outlet and
inlet (K or °C)

€ : roughness of the inner wall of the collector (m)

Ney : exergy efficiency

7 : energy efficiency, optical efficiency

A: mean free path (m)

u : dynamic viscosity of moist air (kg/m.s)

v : kinematic viscosity of moist air (m?/s)

p : density, density of moist air (kg/m?)

py: clean mirror reflectivity

o : Stefan-Boltzmann constant (W/m?.K*)

T, : transmissivity of glass envelope

@(i): collector geometrical end losses

1 : exergy of moist air per unit mass of dry air (J/kg(dry air)
Pyq © exergy of liquid water per unit mass (J/kg)

 : humidity ratio of moist air (Kgwater) / Kg(dry air)

@ : molar ratio between water vapor concentration and dry air concentration
in moist air (Molwater) / Mol (dry air)



INTRODUCTION

Direct solar desalination systems are among the major
research on seawater desalination technologies for
freshwater production. Although they are not yet used
on an industrial scale because of their low
productivity, they are of great interest for small-scale
and low-cost freshwater production. They are
characterized by the fact that seawater directly
receives incident solar irradiance, heats up, and
evaporates into air, unlike indirect desalination
systems where it receives solar energy through heat
exchangers.

Direct solar desalination systems can be classified into
three technologies: solar stills (SS) (Abbaspour et al.,
2022; Alatawi et al., 2022; Angappan et al., 2022;
Elgendi et al., 2022; Kabeel et al., 2017; Kaushal &
Varun, 2010; Muthu Manokar et al., 2014,
Sampathkumar et al., 2010; Sharshir, Yang, et al.,
2016), humidification—dehumidification = (HDH)
systems (Alnaimat et al., 2021; Chauhan et al., 2021;
Kasaeian et al., 2019; M & Yadav, 2017; Rahimi-
Ahar, Hatamipour, & Ahar, 2020; Santosh et al., 2019,
2022), and interfacial solar desalination systems (ISD)
(Liang et al., 2021; Luo et al., 2021; Trinh et al., 2022;
Wang et al., 2022). This paper is part of research for
designing a solar still with improved overall
performance. Solar stills have been widely developed
and studied, and still attract interest because of the low
cost of materials and easiness of system construction.
The techniques that have been applied in earlier works
to improve their performance can be summarized as
follows (Welepe et al., 2022):
modification of the shape of solar still
(Durkaieswaran & Murugavel, 2015; Ghandourah
et al., 2022; Kumar Chauhan & Kumar Shukla,
2022b; Mohammadi et al., 2020; Prasanna &
Deshmukh, 2022; Sambare et al., 2022;
Saravanakumar et al., 2022; Shanazari & Kalbasi,
2018; Siddula et al., 2022),
heat transfer optimization by using evacuated tube
collectors (ETC) (M. A. Essa et al., 2021; Shafii et
al., 2016), corrugated absorber (H. Ahmed et al.,
2022; Elshamy & El-Said, 2018), absorber coating
(Chandrashekara & Yadav, 2017; Kumar Chauhan
& Kumar Shukla, 2022a), fins on absorber
(Dhivagar et al., 2022; Kabeel & Abdelgaied,
2017; Velmurugan et al., 2008; Yousef et al.,
2019), porous absorber (A. F. Mohamed et al.,
2019; Shah et al., 2022; Thakur et al., 2022;
Yousefetal., 2019), nanofluids (Bait & Si—Ameur,
2018; Elango et al., 2015; Kabeel et al., 2014b,
2014a; Mahian et al., 2017; Meng et al., 2022;
Nijmeh et al., 2005; Sharshir, Elkadeem, et al.,
2020; Sharshir et al., 2017, 2019),
the use of solar concentrators and auxiliary heat
sources (Bahrami et al., 2019; Chandrashekara &
Yadav, 2017; Elminshawy et al., 2015; Hashemi et
al., 2020; Jafari Mosleh et al., 2015; Maliani et al.,
2020; Nassar et al., 2007; Nayagam et al., 2022;
Wu et al., 2017),
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water vapor mass transfer optimization from the
evaporation surface to the condenser (Peng et al.,
2022), and separation of condenser from
evaporator to avoid water vapor condensation on
glass cover, which decreases its transmissivity and
therefore freshwater productivity (Al-Otoom &
Al-Khalaileh, 2020; Elminshawy et al., 2015;
Ibrahim & Dincer, 2015; Shoeibi,
Kargarsharifabad, Rahbar, et al., 2022; Wu et al.,
2017),

preheating seawater and regulating its flow rate by
using wicks (Abdelaziz et al., 2021; Abdullah et
al., 2019; Abdullah, Omara, Essa, Alarjani, et al.,
2021; Abdullah, Omara, Essa, Younes, et al., 2021;
Dhindsa, 2021; F. A. Essa, Alawee, et al., 2021; F.
A. Essa, Omara, et al., 2021; Fayaz et al., 2022;
Jobrane et al., 2021, 2022; Modi, Maurya, et al.,
2022; Modi, Patel, et al., 2022; Modi & Modi,
2019; Negi et al., 2022; Omara et al., 2013;
Sharshir, El-Samadony, et al., 2016; Sharshir,
Eltawil, et al., 2020; Younes, Abdullah, Essa, &
Omara, 2021; Younes, Abdullah, Essa, Omara, et
al., 2021; Zaheen Khan, 2022), water pumps
(Abozoor et al., 2022; M. M. Z. Ahmed et al.,
2022; Kumar et al., 2014), rotating belts (Al-
Otoom & Al-Khalaileh, 2020; Saced et al., 2022),
glass cover cooling (Elashmawy, 2019; Kousik
Suraparaju & Kumar Natarajan, 2022; Sharshir,
El-Samadony, et al., 2016; Sharshir et al., 2017;
Sharshir, Rozza, Joseph, et al., 2022; Sibagariang
etal., 2022), s

the use of heat storage materials such as latent heat
storage or phase change material (PCM) and
sensible heat storage (H. Ahmed et al., 2022; Al-
harahsheh et al., 2018; Al-Harahsheh et al., 2022;
Arunkumar & Kabeel, 2017; Chandrashekara &
Yadav, 2017; Deshmukh & Thombre, 2017,
Elashmawy & Ahmed, 2021; Jafari Mosleh &
Ahmadi, 2019; Mohanraj et al., 2021; Poonia et al.,
2022; Saeed et al, 2022; Shoeibi,
Kargarsharifabad, Mirjalily, et al., 2022),
breaking water surface tension by using cracked
trays, air bubbles, water vaporizers, and foggers
(Abed et al., 2021; Dumka & Mishra, 2020; El-
Said et al., 2021; El-Said & Abdelaziz, 2020; F. A.
Essa, Abdullah, et al., 2021; Fallahzadeh et al.,
2020).

Many comprehensive reviews of these enhancement
techniques have been conducted over time (Abbaspour
et al., 2022; Alatawi et al., 2022; Angappan et al.,
2022; Elgendi et al., 2022; Hussein et al., 2024;
Kabeel et al., 2017; Kaushal & Varun, 2010; Mehta et
al., 2024; Muthu Manokar et al., 2014; Omara,
Ahmed, et al., 2024; Omara, Alawee, et al., 2024;
Sampathkumar et al., 2010; Sharshir, Yang, et al.,
2016). In general, most systems integrate two or more
enhancement techniques (Welepe et al., 2022).

Abbaspour et al. (Abbaspour et al., 2024) investigated
the efficacity of a vertical solar still (VSS), focusing
on variables such as wick selection, condensate plate



wettability, and device dimensions. The research
highlighted 5.1% performance enhancement with
cotton wicks compared to gauze, and 34% increase in
freshwater production with super hydrophilic plates
over super hydrophobic ones. In addition, optimal
VSS dimensions of 32 cm x 30 cm were identified.
The authors declared that these findings underscore
the potential for enhancing VSS efficiency, offering
valuable insights for addressing global water scarcity
and facilitating clean water access, with the maximum
daily freshwater production rate reaching 1.250 kg per
m? of solar receiver.

Mabhala and Sharma (Mahala & Sharma, 2024) studied
the combined impact of rectangular fins, gravels (G),
and phase change material (PCM) on the efficiency of
pyramid solar stills, comparing conventional solar
stills (CSS) with modified ones (MSS). Experimental
results, conducted in Uttar Pradesh, India, during May
2023, revealed significant improvements in daily
productivity, energy, exergy efficiency, and economic
and environmental parameters for MSS + G, CSS + G,
and MSS, compared to CSS. Notably, MSS + G
demonstrates 4.82 L/m*> (84% increase) of daily
freshwater productivity, 30.58% (81.1% increase) of
maximum energy efficiency, 3.4% (273% increase) of
maximum exergy efficiency, and a 0,02 $/L (29.2%
reduction) of cost per liter of fresh water produced,
alongside mitigating 19.14 tons of CO:z emissions.
Saha et al. (Saha et al., 2024) experimentally studied a
novel solar-energy-driven water purification system,
by incorporating vacuum pressure and paraffin wax
(PCM) as an energy storage material into a
conventional double-slope solar still. The system was
designed to enhance freshwater production in remote
areas lacking grid electricity and underground water
access. Experimental results demonstrated an increase
of 63% in daily freshwater productivity i.e., from
5.46 L/m*to 7.03 L/m? along with 82% (28.72%
enhancement) of maximum energy efficiency and
8.3% (22.43% enhancement) of maximum exergy
efficiency for the modified system compared to the
conventional one. These findings highlighted the
potential of vacuum-pressure and PCM integration to
enhance solar still performance, offering a cost-
effective solution for freshwater production in
resource-constrained areas.

Ziapour et al. (Ziapour et al., 2024) conducted a study
on an innovative single-slope solar still desalination
system with an enhanced modeling approach, aiming
to address global desalination challenges. Through
energy, exergy, and economic analyses, the system's
performance is evaluated in cities such as Boushehr,
Lisboa, Riyadh, and Tripoli. By utilizing flat reflectors
and semi-transparent modules, the system achieved
notable daily freshwater production values ranging
from 11.15 kg/day to 15.58 kg/day across the cities.
The analysis also revealed that despite promising
outcomes, the system's reliance on weather conditions
poses a limitation, suggesting the need for future
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research to minimize this dependency and scale up
production capacities.

Lauvandy et al. (Lauvandy et al., 2024) designed and
studied a low-cost floating solar still prototype to
address water scarcity issues in rural areas,
particularly on Sumba Island, Indonesia. Constructed
from accessible materials like PVC pipes, mica sheets,
foam blocks, and towels, the solar still is easily
replicable by local communities. Testing conducted in
Bandung, Sumba, and Jatiluhur Dam during the dry
season demonstrated the prototype's ability to produce
significant amounts of fresh water, ranging from 0.590
kg/day to 1.165 kg/day. The authors concluded that
despite its effectiveness, limitations such as reduced
evaporation rates due to cover saturation and warmer
temperatures hindering condensation are noted, and
further optimization are needed for long-term
reliability and durability.

Elashmawy et al. (Elashmawy et al., 2024)
investigated a tubular solar still with two troughs to
enhance evaporation and energy efficiency while
reducing freshwater production costs. Conducted in
Suez, Egypt, the two-trough device demonstrated a
significant increase in freshwater productivity (36.1%)
and energy efficiency (43.46%) compared to the
single-trough device. Daily freshwater productivity
for the two-trough and single-trough devices were
6.83 L/m?/day and 5.02 L/m%day, respectively, with
energy efficiencies of 54.5% and 37.99%,
respectively. Moreover, the two-trough configuration
reduced water production costs by 22.3%, reaching
$11.78/ton. Future research suggestions of this work
include  testing triple-trough  configurations,
investigating shadow effects, conducting deeper
thermal analysis, and exploring solar concentrating
techniques to further enhance tubular solar still
performance.

Pandey and Naresh (Pandey & Naresh, 2024)
performed experimental investigation on a modified
pyramid solar still (MPSS) integrated with a pulsating
heat pipe (PHP), aiming to enhance freshwater
productivity, energy efficiency, and cost-effectiveness
compared to conventional pyramid solar stills (CPSS).
Experimental investigations conducted in Surat City,
India, revealed that the MPSS consistently
outperforms the CPSS. For instance, at a water depth
of 2 cm, the MPSS achieved a daily freshwater
productivity of approximately 4.10 L/m?day
compared to CPSS's productivity of 3.05 L/m?/day,
with 25.51% increase in energy efficiency compared
to CPSS as well. Future research directions suggested
by the authors include exploring advanced heat
transfer =~ mechanisms, integrating  additional
enhancements like fins and phase change materials,
and employing computational fluid dynamics
modeling for further optimization and validation.

Amin et al. (Amin et al., 2024) integrated metallic
thermal transfer constituents and parabolic trough



collectors (PTC) into passive tubular solar still
configurations, alongside beeswax phase change
material (PCM), to produce fresh water. The
developed model combines a heat exchanger (HE) and
beeswax PCM. The empirical analysis revealed a
significant enhancement, with 8.06 L/m?%/day (66.18%
increase) of freshwater productivity and a maximum
energy efficiency of 76% (54 % average). Whereas the
TSS without HE and PCM achieved a freshwater
productivity and energy efficiency of 2.5 L/m?%day
and 16.10%, respectively. Finally, the authors
declared these outcomes underscored the effectiveness
of the developed tubular solar distillation system in
consistent and reliable freshwater generation, driven
by strategic integration and operational synergy.

Luo et al. (Luo et al., 2024) investigated a desalination
system based on a unidirectional heat transfer solar
still, integrating efficient evaporation with waste heat
recovery for high energy utilization. The design
optimizes light transmission and condensation
functions while integrating high-performance
interfacial evaporation materials and minimizing heat
loss through unidirectional heat transfer. Using a self-
made hydrogel sponge, outdoor experiments
demonstrated an evaporation rate of 6.0 kg/m*h and a
freshwater productivity of 4.5 kg/m*h under an
average sunlight intensity of 1.07 kW/m? with
potential for further improvement. The authors stated
that this study contributes valuable insights into
optimizing interfacial evaporative solar stills,
advancing solar desalination through system structure
design and evaporation material development.

Somwanshi and Shrivastava (Somwanshi &
Shrivastava, 2023) studied a closed loop inclined wick
solar still (CLIWSS) with an additional heat storage
reservoir to address freshwater scarcity in remote
regions. The CLIWSS operates in a closed loop,
continuously feeding warm water back into the still. A
thermal model of the CLIWSS was developed and
validated, showing enhanced freshwater productivity
compared to a typical Inclined Wick Solar Still
(IWSS). For Jodhpur, India, the CLIWSS achieved a
maximum hourly freshwater productivity of 1.025
L/m?/h in May and 0.556 L/m*h in December. The
total daily freshwater productivity for summer and
winter was 8.432 L/m? and 3.618 L/m?, respectively,
representing increases of 115% and 98% compared to
conventional IWSS. The CLIWSS offered a
competitive and cost-effective solution for solar
desalination in India, particularly for remote and small
communities, according to the authors. They also
conducted a similar study on a closed loop inclined
wick solar still augmented with an external bottom
reflector (CLIWSSR) (Somwanshi & Shrivastav,
2024). The daily freshwater productivity of the
CLIWSSR in a typical winter day in Raipur,
Chhattisgarh, India was 6.106 kg/m?, whereas the that
of the CLIWSS in the same day was 5.047 kg/m?, that
is, an increase of 21%.
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Ahmed et al. (H. Ahmed et al., 2022) designed and
studied a solar still modified with a corrugated
absorber plate and PCM. As a result, the freshwater
productivity of the solar still with PCM was 4.5 L/day
against 4.1 L/day for the solar still without PCM.

Sharshir et al. (Sharshir, Rozza, Joseph, et al., 2022)
carried out experiments on a new trapezoidal pyramid
solar still augmented with multi-thermal enhancers
such as hang wicks, glass cover cooling, solar
concentrators, and nanofluid (copper oxide, CuO).
The results showed freshwater productivity, energy
and exergy efficiencies of the system compared to
those of the conventional solar still were improved by
147.3%, 144.2%, and 275.5%, respectively. They also
conducted a similar study (Sharshir, Rozza,
Elsharkawy, et al., 2022), with TiOz-based nanofluid.
Freshwater productivities obtained were 7 L/m*day
and 3.08 L/m?/day for the modified pyramid and
traditional solar still, respectively, with daily energy
efficiencies of 83.8% and 37.87%.

Tuly et al. (Tuly et al., 2022) investigated an active
double slope solar still incorporating an internal
sidewall reflector, hollow circular fins, and
nanoparticle (Al203) mixed PCM. The maximum
freshwater productivity and maximum energy
efficiency achieved were 1.853 L/day and 21.56%,
respectively. Moreover, they noticed significant
improvements in freshwater productivity of 61.36%
and 92%, respectively, in the modified solar still with
pure PCM and that modified with nanofluid mixed
PCM, compared to that of the conventional solar still.

Algsair et al. (Algsair et al., 2022) conducted a
theoretical and experimental study on a drum solar still
augmented with a parabolic solar concentrator, PCM,
and nanoparticles coating. As a result, they obtained a
system energy efficiency of 72%, and the maximum
improvement in freshwater productivity noticed was
320% compared to that of the conventional solar still.

Despite these enhancement techniques, solar stills
have the disadvantage of having excess water in
evaporation chamber, i.e., the amount of water that
receives solar energy at each instant is much higher
than the evaporation rate. In fact, this increases the
time needed to reach optimal evaporation
temperatures and prevents optimal energy extraction
from the solar absorber, leading to an increase in
energy losses to the external environment and in
exergy destroyed (Welepe et al., 2022).

To resolve this issue, Welepe et al. (Welepe et al.,
2022) designed a new type of solar collector, named
humidifying solar collector, in which the amount of
water that receives solar energy at each instant equals
the evaporation rate. Then, they studied the
performance of a flat plate humidifying solar
collector-based solar still. As a result, freshwater
productivity, energy efficiency, and exergy efficiency
reached 2.9 kg/h, 73%, and 1.6%, respectively, under



900 W/m? of incident solar irradiance. As a conclusion
of their study, they stated important recommendations
to improve overall system performance. These were
the use of solar concentrators (parabolic trough,
parabolic dish, Fresnel mirrors) to increase the solar
irradiance received by the water to evaporate, and the
design of humidifying solar collectors from ETC to
decrease heat losses to the ambient environment.

This paper applies these recommendations or
performance enhancement techniques by designing
for the first time a parabolic trough humidifying solar
collector-based solar still (PHSC-SS), with an ETC as
heat collector element (HCE). Like in (Welepe et al.,
2022), the performance parameters that will be
investigated are energy and exergy efficiencies, dry air
mass flow rate required, and the maximum water flow
rate that can evaporate and saturate that air. The
system operates in a closed air cycle to recover the
energy contained in exhausted air from condenser. In
this condition, freshwater productivity equals
evaporated water flow rate.

Therefore, a theoretical investigation of the PHSC-SS
performance is carried out in the following. Its
thermodynamic model is developed and validated, its
performance is analyzed, then a comparison between
its freshwater productivity and those of some solar
stills previously designed and studied in the literature
is presented.

METHODOLOGY
DESCRIPTION

AND SYSTEM

The PHSC-SS has fundamentally the same operating
principle as the flat plate HSC-SS. The difference is
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that the PHSC-SS uses a parabolic trough solar
reflector and ETC as absorber for improved
performance.

Hence, thin seawater droplets are sprayed uniformly
on the absorber, then heat up, evaporate, and saturate
the air passing through the HCE (Welepe et al., 2022).
The resulting moist air is directed to the condenser to
produce fresh water. Because the system operates in a
closed air/open water loop as illustrated in Figure 1,
and the sprayed water amount corresponds to the
maximal value that can evaporate and saturate the
incoming air flow rate, freshwater productivity equals
the evaporated water flow rate, which in turn equals
the sprayed water flow rate since there is no liquid
water discharge from HCE.

Note that this control can be achieved by an external
electronic circuit and sensors, which control the values
of water and air flow rates circulating in the system,
and then command water pumps and air blowers.
These values are dynamically provided by the
resolution of thermodynamic equations in section 3.

Energy and exergy equations will be solved in the
Engineering Equations Solver (EES) software. Some
thermodynamic and physical properties relations,
therefore, will be skipped since they are included in
the source code of this software.

Figure 1 presents the schematic diagram of the PHSC-
SS, which includes its main components (PHSC,
Condenser) and the circulation paths of air and water.
The numbers 1 and 2 on this figure represent the state
of air in the psychrometric chart (See Figure 5).

Saturated air

Fresh water

O

Parabolic Humidifying
Solar Collector (PHSC)

>

Dehumidifier /
Condenser

Figure 1. Schematic diagram of the PHSC-SS operating in closed air/open water loop. Adapted from (Welepe et al., 2022).

Figure 2 presents the longitudinal section view of the
PHSC’s HCE, with the heat and mass transfer
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mechanisms occurring inside and around it. This helps
in establishing energy balance equations of Section 3.
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Figure 2. Longitudinal section view of the HCE of the PHSC: Heat and mass transfer mechanisms occurring inside and
around it. Adapted from (Forristall, 2003; Padilla et al., 2011; Welepe et al., 2022; Yilmaz & Mwesigye, 2018).

Figure 3, like Figure 2, shows the heat and mass particularly useful in system thermodynamic analysis,
transfer mechanisms occurring inside and around the as unlike Figures 2 and 3, it simplifies the
PHSC’s HCE, but in a cross-sectional view, to representation of heat and mass transfer mechanisms,
enhance the representation of the system. Figure 4 and therefore energy balance equations.

depicts the thermal circuit of the PHSC’s HCE. It is
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Figure 3. Cross-sectional view of the PHSC: Heat and mass transfer mechanisms occurring inside and around it. Adapted
from (Forristall, 2003; Padilla et al., 2011; Yilmaz & Mwesigye, 2018).
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Figure 4. Thermal circuit of the PHSC. Adapted from (Forristall, 2003; Padilla et al., 2011).

As for Figure 5, it shows the psychrometric path
followed by air in the PHSC-SS, operating in closed
air/open water loop. In this operating scenario, air
remains saturated and follows the path 1-2-1, state
1 being the desired initial state of air at the HCE
inlet, and state 2 being the desired state of air at the
HCE outlet.

Path 1-2: heating and humidification of air in the
HCE.

Path 2-1: cooling and dehumidification of air in the
condenser (direct contact condenser), with
freshwater production by water vapor condensation.

To investigate the performance parameters of this
system, its thermodynamic analysis must be carried
out.
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Figure 5. Air path in the PHSC-SS operating in closed air/open
(FlyCarpet, 2021; Welepe et al., 2022).
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water loop on the psychrometric chart. Adapted from



THERMODYNAMIC ANALYSIS
Assumptions

The following assumptions are considered:
According to Forristall (Forristall, 2003), for short
parabolic solar collectors (less than 100 m in
length) a 1D energy balance gives reasonable
results.

The pressure in the system is equal to atmospheric
pressure. Since the system operates in a closed
loop, and therefore, the internal pressure is
controllable, especially under laminar air flow
conditions.

Thin water droplets sprayed into the HCE adhere
to absorber surface, heat up to absorber
temperature (since water depth in the HCE is
negligible), and evaporate into the flowing air.

No water droplet is carried away by the air stream,
meaning that the proportion of the water mass flow
rate that reaches the absorber to the total sprayed
water mass flow rate equals 1.

Energy analysis of the PHSC-SS
Energy balance equations

- Energy balance equation of glass envelope

. . . . . e =
Qe,abs + Qa—e,rad + Qa—e,conv - Qe—sky,rad + Qe—amb,conv ae (ea

- Energy balance equation of absorber

Qa,abs = Qa—?,rad + Qa—e,.conv + (2)
Qa—f,conv + Qa—f,evap + Qbracket,cond

Qu—fevap = Quapor — Quiquia 3
- Energy balance equation of air flow in the PHSC
Qs = Qa-r.conv *+ Quapor @
Expressions of heat transfer mechanisms
Solar energy absorption

This heat transfer mechanism is expressed as
follows(Padilla et al., 2011):

Qeavs = PrY@K(@D@M)AE, with A=al (5

Qa,abs = noptK(i)go(i)AE: with Nopt = (6)
PrY (Te@a)n

Duffie and Beckman (Duffie & Beckman, 2013)
recommend the value (7,a,), = 1.017,a,.

In this study, K(i) = 1 and ¢(i) = 1 as assumed in
(Padilla et al., 2011). The factor y is the product of
effective optical efficiency terms as given below
(Padilla et al., 2011):

Their values are presented in Table 1.

6
Y = 1_[%'
i=1

Indeed, these factors are optical imperfection factors.

O]

Table 1. Effective optical efficiency terms (Forristall,
2003; Padilla et al., 2011).

Factor and optical properties Symbol | Value
. Luz black e 0.974
HCE shadowing chrome
Luz cermet Y1 0.971
Twisting and tracking error Y2 0.994
G@ometry accuracy of the collector va 0.980
mirrors
Mirror clearness Ya 0.950
Dirt on HCE ¥s 0.980
Miscellaneous factor Ye 0.960
Clean mirror reflectivity Or 0.935

Radiation

The below expressions are used (Yunus A. Cengel,

2011):

Qa—e,rad = eaeAa,extO-(T; - T:), with

1

+ (1_96) (da,ext
€e deint

)

(8)
M

Qe—sky,rad = eesAe,extG(Te4 - Ts%cy)s with )

€es = €¢

Tgiey = 0.0552 x Tg-> for a cloudless sky
(Evangelisti et al., 2019).

(10)

Many relations of sky temperature exist. But in
general, it doesn’t have a great effect in solar collector
performance, unlike in radiative cooling as a passive
cooling method where it has a significant effect
(Duffie & Beckman, 2013). The radiative properties of
different HCEs are given in Table 2.

Table 2. Radiative properties for different HCEs (Forristall,

2003).
Envelope Coating Coating
. transmittance | absorptance emittance
Selective
coating @ @
100 400
°C °C
Luz black 0.935 0.94 0.11 | 027
chrome
Luz cermet 0.935 0.92 0.06 0.15
Solel
UVAC 0.965 0.96 0.07 0.13
cermet a
Solel
UVAC 0.965 0.95 0.08 0.15
cermet b
Solel
UVAC
cermet avg 0.965 0.955 0.075 0.14
(average
values)
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In this work, the Solel UVAC cermet avg is considered
as the HCE of the PHSC-SS, with coating emittance at
100 °C.

Convection
Convection in annulus

The annulus is filled with air under vacuum. The use
of an evacuated annulus aims to minimize convective
and conductive heat losses. Therefore, vacuum
pressure must correspond to the free molecule regime
or near free molecule conditions, i.e., approximately
0.0001 Torr (0.013 Pa) (Forristall, 2003; Padilla et al.,
2011). In this case, convective heat transfer in the
annulus is expressed as follows (Forristall, 2003;
Padilla et al., 2011; Yilmaz & Mwesigye, 2018):

haeAa,ext (Ta - Te) (1 1)

Qa—e,conv =

hee =kys/(A+B), A=

O'Sda,ext ln(de,int/da,ext)’ B = (12)
ba ((de,int/da,ext) + 1)
2-a Iar-s
b=(5) Gmp) T=a/a (13)
1.38x10723xXTge _
A= V282P Tae - (14)
(To +Te)/2

The coefficient @ ranges from 0.01 to nearly 1. For
most gas—solid interactions the value a = 1 could be
assumed in the absence of relevant information; and
for air, § = 3.66 X 1071% m (Padilla et al., 2011).

Convection between the envelope and the ambient
environment (Forristall, 2003; Padilla et al., 2011)

Qe—amb,conv = hwindAe,ext (Te - Tamb) (15)

The expression of h,,;,4 depends on ‘wind’ and ‘no
wind’ conditions (Forristall, 2003; Padilla et al.,
2011). In this study the value 10 W/m?.K is considered
as an average value for free convection (Forristall,
2003; Padilla et al., 2011).

Convection between absorber and air (Yunus A.
Cengel, 2011)

Qa—f,conv = haan,int(Ta - Tf)’ with (16)
Aa,int = T[da,intL

har = kNu/dg i, a7

Nusselt, Reynolds, and Prandtl numbers are needed in
evaluating h .

Re = 1iedg ine/ A, e = m(1+ w), (18)
Ay =mdZ ;,;/4  (Yunus A. Cengel, 2011)

The expressions of Nusselt number for short pipes are
given as follows (Kakag et al., 2012):

Nu = [3.66% + 1.613(PeD,,/L)]*/3, Pe= (19)
RePr, for laminar air flows (Re < 2300)

Nu = Nuoo[l + (Dh/L)2/3], for turbulent (20)
air flows

The expression of Nu,, is (Kakag et al., 2012; Yunus
A. Cengel, 2011):

(f/8)(Re — 1000)Pr

Nie = 127 (7 /8)05 (Pro/s — 1)

ey

With 3 x 103 < Re < 5 x 10° and 0.5 < Pr < 2000
(Yunus A. Cengel, 2011). This relation can also be
considered valid for 2300 < Re < 10* (Kakag et al.,
2012).

The value of f can be evaluated from (Yunus A.
Cengel, 2011):

1.11
L = _18log [6—'2 + (S/Dh) ] (22)

Conduction

To be maintained at the focal point of parabolic
reflectors, HCE is supported by support brackets. This
contact leads to conductive heat loss to the ambient
environment. To express it, each support bracket is
considered as an infinite fin, whose perimeter is
0.2032 m, cross-sectional area is 1.613 X 10~* m?,
with a thermal conductivity of 48.0 W/m.K (plain
carbon steel at 600 K) as described in (Forristall, 2003;
Padilla et al., 2011). In this case the expression of
Qpracket.cona 1S given as (Forristall, 2003; Yunus A.
Cengel, 2011):

Qbracket,eond = nypy hpPpkpAp(Tpp —
Tymp) With Tpp =T, —10 (Forristall,  (23)
2003), hy = hyina
To determine the number of support brackets, it should
be considered that there is a support bracket at each
end of every HCE, i.e., about every 4 m of HCE’s
length (Forristall, 2003).
Evaporation and enthalpy variation of moist air

These heat transfer mechanisms are expressed as
follows (Yunus A. Cengel, 2011):

Qf = m(h, — hy) (24)

Qu-f evap = Mwa (hg@Ta - hf@Twa), with (25)
Myq = m(wz - w1)

Qvapor = mwahg@Ta (26)

Qliquid = mwahf@Twa (27)



System energy efficiency

The expression of the energy efficiency of the HCE
is:

_ Mhy=(Mhy+1wahrary,,)
= = =
m[hy—h1—(W2—w1)hfaT,,q]
AE

(28)

,A=aXL

Exergy analysis of the PHSC-SS

The expression of the exergy of moist air per unit
mass of dry air is (Bejan, 2016):

Y = (cpa + )T, (—T" 1-1 —T")
i — \C w;C —1—1In
i pa i“pv)f0 TO TO

P.
+ (1 +@&)R,T, 1np—’
5 0 (29)
~ 1 Wi
+ RaTO ((l)l’ lna_o
1+ @,

1+®;)]1
+( +wl)n1+w

)

@; = 1.608w;, @, = 1.608w,, i€ {1,2}

i

The dead state is that of the outside air and the pressure
in the system is considered equal to atmospheric
pressure (see paragraph 3.1. for assumptions), i.e.,
Pi = Po.

On the other hand, the expression of exergy of liquid
water per unit mass is (Bejan, 2016):

Ywa = hf(Twa: Py) — hg (To, Pvo)
- TO (Sf (Twa: PO)
— Sy (TOJ pvo))

(€2))

The expression of the exergy rate from the sun is given
as (Ge et al., 2014; Jafarkazemi & Ahmadifard, 2013;
Kalogirou et al., 2016; Sadaghiyani et al., 2018):

Gl
TS
The expression of the exergy efficiency of the HCE
is (Bejan, 2016):

1

3

. . 4T,
E,=AE(1-=2+

3T, (32)
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nex,ps
exergy rate obtained (output)

= (33

sum of provided exergy rates (input) )
i,

Eex + mwalpwa + mlpl

MODEL VALIDATION

The operating principle of the flat plate HSC, as well
as its thermodynamic analysis and model were
detailed and validated in (Welepe et al., 2022). The
same thermodynamic analysis was applied to the
analysis of the PHSC. Moreover, all the specificities
related to the HCE of PHSC, which have been
modeled and validated in (Forristall, 2003; Padilla et
al., 2011), have been scrupulously respected and their
thermodynamic model applied. Consequently, it can
be stated that the thermodynamic model of the PHSC
used in this work is also valid and will provide reliable
results. Nevertheless, it is still useful to check whether
the current model follows the well-known
thermodynamic law that depicts the evaporation of
water from the absorber of HCE into air. That law is
named Fick’s law and leads the mass transfer by
diffusion. In this study, it is about water diffusion into

aitr. (30)

Although there are some simplification formulae of
Fick’s law, all derive from the following expressions
(American Society of Heating Refrigerating and Air-
Conditioning Engineers Inc. (ASHRAE), 2021;
Lienhard IV & Lienhard V, 2020; Yunus A. Cengel,
2011):

hmass = DABSh/Dh (34)

Sh is derived from the relations of Nu by substituting
Pr with Sc.

SC:Vf/DAB (35)
Dap = Dy,o—air = 1.87 X

10_1°(Tf2'072/P) (36)
mwa,Fick!slaw = hmass (pwa,a (37)

- pvapor,f)Aa,int

Pwaw and p,. are evaluated at saturation state
(Welepe et al., 2022).

Figures 6, 7, and 8 present the comparison results of
freshwater productivities obtained from the current
model and Fick’s law, for an incident solar irradiance
of 900 W/m?2, 600 W/m?, and 300 W/m?, respectively.
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Figure 6. Comparison of freshwater productivities obtained from the current model and Fick’s law, for E = 900 W /m?2.

yq 210% E.: 600W/m?,y = 1, Tya = 20°C
A Y

N\

32 N |

~,
"~
B e S —

Mwa(kg/s)

27 —T1 =25 °C, Current model
4 - = :T1=25°C, Fick's law
267 —+—T1 =70 °C, Current model |
&4 —-—--T1=70 °C, Fick's law
2.5 ' : ' ! : * :
0 10 20 30 40 50 60 70 80

AT=T,-T, (°C)

Figure 7. Comparison of freshwater productivities obtained from the current model and Fick’s law, for E = 600 W /m?2.
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Figure 8. Comparison of freshwater productivities obtained from the current model and Fick’s law, for E = 300 W /m?2.

In these figures, laminar and turbulent flow effects
can be distinguished. Laminar and turbulent parts
are separated by a jump or a sudden change of
values (for instance, at AT =31 °C in Figure 6).
Turbulent regime corresponds to the smallest AT
values, i.e., before the jump, while laminar regime
corresponds to largest AT values, i.e., after the
jump. These figures show a good fit between the
model of the HCE developed in this work and that
of Fick’s law. The discrepancies are acceptable for
this study. This is justified by the fact that, although
the study is theoretical, it is based on systems,
models, and equations that have been studied and
validated in earlier works [21,113,114].

RESULTS AND DISCUSSION
Performance analysis of the PHSC

Curves of performance parameters

Table 3. Dimensions of the PHSC and other quantities.

The performance parameters investigated are
energy and exergy efficiencies, the required dry air
mass flow rate and the maximum water mass flow
rate that can be evaporated, i.e., to be sprayed on
absorber. Table 3 presents the dimensions of the
PHSC, and other quantities needed to carry out the
study.

The investigation is performed following three
parameters which are the most important ones that
can affect system performance. These are the
incident solar irradiance (900 W/m?, 600 W/m?, 300
W/m?), air temperature at the HCE inlet (25 °C, 40
°C, 55 °C, 70 °C), and air temperature variation
between HCE inlet and outlet (1 to 74 °C, outlet
temperature being less than 100 °C).

All equations were solved in EES software, and the
curves of performance parameters were plotted in
MATLAB software. Figures 9 — 14 present these
curves.

Quantity Value (m) Quantity Value (m) Quantity Value
dgext 0.097 [ 0.117 n, 2

dgint 0.095 a 1 Tomb 25°C
Ao oxt 0.121 L 2 Twa 20 °C
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Figure 9. Performance of the PHSC for E = 900 W /m?. a) Energy efficiency, b) Exergy efficiency.
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Figure 10. Performance of the PHSC for £ = 900 W /m?. a) Required air mass flow rate, b) Water mass flow rate to be
sprayed.
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Figure 11. Performance of the PHSC for E = 600 W /m?. a) Energy efficiency, b) Exergy efficiency.

176



—T1=25°C
- —.T1=40°C
—-—=T1=55°C
——T1=70°C

m(kg/s)

-~

<104 E=600W/m?,y=1,T,, = 20°C

3.2
3.1 H mem
--i\—-"—-— -
w -
= i -
> 29 —T1=25°C
= - —:T1=40°C
£28 —===T1=55°C|]
23 ——T1=70°C
27
2.6
2.5
0 10 20 30 40 50 60 70 80
AT =T,-T,(C)
b)

Figure 12. Performance of the PHSC for E = 600 W /m?. a) Required air mass flow rate, b) Water mass flow rate to be

.\~~-~ ~ o~ — -
20 30 40 50 60
AT=T,-T,(°C)
a)
sprayed.

E = 300W/m?,y = 1, Ty, = 20°C

70 . . . . . : :
—T1=25°C
& - = T1=40°C
) —-==T1=55°C
68\ —+—T1=70°C

E=300W/m2,y=1,T,, = 20°C

60
—T1=25°C
50 H = =:T1=40°C| 1
====T11=55°C
—+—T1=70"°C| |

(%)

ex

~, -
e e e e e e =

63 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
AT=T,-T, (C) AT=T,-T, (°C)
a) b)
Figure 13. Performance of the PHSC for E = 300 W /m?. a) Energy efficiency, b) Exergy efficiency.
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Figure 14. Performance of the PHSC for E = 300 W /m?. a) Required air mass flow rate, b) Water mass flow rate to be

sprayed.

From these curves, the effects of solar irradiance,
airflow regime and air temperatures are noticeable
and presented in the following sections.
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Effect of solar irradiance

All performance parameters increase with solar
irradiance. However, the increase in energy and
exergy efficiencies is slight, i.e., a maximum
difference of about 4% and 0.3% respectively,
between E =300 W/m? and E =900 W/m?2.



Note that, these are efficiencies (percentages) not
the values of useful energy and exergy which, on
the other hand, significantly increase with solar
irradiance. Whereas air and water mass flow rates
almost triple from E = 300 W/m? to E = 900 W/
m?, i.e., almost by a proportionality ratio of solar
irradiance.

This slight variation of energy and exergy
efficiencies with solar irradiance is due to vacuum
in the annulus of HCE, the use of low emissivity
absorber and glass envelope, and water evaporation
from absorber surface which minimizes absorber
temperature. In fact, these efficiency enhancement
techniques allow approaching the lowest levels of
heat losses and exergy destroyed, i.e., system
performance limit, whose percentages, therefore,
remain practically constant with the variation of
solar irradiance. Consequently, since air and water
flow rates carry useful energy and exergy, there is a
significant increase in their values with solar
irradiance.

In contrast, for the flat plate HSC, all these
performance parameters increase significantly with
solar irradiance (Welepe et al., 2022).

Effect of airflow regime

The effects of laminar and turbulent airflow regimes
can be observed on the curves of water mass flow
rate to be sprayed and energy efficiency, i.e.,
Figures 10, 12, 14. Laminar and turbulent parts are
separated by a jump or a sudden change of values.
Turbulent regime corresponds to the smallest AT
values, i.e., before the jump, while laminar regime
corresponds to largest AT values, i.e., after the
jump. The jump region corresponds to the transient
regime. For example, for T; = 25°C, energy
efficiency decreases with AT for turbulent airflow
regime and increases for laminar airflow regime.

Furthermore, larger values of the water mass flow
rate to be sprayed, which is equal to the evaporated
water mass flow rate and the freshwater
productivity, correspond to the smaller air mass
flow rates, and therefore to a laminar air flow. This
result is opposite to that of the flat plate HSC-SS
studied in (Welepe et al., 2022). It is particularly
important because it shows that the PHSC-SS does
not need to operate with a turbulent airflow regime
to produce higher amounts of fresh water, unlike the
flat plate HSC-SS. A laminar regime is sufficient
and necessary, allowing to process reduced air mass
flow rates. Therefore, the condenser size of the
PHSC-SS can be much smaller than that of the flat
plate HSC-SS. In addition, smaller air mass flow
rates reduce mechanical vibrations of the system
and energy consumed by air blowers.
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This analysis shows that the upper limit of
freshwater productivity of the PHSC-SS is reached
when air mass flow rate equals zero, i.e., with
absorber temperature at least equal to water boiling
point to cause direct evaporation of sprayed water
droplets by ebullition. Thus, the upper limit of the
PHSC-SS is a PHSC-SS operating without air flow,
rather by ebullition and evaporation of water
droplets from absorber, and suction of the resulting
water vapor to condenser.

Thus, this system is similar to a flash evaporation-
based desalination system like the multi-stage flash
(MSF) system which is a well-known indirect solar
water desalination technology. But, with the
difference that in the upper limit of the PHSC-SS,
water receives solar energy in the evaporation
chamber (the HCE), whereas in the MSF system it
receives heat in a heat exchanger before entering the
evaporation chamber. This remark can justify why
indirect solar desalination technologies so far offer
higher freshwater productivity than that of direct
solar desalination technologies.

Effect of air temperatures

For a given inlet temperature of air (T;, temperature
at HCE inlet), air and water mass flow rates
decrease and increase, respectively, with its outlet
temperature (T,, temperature at HCE outlet). On the
other hand, for a given outlet temperature of air,
both increase with its inlet temperature. However,
for high values of inlet temperature of air (from
T, = 55° C) water mass flow rate slightly varies to
become almost constant. But a small increase is still
beneficial since it is the desired product. Therefore,
an inlet air temperature more than 55 °C should be
chosen.

This point shows that to obtain higher freshwater
productivity, the system must operate with high
values of inlet and outlet temperature of air.
However, these temperatures must be less than the
water boiling point, i.e., 100 °Cat atmospheric
pressure, to remain within the validity conditions of
the system operating principle and its
thermodynamic model.

Combined effects of airflow regime and air
temperatures

For a given inlet temperature of air (T}), its outlet
temperature (T,, corresponding to its temperature at
the condenser inlet) for a turbulent airflow regime
is less than that of the laminar airflow regime. As a
result, with a turbulent airflow regime,
condensation of water vapor will be more difficult,
since heat extraction from air in condenser strongly
depends on the temperature difference between air
and cooling water. For instance, with a cooling
water at 20°C in condenser, the heat transfer with a



saturated air at 70°C is higher than that with a
saturated air at 40°C. That is, the condensation rate
of water vapor from the saturated air at 40°C is less
than that from the saturated air at 70°C.

Moreover, whatever the airflow regime, system
energy and exergy efficiencies range from 64.9 to
70.2% and from 3.1 to 15.1%, respectively. Unlike
the flat plate HSC-SS, whose energy efficiency
ranged from 28 to 73%, and whose values of more
than 64.9% (minimum value for the PHSC-SS)
were only obtained with highly turbulent air flows
(Welepe et al., 2022).

Note that although turbulent air flows induce better
energy efficiency and freshwater productivity in the
flat plate HSC-SS, they involve higher air flow rates
than the laminar airflow regime, leading to more
mechanical vibrations of the system, more energy
consumed by air blower, and larger condenser.

Additionally, they imply low air temperatures at the
HSC outlet (condenser inlet), which can make
difficult the water condensation process. Unlike
laminar air flows in PHSC, which lead to higher air
temperatures at the HCE outlet and thus condenser
inlet, as shown in Figures. 9a, 11a and 13a.

Furthermore, whatever the airflow regime, exergy
efficiency of the flat plate HSC ranged from 0.62 to
1.6% (Welepe et al., 2022), i.e., significantly lower
than that of the PHSC (3.1 to 15.1%)).

Therefore, the PHSC-SS must operate with a
laminar airflow regime and high inlet and outlet
temperatures of air in HCE to achieve optimum
overall performance. Moreover, with a laminar
airflow regime, the assumption that no water
droplet is carried away by the air stream is more
plausible since air flow rates are low.

COMPARISON BETWEEN THE
FRESHWATER PRODUCTIVITY OF THE
PHSC-SS AND THOSE OF SOME DIRECT
SOLAR DESALINATION SYSTEMS IN THE
LITERATURE

For a reliable result, the comparison is performed as
described in (Welepe et al., 2022), i.e., for all
systems, by using a proportionality ratio, freshwater
productivity is estimated for the same total energy
received chosen as base of calculations. This base
of calculations considers incident solar energy and
secondary heat sources employed for heating water
and air. Omitted from the calculations is the

mechanical energy generated by water pumps, air
blowers, and other devices, as the pertinent values
were not available in the scrutinized articles.

The base of calculations is the aggregate solar
energy received per unit time by 2 m? of parabolic
trough reflectors operating under 900 W/m? of solar
irradiance, i.e., equivalent to1800 W (Welepe et al.,
2022). The result of calculations is summarized in
Table 4. In that table, the terms SAH-HDH, SWH-
HDH, and SAH/SWH-HDH mean solar air heater-
based HDH solar desalination system, solar water
heater-based HDH solar desalination system, and
solar air and water heaters-based HDH solar
desalination system, respectively (Welepe et al.,
2022).

Freshwater productivity of the PHSC-SS is
estimated for E =900 W/m?, T, =70°C and
AT = 20 °C (i.e., T, = 90 °C). Since it operates in
a closed-air loop, and there is no liquid water
discharge from HCE, amounts of water sprayed,
evaporated water and condensed water (fresh water)
are equal. Therefore, its freshwater productivity in
kg/s can be read from Figure 10b. Its value in kg/h
is given in Table 4.

Note that, in Table 4, the unit of values in column
“Average freshwater productivity (kg/m?.h)” is
kg/m?.h. However, since in some articles that have
been reviewed, the total area of solar absorber plus
reflectors was not provided, the unit kg/h is used
and mentioned near the corresponding values.

The freshwater productivity of PHSC-SS is higher
than those of most previous direct solar desalination
systems.

Among systems having higher freshwater productivity

than the PHSC-SS, there are:
HSC-SS, with Tci = 27°C and Tco = 20°C.
Although in this operating condition the system
has higher freshwater productivity, it should be
noted that it operates with turbulent air flows or
higher air flow rates (0.1 kg/s in the HSC-SS
against 0.00042 kg/s in the PHSC-SS for optimal
performance), which imply low air temperatures at
condenser inlet which make difficult the water
condensation process and impose the use of an
auxiliary cooling device. Since the current
condenser operates with ambient water. This also
leads to more mechanical vibrations of system,
increase condenser size, as well as energy
consumed by air blowers.

Table 4. Comparison of freshwater productivities of the PHSC-SS and some direct solar desalination systems in

the literature (Welepe et al., 2022).



Average

. Average Average Average freshwater
incident Vi
Type of total freshwater productivity for a
Authors solar . g Remarks
system irradiance energy productivity(k | total energy input of
. 2
(W/m?) input (W) g/m*.h) 1800 W (kg/h)
Ghandourah et SS 700 700 0.5 (kg/h) 1.29 Pyramid solar still with corrugated
al. (Ghandourah absorber plate.
etal., 2022)
Algsair et al. SS 750 - 0.954 - Use of parabolic solar
(Algsair et al., concentrator, PCM, and
2022) nanoparticles coating.
Saeed et al. SS 750 - 0.915 - Use of corrugated drum and nano-
(Saeed et al., based phase change material.
2022)
Tuly et al. (Tuly SS 400 415 0.206 (kg/h) 0.89 Active double slope solar stills
etal., 2022) incorporating internal sidewall
reflector, hollow circular fins, and
nanoparticle mixed PCM.
Ahmed et al. SS 480 507.36 0.19 (kg/h) 0.674 Utilization of a corrugated
(H. Ahmed et absorber plate and phase change
al., 2022) material
Essa et al. (F. SS 656.75 - 0.5 1.096 Utilization of external mirrors to
A. Essa, enhance solar energy absorption.
Abdullah, et al.,
2021)
Essa et al. (M. SS 682.41 - 0.48 1.270 Incorporation of an ETC with
A.Essaetal., internal porous material
2021) functioning as fins, facilitating the
heating of water.
Abed et al. SS 592.5 959.11 0.4 0.461 Integration of an external SWH
(Abed et al., along with four high-frequency
2021) ultrasonic vaporizers.
Al-Otoom SS 852.4 1278.6 4.113 8.684 Implementation of a rotating belt
and Al- featuring black painted aluminum
Khalaileh (Al- lips and a kaolin solution
Otoom & Al- (hygroscopic solution) within the
Khalaileh, system.
2020)
Bahrami et al. SS 900 - 0.93 0.930 Deployment of a parabolic dish
(Bahrami et al., solar collector. Operates with
2019) boiling water.
Shafii et al. SS 890.88 0.54 1.091 Implementation of an ETC
(Shafii et al., featuring stainless-steel wool
2016) embedded within the tube for
water heating.
Elminshawy et SS 572.5 1687 2.75 2.939 Integration of 1000 W electric
al. (Elminshawy water heaters, complemented by
etal., 2015) external mirrors.
Abdelazizetal. | SWH/ 775 3276 0.858 (kg/h) 0.471 Incorporation of an ETC as SWH,
(Abdelaziz et SAH- with high-frequency ultrasonic
al., 2022) HDH humidifier.
Alrbai et al. SWH- - - 3.85 (kg/h) - Deployment of an ETC as a SWH,
(Alrbai et al., HDH coupled with a water fogger in
2022) both the humidifier and

dehumidifier.
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Mohamed SWH- - 5003 6.99 (kg/h) 2.515 Combination of ETC, insulated
etal. (A.S. A. HDH tank, auxiliary electric heater.
Mohamed et al.,
2021)
Rahimi-Ahar et SAH- 1123 3930.5 1.8 (kg/h) 0.824 Vacuum pump to decrease
al. (Rahimi- HDH humidifier pressure, and promote
Abhar, water evaporation. Incorporation
Hatamipour, of an ETC as a SWH, paired with
Ghalavand, et a flat plate solar collector.
al., 2020)
Zubair et al. SWH- - - 0.87 - ETC is utilized as SWH.
(Zubair et al., HDH
2017)
Deniz and Cinar SAH- 730.56 2483.9 - 0.439 Flat plate SAH and flat plate
(Deniz & Cinar, HDH SWH are used.
2016)
SWH- 692.5 1385 1.091 2.836 ETC is utilized as SWH
HDH
SS 692.5 775.6 0.464 1.207 Hot brine exhausted from a HDH
. system is used.
Sharshir et al.
(Sharshir, Peng, . .
etal, 2016) SS 692.5 775.6 0317 0.823 A conventional solar still
Hybrid 692.5 2160.6 0.474 1.233 ETC is utilized as SWH in the
SS-HDH HDH system. Solar still is fed
with hot brine exhausted from
HDH system.
Welepe et al. 900 1800 0.535 1.07
(Welepe et al.,
2022)
Tei=29°C
Teo = 25 °C SA Asg/oo;h duc]t]—sllapc?d ﬂatdplate
solar collector is used.
HSC-SS Without fins, auxiliary heat
Welepe et al. 900 1800 1.462 2.923 sources, or solar concentrators.
(Welepe et al.,
2022)
Tei=27°C
Tco=20°C
Present study PHSC-SS 900 1800 0.848 1.697 Use of an ETC and parabolic
trough reflectors, without fins and
auxiliary heat sources.

The solar still designed by Al-Otoom and Al-
Khalaileh (Al-Otoom & Al-Khalaileh, 2020). In
this system, heat transfer is increased by fins, and
by a rotating belt which brings mechanical energy
not considered in the evaluation. This system also
uses a duct-shaped flat plate solar collector like in
the HSC-SS and thus should require much more air
flow rates than the PHSC-SS, leading to the
consequences evoked in the first point.
SWH-HDH. These systems used an ETC as
SWH. That is, solar energy is only concentrated
in water with fewer energy losses. Thus, the
outcome can be justified by the fact that the
amount of evaporated water is commensurate
with the energy received by liquid water.
However, larger water and air quantities are
pumped, that is, larger electrical and mechanical
energies are required by circulation pumps and
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air blowers. In addition, these systems generally
use higher number of HCE (more than one), plus
a separate humidification chamber (humidifier)
that make them more cumbersome. Whereas,
only one HCE is used in the PHSC-SS, and also
serves as the system’s humidifier.

The greatest advantage that PHSC-SS has in front of
those systems is that it operates with laminar air flows,
i.e., with lower air flow rates. This leads to higher air
temperatures at condenser inlet, which eases the water
condensation  process, decreases mechanical
vibrations of system, and lowers condenser sizes and
energy consumed by air blowers.

In addition, PHSC-SS can operate with high air
temperatures at HCE inlet (T, = 70 °C for instance).
Indeed, since cooling water temperature must be lower



than air temperature at condenser outlet, i.e., HCE
inlet, high air temperature at HCE inlet allows a wide
range of cooling water temperatures in condenser. For
instance, for T; = 70 °C, temperature of cooling water
in condenser must be less than 70 °C, while it must be
less than 20 °C in HSC-SS since Tco = 20 °C, and
equal to or less than the ambient temperature in most
desalination systems.

Furthermore, for equal air temperatures at condenser
inlet, equal cooling water temperatures in condenser,
and equal air flow rates to be cooled, the water
condensation process in PHSC-SS will require less
cooling water quantity or flow rate than other
desalination systems, and therefore less energy
consumed by cooling water pump, since in PHSC-SS,
air temperature at condenser outlet can be much higher
than that of air at condenser outlet of other desalination
systems, with optimal system performance.

Finally, since there is no water exhausted (brine) from
the HCE, salt grains will crystallize on absorber
surface and thus, negatively impact the performance
of the PHSC-SS. Nevertheless, this can be resolved by
a regular cleaning of the HCE, water-based cleaning
particularly, which is part of system maintenance.

CONCLUSION

The recommendations of the study carried out by
Welepe et al. (Welepe et al., 2022) on the flat plate
humidifying solar collector—based solar still (flat plate
HSC-SS) suggested that using solar concentrators
(parabolic trough, parabolic dish, Fresnel mirrors),
and designing humidifying solar collectors from
evacuated tube collectors, could be very interesting
deals because these techniques are known to
significantly improve overall system performance.
Hence, the purpose of the present study was to
implement  these  performance  improvement
techniques in a parabolic trough humidifying solar
collector-based solar still (PHSC-SS), and its
objective was to theoretically assess system
performance. The main results obtained can be stated
as follows:
Unlike flat plate HSC-SS, which must operate with
a turbulent airflow regime to achieve optimum
overall performance, PHSC-SS must operate with
a laminar airflow regime and high inlet and outlet
temperatures of air from the heat collector element
(HCE) to achieve optimum overall performance. In
addition, laminar airflow regime implies higher air
temperatures at condenser inlet, which ease the
water condensation process (thus freshwater
productivity), and lowers mechanical vibrations of
system, condenser size, and energy consumed by
air blowers as well.
Vacuum in annulus, low emissivity absorber and

glass envelope, and especially the newly
introduced enhancement technique (water
evaporation from absorber surface which
minimizes absorber temperature) allowed

approaching system performance limit, i.e., the
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lowest levels of heat losses and exergy destroyed
in the PHSC-SS, whose percentages, therefore,
remain practically constant with the variation of
solar irradiance. Consequently, since air and water
flow rates carry useful energy and exergy, there is
a significant increase in their values with solar
irradiance.

The upper limit of freshwater productivity of
PHSC-SS is reached when air mass flow rate
equals zero, i.e., with absorber temperature at least
equal to water boiling point to cause direct
evaporation of sprayed water droplets by
ebullition. That is, the upper limit of the PHSC-SS
is a PHSC-SS operating without air flow, by
ebullition and evaporation of water droplets from
absorber, and suction of the resulting water vapor
to condenser. Thus, it is similar to a flash
evaporation-based desalination system.

This last point introduces the future scope of this work.
It would be interesting to design and study such a
system, with attention to the effects of pressure
variation on its performance, since decreasing
pressure lowers water boiling point and therefore
promotes water evaporation.
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Abstract: Combustion stability in diesel engines is defined by cycle-to-cycle variations. In this study, effects of piston
coating and engine load on cycle-to-cycle combustion behavior were investigated in a diesel engine operated on gaseous
fuel mixture at different loads. Coated and uncoated piston tests under dual-fuel and single diesel modes were performed
at three different loads including 50 Nm, 75 Nm, and 100 Nm at a constant speed of 1750 rpm. The piston bowls were
coated by %8 yttria stabilized zirconia with the thickness of 0.4 mm. Dual-fuel mode is consisted of mixture of hydrogen
enriched synthetic biogas, with the percentage of 80% CHai, 10% COz, and 10% Hz. Main combustion parameters
(cylinder pressure with crank angle, peak cylinder pressure (CPmax), peak pressure rise rate (PRRmax), indicated mean
effective pressure (IMEP), CA10, CA50, CA90, and CA10-90 duration) were addressed in view of cyclic aspects. The
results showed that the piston coating was comparatively more effective in reducing the coefficient of variation (COV)
and standard deviation (SD) values of main combustion parameters, especially at low and medium loads. SD, frequency
distribution, and COVs of CPmax and IMEP were quite better at a medium test load of 75 Nm. The piston coating also
reduced COV of CP with crank angle under all tests. As increasing the engine load, cyclic samples of CPmax and PRRmax
enhanced and advanced for both diesel and dual-fuel modes. By the piston coating and engine loads, Cyclic CA10 and
CAS50 variations were slightly affected whereas cyclic CA90 were tremendously changed. Therefore, CA10-90 period
was importantly affected by piston coating and load. The highest relationship among the main combustion parameters
was between CPuax and PRRmax for both piston cases. In dual-fuel mode, a strong relationship emerged between IMEP
and CPmax at low load.

Keywords: Piston bowl coating, cycle-to-cycle variations, Common Rail Direct Injection (CRDI) diesel engine, biogas.

CIFT YAKITLA CALISTIRILAN BiR OHDE DIZEL MOTORDA YANMA
KARARLILIGI UZERINE PISTON KAPLAMANIN ETKIiLERi

Ozet: Dizel motorlarda yanma kararliligi cevrimden ¢evrime degisimlerle belirlenir. Bu caligmada, farkh yiikler altinda
gaz kanisimlariyla galistirilan bir dizel motorda gevrimden gevrime yanma davranislar {izerine piston kaplamanin ve
motor yiikiiniin etkileri arastirilmstir. 1750 d/d’lik sabit bir devirde, ¢ift-yakit ve dizel ¢alisma sartlarinda kaplamali ve
kaplamasiz piston testleri 50, 75 ve 100 Nm’lik {i¢ motor yiikii altinda yapilmistir. Piston ¢anagi 0.4 mm kalinlikta
yttria stabilize zirkonya ile kaplanmistir. Cift-yakit modu %80 CHa, %10 COz ve %10 Hz karisimdan olusan hidrojenle
zenginlestirilmis sentetik biyogazdir. Ana yanma parametreleri (krank agisina gore silindir basinci, pik silindir basinci
(Pmaks), pik basing artis orani (BAOmaks), ortalama indike basing (OIB), KA10, KAS50, KA90 ve KA10-90 siiresi)
cevrimsel agidan ele alinmistir. Sonuglar gostermektedir ki; piston kaplama ana yanma parametrelerinin g¢evrimsel
degisim katsayisi (CDK) ve standart sapma (SS) degerlerini azaltmada, 6zellikle diisiik ve orta yiiklerde oldukga
etkindir. SS, frekans dagilimi ve CPmaks ile OIB i¢in CDK degerleri 75 Nm’lik orta yiikte oldukga iyidir. Ayrica, tim
yiiklerde piston kaplama krank agisina gore silindir basincimin CDK degerlerini de azaltmistir. Motor yiikii artarken,
dizel ve gift-yakit calismalarinda Pmaks ve BAOmaks i¢in ¢evrimsel degerler artis gostermis ve daha erken olusmustur.
Piston kaplama ve motor yiikiiyle, KA10 ve KA50 parametrelerinin ¢cevrimsel degisimleri kiiciik mertebelerde iken
KA90 parametresinin ¢evrimsel degisimleri dnemli orandadir. Sonugta, KA10-90 siiresi piston kaplama ve motor
yiikiiyle birlikte 6nemli oranda degismistir. Ana yanma parametreleri arasindaki en biiyiik iligki her iki piston i¢in Pmaks
ve BAOmaks arasinda olmustur. Cift-yakit modunda, diisiik yiikte OIB ve Pmaks arasinda gii¢lii bir iliski ortaya ¢ikmuistur.
Anahtar kelimeler: Piston canag kaplama, ¢evrimsel degisimler, Ortak-hat direkt enjeksiyon (OHDE) dizel motor,
biyogaz.
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NOMENCLATURE

X Mean value

SD Standard deviation

cov Coefficient of variance
CRDI Common rail direct injection

PRRmax Maximum pressure rise rate [bar/°CA]

CPumax Maximum cylinder pressure [bar]

IMEP Indicated mean effective pressure [bar]

CA10 Crank angle when 10% of CHR
emerged

CA50 Crank angle when 50% of CHR
emerged

CA90 Crank angle when 90% of CHR
emerged

CA10-90 Combustion duration [°CA]

R Correlation coefficient

n Cycle number

CHs4 Methane

H> Hydrogen

ESR Energy substitution rate

LHV Lower heating value [kJ/kg]

m Mass flow rate [kg/h]

YSZ Yttria stabilized zirconia

TBC Thermal barrier coating

INTRODUCTION

Internal combustion engines (ICEs) are frequently used
for power producing, transportation, industrial
applications, shipping propulsion, generators, and
vehicles. Compression ignition (CI) engines are further
preferred than spark ignition engines due to high
efficiency, lower fuel consumption, and carbon-related
emissions. About two-third of energy produced in ICEs
is lost through coolant and exhaust systems. If heat loss
through cooling is reduced, not only thermal efficiency
can be increased, but also emissions can be reduced, and
fuel economy improved (Hazar et al., 2016; Assanis et
al., 1991).

Thermal barrier coating (TBC) of some engine
components makes this possible by reducing the heat
transfer from combustion chamber. Plasma spray method
shows simple operation and high preparation efficiency,
therefore used in most TBC applications. In ICE
applications, TBC is applied to engine components such
as pistons, valves, cylinder heads and exhaust manifolds
that are exposed to high-temperature combustion gases in
ICEs. Coated engine parts become more resistant to wear,
friction, heating, corrosion, and oxidation. TBC system
usually consist of two layers: bond and main coat
materials. The first is the bond layer, which protects the
substrate against oxidation and corrosion and also
ensures compatibility between the ceramic layer and the
substrate. The latter, with low thermal conductivity,
greatly reduces heat losses to surrounding sources. TBC
helped to extend the life of components in aircraft
engines and stationary gas turbines by reducing the metal
temperature (Schulz et al., 2003). The high combustion
temperature resulting from the thermal insulation of ICE
components can result in relatively higher thermal

efficiency and lower fuel consumption (Taymaz, 2007,
Selvam et al., 2018). Thanks to the thermal insulation of
the exhaust manifold, the heat carried by the exhaust
gases can also be used to further drive the turbocharger
turbine, which increases volumetric efficiency and
improves engine performance (Godiganur, 2021).
Reducing carbon dioxide (CO2) and hydrocarbon (HC)
emissions, and improvement in aftertreatment
performance by accelerating the catalyst light-off time
can be possible with the thermal insulation of combustion
chamber parts. Coating the walls of the combustion
chamber with materials with lower thermal conductivity
has been practiced since the 80s, but the results have not
always been satisfactory (Vittal et al., 1999). It is needed
to durable engine parts to resist higher temperatures
caused by TBC. On the other hand, the increase in NOx
emissions is high due to such high combustion
temperatures in the TBC engine (Hazar, 2010; Reddy et
al., 2021; Aydin, 2013). It is possible to reduce NOx
emissions by using the internal exhaust gas recirculation
(Shabir et al., 2014) or alternative fuels (Ozer et al.,
2021). All of them has partly prevented TBC technology
from becoming widespread.

Numerous materials such as yttria stabilized zirconia
(YSZ), silicon carbide, titanium, mullite, anodized
alumina, magnesium silicate, molybdenum can be used
for insulating the parts of combustion chamber in ICEs.
Research groups in academic environment are still
studying to obtain reasonable results by means of coating
the engine parts. The effects of piston coating with
different thicknesses of YSZ on the performance of
different CI engines were investigated (Selvam et al.,
2014; Sivakumar and Kumar, 2014; Goud et al., 2015).
Coating process was done by the plasma spray method,
and the used material had acceptable properties in view
of lower thermal conductivity, higher thermal expansion
coefficient, stable phase structure, and high Poission’s
ratio at elevated temperatures. Better thermal efficiency,
lower fuel consumption, and lower HC and CO emissions
were obtained in the engine with coated piston compared
to the standard engine. Temperature on the coated piston
was higher than that on the uncoated piston, and
thickness of the coating material on the piston was highly
important in view of temperature and thermal stress
distribution (Cerit and Coban, 2014). Hejwowski and
Weronski (2002) performed an experimental and
simulation study in a naturally aspirated CI engine used
different coating materials on the piston crown, which
were ZrO2, Al20s, and TiO.. Engine power and torque
respectively enhanced almost 8% and 6%, and brake
specific fuel consumption (bsfc) decreased about 15-20%
by the coated piston. Simulation findings demonstrated
that the optimum thickness of the coating material on
piston was below 0.5 mm, and the coating material with
aluminum-titania had the strongest corrosion resistance.
Ramasamy et al. (2021) compared the coating materials
on the piston of a CI engine fueled with diesel and
biodiesel. They emerged that the YSZ material gave
better results concerning the engine performance,
whereas A1203.S102 material showed lower emissions of
NO, COz, and CO for each fuel type. Similarly, Ali et al.



(2018) performed a numerical comparative study on the
effects of different ceramic materials (YSZ and TiO2)
applied on the piston surface on the performance of dual-
fuel engine. YSZ revealed promising results compared to
TiO2, which had higher indicated thermal efficiency,
lower bsfc, and higher exhaust gas temperature. Aydin et
al. (2015) carried out performance, emission and
combustion investigations in biomass fueled CI engine
whose piston and valves were coated with ZrO,, MgO,
and AlOs; materials. TBC improved bsfc and thermal
efficiency results. NOx emissions partially elevated but
HC, CO, and smoke emissions reduced with TBC
application. Cylinder pressure relatively enhanced for the
engine with coating parts. Civiniz et al. (2008) reported a
2% increase in engine power, and 1.5-2.5% increase in
engine torque, and 4.5-9% reduction in bsfc by coating
the piston, cylinder head, and valves of the test engine.
The NOx emissions enhanced by 10%, and the smoke
emission decreased by about 18% with the TBC
application. Experimental results with the piston coating
application can sometimes reveal contrary results to the
expected ones; for instance, lower indicated thermal
efficiency and higher soot values could be observed at
partial loads (Caputo et al., 2019), higher bsfc values
(Serrano et al. 2015), and lower NOx emissions (Ramu et
al. 2009; Lawrence et al. 2011).

Cyclic variations directly influence the engine
performance, emissions, combustion stability and engine
noise. Drivability viewpoint of the vehicles with a multi
cylinder engine might be closely related to cyclic
combustion variability. Residuals from previous cycle,
variations of air/fuel ratio, ignition delay, fuel type, and
fluctuations in pressure, timing, and duration of fuel
injection are usually responsible to the cycle-to-cycle
variabilities. In the literature, there are several studies on
alternative fuels in diesel engines (Sanli, 2023; Kyrtatos
etal. 2016; Pera et al., 2013, Wang et al., 2015; Zhong et
al.,2003; Adomeit et al., 2007; Barton et al., 1970; Gupta
et al., 2019). The overall conclusion from the studies is
that cycle-to-cycle combustion variations are very
important as they limit the load and power range in dual-
fuel mode.

In most of the published papers, performance and
emission analysis of the engine running on alternative
fuels have been performed. Effects of TBC on
combustion stability of the diesel engines working with
the alternative fuels are seen unclear therefore it is
needed more detailed investigations. This study was
carried out to gain an in-depth understanding of the
combustion behavior of a dual-fuel diesel engine with the
coated piston bowls. The study is novel and fills the gap
in the literature on cycle-to-cycle variations of the piston-
coated dual-fuel diesel engines. Comprehensive cyclic
combustion results are presented and discussed in this
study for the coated and uncoated pistons under diesel

and dual-fuel modes at different loads for the CRDI
diesel engine.

EXPERIMENTAL METHOD
Test Equipment

Experiments were performed in a four-cylinder, Renault
K9K, CRDI diesel engine to investigate cyclic variability
under gaseous fuel operation. Diesel fuel having euro-
diesel norms was used in the tests. Engine exhaust gas
recirculation valve was canceled to avoid the partial
effects of the exhaust gases. Before the tests, the engine
was idled for a while to reach a stable regime. For the
investigation, test conditions at which the engine was
mostly operated under normal driving conditions were
selected. The tests were performed at three loads,
covering 50, 75, and 100 Nm torques. Engine speed was
kept constant at 1750 rpm. The engine properties are
given in Table 1, and Fig. 1 presents test bench layout.
An eddy-current dynamometer, measurement capable of
150 kW rated power and 8000 rpm maximum rotational
speed, was used to adjust the load and speed variations of
the test engine. K-type thermocouples measured
temperature variations at critical points of the engine,
such as inlet and outlet cooling water, lubrication oil,
exhaust gas outlet and fuel inlet. Measurement of the air
mass flow rate was done by New Flow air flow meter.
Instantaneous cylinder pressure data were collected by
Optrand glow plug type cylinder pressure sensor. 200
sequential pressure data were used for the investigation.
A shaft encoder with a resolution of 1° detected the crank
angle degree. Instantaneous fuel pressure was metered by
Kistler model fuel pressure device and its data were
amplified by a Kistler charge amplifier. Amplified
pressure signal was passed on National Instrument data
card and send into a computer for combustion analysis.
An on-board diagnostic device (OBD) was connected to
the engine electronic control unit in order to show
numeric data from the chosen engine sensors.

Table 1. Engine specifications

Main properties Four-stroke, turbocharger,
CRDI fuel injection system

Number of cylinders 4

Bore - Stroke 76 mm - 80.5 mm

Compression ratio 18.25:1

Total stroke volume 1.461 liter

Injector type With 5 nozzle holes, Selenoid
controlling by Delphi
management system

Maximal torque 160 Nm

(@1750 rpm)

Maximal power 48 kW

(@4000 rpm)
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25. Data card, 26. PC for combustion and emissions data, 27 Diesel tank, 28.Dynamometer control, 29. Burette, 30. On board diagnostics card,

31. PC for OBD interface, 32. Crank shaft encoder.
Fig. 1. Test bench.

The gaseous fuels were supplied with 50-liter bottles and
connected to the test system via appropriate tools. They
were sent to a mixing room mounted on the intake line,
and after the turbocharging process, the mixture of air-
gaseous fuels was sent to the engine cylinders. The
mixture was ignited by the conventional diesel (pilot
fuel). Energy amount of the pilot diesel fuel was varied
depending on the test conditions and adjusted in
approximately 20% of the total energy amount. Flame
arresters on CHs and Hz gas lines were utilized to prevent
back flow of the sparked gaseous fuel and a possible
explosion. CHa, COz, and H> flow rates were determined
by Sierra model gas flow meters. In tests, entire metering
values were displayed on the dynamometer control panel
and OBD connected computer. Uncertainty of the used
equipment is given in Table 2. After the standard engine
tests, the standard pistons were replaced with YSZ-
coated pistons. A similar test procedure was followed for
the engine with the coated pistons.

In this study, the engine pistons were coated by YSZ and
Ni-Al bond coat by plasma spray method. The coated and
standard pistons can be seen in Fig. 2. 0.4 mm thicken
YSZ surface ceramic coating (8%) and 0.1 mm thicken
nickel-aluminum (Ni-Al) bond were applied to the piston
bowl, respectively.

Fig. 2. Coated and standard pistons.
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Calculation Method of Cycle-To-Cycle Analysis

Energy substitution rate (ESR) of each fuel was
calculated by Eq. (1) presented below (Bouguessa et al.,
2020),

mfuelLHVfuel
MgLHV g+mcy+ LHV ca+mpy2LHV o

ESRfuel =

M

where, m and LHV symbolize mass flow rate (kg/h) and
lower heating value (kJ/kg) of the test fuels, respectively.
ESR value of each fuel for the test cases are given in
Table. 3. Combustion stability is defined by means of SD
and COV. SD for examined combustion characteristic
can be calculated from Eq. (2)

L, (= %)?
n-1

SD = )
where X and X; express mean value and parameter value
at cycle number iof a combustion parameter,

respectively. n represents number of the cycles, which is
200 in this study.

COV calculation of the combustion parameters is shown
in Eq. (3), as follows:

I x-X)?

SD n-—1
COV =—100% = ——-——100% 3)
In this paper, relationships among CPmax, PRRmax, and
IMEP parameters were addressed. Correlation
coefficient R reveals numerical relationship between two
combustion findings, referred as X and Y, and is

computed from Eq. (4) (Sanli et al. 2020),
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Table 2. Properties of the test apparatus.
Acc
Measurement | ura
Parameter Unit range cy
0.5
Fuel line pressure bar 0~ 3000 %
Cylinder pressure bar 0~200 1%
CH, flow rate I/min max. 200 1%
H, flow rate I/min max. 200 1%
Air flow rate m?/h max. 1200 1%

Table 3. Energy substitution rates of dual-fuel diesel modes
under different loads and pistons.

Load

(Nm) Standard piston Coated piston

Diesel CHs; H, Diesel CHy H»

(%) (%) () (%) (%) (%)

50 23 746 24 19.8 77.5 2.7

75 22 755 25 21 76.2 2.8

100 23 746 24 20 77.4 2.6
RESULTS AND DISCUSSION

Cyclic Cylinder Pressure Variations

Under the dual-fuel and single diesel operations, cyclic
cylinder pressure traces versus crank angle for the 200
sequential cycles are shown in Fig. 3 and Fig. 4 for YSZ

coated piston and standard piston operations. It is
100

observed from the figures that the cylinder pressure
fluctuations for all cases are generally stable. The coated
piston significantly affected magnitude of the cylinder
pressure. This is clearly recognized in Fig. 5. Moreover,
SD and COV of CP at each crank angle are presented in
Fig.5. First of all, trend of COV of CP well agrees with
published literature (Liu et al., 2022). Trend of COV of
CP emerged that the coated piston at 100 Nm caused to
strength pressure oscillations under dual-fuel modes, and
peak COV of CP was reduced with the piston coating as
well as lower COV values of 3%, suggesting the
combustion stability was smoother in case of the coated
piston. Fig. 6 is presented for a detailed examination of
the cycle-to-cycle variations of CPmax. Additionally,
average, SD, COV values, and frequency distribution of
CPmax are indicated in the Fig.6. Compared to the
standard piston, the average value of the CPmax for the
coated piston under dual-fuel mode increased from 86.83
bar to 95.65 bar at 50 Nm, from 101.48 bar to 125.18 bar
at 75 Nm, and from 133.26 bar to 137.02 bar at 100 Nm
load. Apparent elevation of CPmax was valid for the
coated piston under the single diesel operation. This can
be attributed to less heat loss to the cylinder walls and
higher cylinder gas temperature caused from the piston
coating (Yao et al., 2018). SD reflects the deviation from
the mean value. Its minimum value is generally preferred
for any variable. Generally, a lower SD value was found
with coated piston at tested engine loads. COV presents
the degree of dispersion of data samples around the mean.
COV of CPmax was mostly lower with the coated piston
operations. It varies similarly to the SD of CPmax.

g
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Fig. 3. Cyclic cylinder pressure curves with crank angle for standard piston and coated piston at different loads under single diesel

mode.
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Fig. 5. Average, SD, and COV of cylinder pressure with crank angle for coated and standard piston engine at different engine
loads under diesel and dual-fuel mode.

Frequency distribution reflects the repeatability for the in diesel mode and 75 Nm load in dual-fuel mode,
same value of any parameter. A larger number of  regardless of whether the pistons are coated or uncoated.
frequency distributions means more repeatability for the It was observed that under 100 Nm load, the frequency
same value during multi-cycles. It can be clearly seen that distribution of CPmax was wider, i.e. more CPmax values
the maximum frequency of CPmax occurs at 50 Nm load occurred, so a larger variety of CPmax values emerged.
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Fig. 6. Cyclic CPnax and frequency variations for standard and coated pistons at various fuel and load cases.

CPmax values and their crank angle (CA) locations are
presented in Fig. 7 for all test conditions. As the load was
increased the cyclic CPmax locations notably advanced
under dual-fuel mode; whereas it slightly advanced under
single diesel mode. It can be hence said that CPmax
locations are more sensitive to load changing in operation
with the gaseous fuels. In the case of coated piston,
earlier CPmax positions were observed in dual-fuel mode
and later CPmax positions were observed in single diesel
mode. The piston bowl coating keeps the heat energy of
fuel in combustion chamber thus increasing the
temperature of the burning gases in cylinders (Yao et al.,

2018). The ignition points occur earlier in the piston
bowl, especially with the gaseous fuel operations.
Turbocharged diesel engines run with extremely lean
air/fuel mixture at idle. Increased load means more fuel
entering the cylinders; as a result, the combustion
temperature increases. Especially, dual-fuel mode
presents homogeneously operation all over the cylinders
and is easily ignited by the pre-injection of the diesel fuel.
The pre-injection timing is strongly dependent on the
engine operating characteristics, especially the load
variation, which is considered as a root cause of earlier
CPumax locations (Wang et al., 2021).
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Fig. 7. CPuax and corresponding CAs at different cases.

Cyclic Pressure Rise Rate Variations

Pressure rise rate (PRR) is a meaningful tool for
evaluating the knock during the burning phase. Cyclic
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variations of the PRR during 200 cycles are seen in Fig.
8 for different cases. As increasing the engine load, it can
be clearly observed that cyclic PRRmax values elevate for
each test case. Average PRRmax was detected as 3.91,



5.69, and 9.59 bar/°CA at 50 Nm, 75 Nm and 100 Nm
loads respectively for the standard piston operation of
dual-fuel mode, while 5.01, 7.99, and 10.6 bar/°CA at 50
Nm, 75 Nm and 100 Nm loads respectively for the coated
piston operation in dual-fuel mode. Remarkable PRRmax
increase was not detected for single diesel mode. From
these observations, it can be concluded that the coating
piston significantly affected the cyclic PRRmax values. At
high load of 100 Nm and piston coating caused to the
severe diesel knock with the high average value of 10.6
bar/°CA. Some cycles led to higher PRRumax values at 100
Nm under dual-fuel coated piston mode. The highest
PRRmax value happened in 65. cycle with a value of 12.15
bar/°CA at the stated test case.

Frequency distribution of PRRmax showed that the dual-
fuel mode led to extremely lessen the repeatability of
PRRmax values. The highest value of PRRmax frequency in
single diesel mode was 63 at 50 Nm under uncoated
piston and 59 times at 75 Nm under coated piston. The
highest frequency value of PRRmax in dual-fuel mode was
17 at 75 Nm under uncoated piston and 16 at 75 Nm
under coated piston. On the other hand, the load

increasing was resulted in more PRRmax values and
therefore less PRRmax frequency. Higher temperatures
and severe pressure oscillations caused by the increase in
the amount of fuel delivered into the cylinders and
ignition cores due to increasing the engine load can be
among possible reasons for the higher frequency of
PRRmax values. Similarly, the coating of piston bowl
mostly led to an increase in frequency distribution of
PRRmax; in other words, the repeatability of the same
values increased. Sometimes, this may be associated with
the SD variations. In all tests, COV of PRRmax values
were lower than 3%. This means that the stable running
was continued during the tests. When the engine was
operated with the coated piston, remarkable decrease in
COV of PRRumax was seen, especially in dual-fuel mode.
For example, when the engine's standard pistons were
replaced with the coated ones, COV of PRRumax at 75 Nm
load dropped from 2.18 bar/°CA to 1.90 bar/°CA in dual-
fuel mode. Moreover, the lowest COV of PRRmax values
was obtained at 75 Nm. This indicates that the test engine
operates the best at that load in view of the cyclic
variations.

o 50 Nm 75 Nm 100 Nm | 100 Nm 75 Nm [l 50 Nm
324+ : : * . : e PR SO PR GOV RS 3.2
< 30] DIESEL sowm Sossa — Thol o 4ol DESE
O ] STANDARD ENGINE o 1 S 71| STANDARDENGINE
< 2.8 , < 28
8 26 S 26|
Tx24] L % 24
4
o 22] el = L E 22
& 0] TR e R e T e g g R e g et g e [ "
0 25 50 75 100 125 150 175 200 0 10 20 30 40 50 60
3.4 1 1 L 1 L 1 L L 1 34
Py DIESEL = Average PRRmax  STD PRRmax  COV PRRmax s DIESEL
5 329 COATED ENGINE 75him 2asias aosrs insse|l s 8.21 coaTeD PIsTON
< 3.0 100 Nm _2ma2m2 0.05779 27|l &€ 3.0
8 238 L 8 28
T 2.6 526
mg 2.4 2 L §E 24{
€ 22] e A o R e e S e R e T, o P e e g [ & g
20+ . r : : r : r : 2.0
0 25 50 75 100 125 150 175 200 0 10 20 30 40 50 60
. : : 2 ' x " Average PRRmax STD PRRmax COV PRRma 164
verage PRRmax max x T
 '°7 DUALFUEL o gser o wmE o g4 sTavoaRo sToN
m
£ 4, ] STANDARD PISTON 100 Nm 950488 042043 ams[ & g2
= &
g " a 10
5 J ¢
13
x 6- & 6
o o
& e 0 g PR -
e ' T ' ' ' 0 10 20 30 40 50 60
L L L L L L Avellage PRRmax STD PIRRmax cov PRRm‘ax DUAL-FUEL
G - 17 1407: )4 F -l
< 157 DUAL-FUEL 32“ ?gw:g gégj fﬁgsfi 14 COATED PISTON
L COATED PISTON 100 Nm 6084t 03ess 366157
T 124 ? Fo< 12
% 97 P& 8
o -
E =
g 6 ag —— o g o s o [ & O
= I, O LSO et logae o 4
3 T T T T T T T T T o
0 25 50 75 100 125 150 175 200 0 10 20 30 40 S0 60

Sequential cycles

Frequency

Fig. 8. Cyclic PRRyax and frequency variations for standard and coated pistons at various fuel and load cases.

PRRmax values and its corresponding crank angle
positions for 200 experimental samples are illustrated in
Fig. 9 for different cases of the fuels, loads and coatings.
Mostly, a similar trend to the CPmax outcomes was
observed under the diesel and dual-fuel modes. As the
engine load was enhanced, advanced CA locations and
higher values of PRRmax were noticed. Compared to 50
Nm and 75 Nm loads, there were seen two CA groups of

PRRmax locations for the conventional diesel operation at
100 Nm regardless of the coated or uncoated piston cases.
This is due to the pre-injection and main injection phases
of the common-rail fuel-injection system (Sanli and
Yilmaz, 2022). As changing the injection amount and
timing with the engine load, first peak and second peak
are more noticeable under sole diesel operations. On the
other hand, the bowl coating caused to earlier CAs of
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PRRmax at a given load. Increased temperatures and
cylinder pressure oscillations with the engine load and
the piston coating appear to promote severe diesel
knocking. Besides, when the engine was operated in
dual-fuel mode, PRRmax locations were notably retarded,
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in the range of 2-9 °CA at 50 Nm, 1-7 °CA at 75 Nm, and
2-6 °CA at 100 Nm. This can be ascribed to the dynamic
injection timing variations, which is one of the superior
specifications of the common-rail engine management
system.
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Fig. 9. Crank angle and PRR.« for coated and standard piston cases at different loads.

Cyclic IMEP Variations

IMEP reflects average cycle efficiency obtained by the
indicator diagram. Sequential IMEP variations and
frequency distribution for different test cases are
illustrated in Fig. 10. It can be clearly observed that the
cyclic IMEP values increase as the engine load increases.
However, under dual-fuel mode and coated piston case
of 100 Nm, the cyclic IMEP values were not enhanced
more and remained similar to those of medium load.

Average values were 8.76 bar and 8.74 bar for the
respective loads of 75 Nm and 100 Nm in that test
condition. Combined effects of the coated piston and
high load under dual-fuel mode caused severe diesel
knock as observed earlier in Figs. 8 and 9, and this
apparently limited IMEP boost with enhanced load. In
the published paper, Ramu and Saravanan (2009)
reported lower IMEP values of TBC engine with fuel
additive compared to uncoated engine. They emphasized
that to be caused by lower power production during
combustion process in TBC engine.
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Cyclic CA10, CAS0, CA90, and CA10-90 Variations

CA positions detected by corresponding cumulative heat
release (CHR) findings are frequently used in
combustion studies. The positions of CA10, CAS0, and
CA90 are important findings accounting for determining
of the combustion phases. CA10, CA50, and CA90 are
CA positions corresponding to 10%, 50% and 90% of the
energy released by the combustion of each fuel
respectively (Sanli et al. 2020). They depend on engine
design, fuel type, and load conditions. The positions of
CAs during the combustion can be affected by several
parameters such as intake conditions, injection
characteristics, and ignition delay period. CA10-90 term
describes the period from 10% to 90% of the burned fuel
mass. Longer CA10-90 period clearly refers to slower
combustion period, suggesting that more heat loss,
inefficient combustion, lower thermal efficiency and
power output, and more HC formation. In Figs. 11 and
12, CA10, CA50, CA90, and CA10-90 variations from
one cycle to another are exhibited for all test cases. Cyclic
CA10 and CASO results at all tests showed modest
differences. However, cyclic CA90 results exhibited
larger oscillations during the sequential cycles. Cyclic
CA10-90 variations therefore showed extreme
fluctuations, indicating that the combustion duration in a
cycle is greatly dependent on post-burning phase (Liu et
al., 2022). It is perceived from the Figs. 11 and 12 that as
the engine load was enhanced, cyclic CA90 and CA10-
90 variations notably decreased in diesel fuel mode
whereas increased in dual-fuel mode. At the end of the
diffusion combustion, combined effects of the residual
gases from the previous cycle and the unburned fuel in
crevice regions play a critical role in cyclic fluctuations

of CA90 and CA10-90 parameters. Furthermore, the
cycle-to-cycle variation of the intake air pressure can be
critical for the formation of CA points during the
combustion phase. This is obviously proved in Fig. 13 for
several subsequent cycles (cycle number from 147 to
151) in dual-fuel coated piston mode under 100 Nm load.
In 148.-150. cycles, it was noticeable that the intake air
was taken into the cylinders with relatively lower intake
pressure compared to 147. and 151. cycles. During the
post-combustion period, as seen in CHR graphic at right-
hand below, it was detected later CA90 points in 148.-
150. cycles. In the meantime, fuel line pressure graphic
for the specified cycles, at left-hand above in Fig. 13,
showed that the CA points were influenced by the
injection pressure. It is obvious that similar injection
pressure traces in 148. and 149. cycles yielded similar
HRR and CHR profiles whereas no similar cylinder
pressure profiles. Therefore, combined effects of the fuel
injection pressure and the intake air pressure are proved
to be quite effective in cycle-to-cycle combustion
variations in this study. Moreover, it is clear from the Fig.
13 that as passing from CA10 to CA90, the crank interval
between the CAs drastically enlarged. Additionally,
when the coated piston was applied to the engine, it was
observed cyclic improvement for CA90 and CA10-90 for
each fuel mode. This is possibly due to improvement in
the post-burning phenomenon and a reduction in the
amount of the unburned gases in operation with the
coated piston. In dual-fuel operation, combustion
changes from a constant pressure process to a constant
volume process. Overall, cyclic variations of examined
CAs and CA10-90 period showed quite smooth
variations compared to those in spark ignition engines in
published literature (Liu et al., 2022; Chen et al., 2021).
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Fig. 11. Cyclic CA10, CA50, CA90, and CA10-90 variations under different loads for diesel mode
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Fig. 13. Cyclic variations in fuel line pressure, heat release rate, cylinder pressure, and CHR for several subsequent cycles.

Corresponding average values of CA10, CA5S0, CA90
and CA10-90 are presented in Fig. 14a for all test cases.
With increasing engine load, average CA10, CAS0, and
CA90 positions were often advanced and average CA10-
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90 duration increased that is an expected phenomenon
since more fuel is injected in the cylinders with load and
needed to more time to burn. On the other hand, it was
observed that the piston coating reduced CA10-90



duration. Piston coating leads to higher combustion
temperature in the cylinders which in turn encourages
flame propagation speed; as a result, time period between
CA10 and CA90 is diminished (Venu and Appavu,
2019). Concerning the SD findings of CAs and CA10-90,
it could be seen in Fig. 14b that the coated piston was
recognizable to lead lower SD, meaning that minimal
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Relationship Between Main Combustion Parameters

In Fig.15, it can be seen the relation on fundamental
burning parameters covering CPmax, PRRmax, and IMEP
under all the test cases. The highest correlation
coefficients were found between CPmax and PRRmax as
R=0.84 and R=0.82 at 50 Nm for dual-fuel operations
and R=0.73 and R=0.61 at 100 Nm for diesel operations
under the standard and coated pistons, respectively. This
represents a strong relation for the mentioned parameters
and operating conditions (Sanli and Yilmaz, 2022). In
contrast, the lowest correlation coefficients were found
between IMEP and PRRmax as 0.02 at 100 Nm for
standard piston operation and 0.09 at 75 Nm for coated
piston operation under dual-fuel modes, and 0.07 and
0.15 at 75 Nm for standard piston under diesel

Standard Deviation of Crank Angles (° ATDC)

Standard Deviation of Crank Angles (° ATDC)
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deviance from the mean value occurred. In case of the
single diesel mode with the standard piston operation the
highest SD value was obtained with CA90 and CA10-90
duration at 100 Nm as the deviance from the mean value
for the CA90 and CA10-90 parameters was highly larger,
as clearly seen in Fig. 13.
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Fig. 14. Average values (a) and SD values (b) of CA10, CA50, CA90 and CA10-90 durations.

operations. Except for them, there were not seen higher
correlation coefficients but there were mostly weak linear
relationships between IMEP and PRRmax. As for the
correlation between IMEP and CPmax, it was found a
linear relationship for all dual-fuel modes between IMEP
and CPmax since the obtained values were in order of
R=0.43-0.79. Whereas there were weak linear
relationships for single diesel operations, except for the
condition of 75 Nm load with the standard piston.
Meanwhile, it was generally found poor relationships
between each other for the parameters of CA10, CA50,
CA90, and CA10-90 at diesel and dual-fuel modes. Also,
their relationships with main combustion parameters
(CPmax, PRRmax, and IMEP) were with lower correlation
coefficient, suggesting a weak relationship.
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Fig. 15. Correlations between the parameters of CPmax, PRRmax, and IMEP for dual-fuel operations.

CONCLUSIONS

An experimental study was carried out on the combustion
stability of a CRDI automotive diesel engine in which the
piston bowls were coated with YSZ at different loads.
The study was performed to reveal cyclic variations of
main combustion parameters in operation with the
gaseous fuels at different loads. Following conclusions
were achieved from the study. .
[ ]

Compared to operation with uncoated piston engine,
average CPmax and PRRmax enhanced with coated piston
engine for all cycles. As increasing the load, cyclic CPmax
and PRRmax were remarkably advanced and enhanced.
Peak value of COV of CP with crank angle decreased
under the coated piston engine. At high load of 100 Nm
under dual-fuel mode, severe knock indication emerged
with coated piston operation, which could be possible
reason for higher SD traces of cylinder pressure with tige
crank angle.

IMEP improvement was limited at high load of 100 Nm
under coated piston operating due to knock existence.
Frequency distribution of cylinder pressure and IMEP
showed that the best running was achieved at medium
load of 75 Nm. Accordingly, COV and SD results were
mostly the best at 75 Nm load for both diesel and gaseous
fuel operations under the piston coating.

Cyclic CA10 and CAS0 variations were in acceptable
range during the cycles. However, CA90 and CA10-90
duration further fluctuated from cycle to cycle. As
increasing the engine load, CA90 and CA10-90
fluctuations remarkably reduced in diesel mode but
elevated in dual-fuel mode. Furthermore, coating piston
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reduced cyclic fluctuations of CA90 and CA10-90. In the
cyclic discrepancies of CA90 and CA10-90 during
sequential cycles, fuel injection pressure and intake air
pressure were the critical factors and played an important
role.

SD of CA10, CA50, CA90, and CA10-90 was reduced
by the coated piston under diesel and dual-fuel modes.

Relationship between main combustion characteristics
varied with given operation cases. Correlation coefficient
between IMEP-CPax parameters was always higher than
0.4, meaning that there was a linear relationship and in
acceptable range for all operation cases. The highest
correlation coefficient was found between PRRumax and
CPumax parameters, which are 0.84 and 0.82 corresponding
to low load of 50 Nm load under dual-fuel mode with
coated and uncoated pistons, respectively.

In the future studies, it is recommended that a more
comprehensive study is conducted with another
alternative fuels, such as natural gas, biogas, biodiesel,
higher alcohols. Furthermore, tested engine parameters
can be expanded with more range of loads, speeds, and
fuel fractions.

REFERENCES

Adomeit P., Lang O., Pishinger S., Aymanns R., Graf M.,
Stapf G., 2007, Analysis of cyclic fluctuations of charge
motion and mixture formation in a DISI engine in
stratified operation, SAE Technical Paper, 2007-01-
1412.



Ali HL., Li F., Wang Z., Shuai S., 2018, Effect of
ceramic coated pistons on the performance of a
compressed natural gas engine, /IOP conference series:
Materials Science and Engineering, 417, 012021.

Assanis D., Wiese K., Schwarz E., Bryzik W., 1991, The
effects of ceramic coatings on diesel engine performance
and exhaust emissions, SAE Technical Paper, 910460.

Aydin H., 2013, Combined effects of thermal barrier
coating and blending with diesel fuel on usability of
vegetable oils in diesel engines, Applied Thermal
Engineering, 2013;51(1-2):623-9.

Aydm S., Sayin C., Aydin H., 2015, Investigation of the
usability of biodiesel obtained from residual frying oil in
a diesel engine with thermal barrier coating, Applied
Thermal Engineering, 80, 212-9.

Barton R., Kenemuth D., Lestz S., Meyer W, 1970,
Cycle-by-cycle variations of a spark ignition engine- A
statistical analysis, SAE Technical Paper, 700488.

Bouguessa R., Tarabet L., Loubar K., Bilmrabet T.,
Tazerout M., 2020, Experimental investigation on biogas
enrichment with hydrogen for improving the combustion
in diesel engine operating under dual fuel mode,
International Journal of Hydrogen Energy, 45(15), 9052
- 63.

Caputo S., Millo F., Boccardo G., Piano A., Cifali G.,
Pesce F.C.,, 2019, Numerical and experimental
investigation of a piston thermal barrier coating for an
automotive diesel engine application. Applied Thermal
Engineering, 162, 114233.

Cerit M. and Coban M., 2014, Temperature and thermal
stress analyses of a ceramic-coated aluminum alloy
piston used in a diesel engine, International Journal of
Thermal Sciences, 77, 11-8.

Chen Z., He J., Chen H., Geng L., Zhang P., 2021,
Experimental study on cycle-to-cycle variations in
natural gas/methanol bi-fueled engine under excess
air/fuel ratio at 1.6, Energy, 224, 120233.

Civiniz M., Hasimoglu C., Sahin F., Salman M.S., 2008,
Impact of thermal barrier coating application on the
performance and emissions of a turbocharged diesel
engine, Proc IMechE Part D: J Automobile Engineering,
222(12), 2447-55.

Godiganur V.S., Nayaka S., Kumar G.N., 2021, Thermal
barrier coating for diesel engine application — A review.
Materials Today: Proceedings, 45,133-7.

Goud G.B., Singh C.T.D.K., 2015, Investigation of CI
diesel engine emission control and performance
parameters using biodiesel with YSZ coated piston
crown. International Journal of Engineering and
Technology, 2(3), 467-74.

204

Gupta S.K. and Mittal M., 2019, Effect of compression
ratio on the performance and emission characteristics,
and cycle-to-cycle combustion variations of a spark-
ignition engine fueled with bio-methane surrogate,
Applied Thermal Engineering, 148, 1440-53.

Hazar H., 2010, Cotton methyl ester usage in a diesel
engine equipped with insulated combustion chamber,
Applied Energy, 87,134-40.

Hazar H., Ozturk U., Giil H., 2016, Characterization and
effect of using peanut seed oil methyl ester as a fuel in a
low heat rejection diesel engine, Energy& Fuels, 30(10),
8425-31.

Heywowski T., Weronski A., The effect of thermal
barrier coatings on diesel engine performance, Vacuum,
65, 427-32.

Kyrtatos P., Briicker C., Bouchoulos K., 2016, Cycle-to-
cycle variations in diesel engines, Applied Energy, 171,
120-32.

Lawrence P., Mathews P.K., Deepanraj B., 2011,
Experimental investigation on performance and emission
characteristics of low heat rejection diesel engine with
ethanol as fuel, American Journal of Applied Sciences,
8(4), 348-54.

LiuJ.J., Ding S.F., Ding S.L., Gao J.S., Song E.Z., Yang
F.Y., 2022, Effects of gas injection timing on combustion
instability for a spark ignition natural gas engine under
low load, Applied Thermal Engineering, 206, 118144.

Ozer S., Vural E., Ozel S., 2021, Effects of fusel oil use
in a thermal coated engine, Fuel, 306, 121716.

Pera C., Chevillard S., Reveillon J.,2013, Effects of
residual burnt gas heterogeneity on early flame
propagation and on cyclic variability in spark-ignited
engines, Combustion and Flame, 160(6), 1020-32.

Ramasamy N., Kalam M.A., Varman M., Teoh Y.H.,
2021, Comparative studies of piston crown coating with
YSZ and AL.0;.SiO2 on engine out responses using
conventional diesel and palm oil biodiesel, Coatings,
11(8), 885.

Ramu P., Saravanan C.G.,2009, Effect of ZrO2-A1203
and SiC coating on diesel engine to study the combustion
and emission characteristics, SAE Technical Paper,
2009-01-1435.

Ramu P., Saravanan C.G., 2009, Investigation of
combustion and emission characteristics of a diesel
engine with oxygenated fuels and thermal barrier coating,
Energy&Fuels, 23(2), 653-6.

Reddy G.V., Krupakaran R.L., Tarigonda H., Reddy
A.R., Rasu N.G., 2021, Energy balance and emission
analysis on diesel engine using different thermal barrier



coated pistons. Materials Today: Proceedings, 43(1),
646-54.

Schulz U., Leyens C., Fritscher K., Peters M., Saruhan-
Brings B., Lavigne O., Dorvaux J.M., Poulain M.,
Mevrel R., Caliez M., 2003, Some recent trends in
research and technology of advanced thermal barrier
coatings. Aero Science and Technology, 7, 73-80.

Selvam M., Shanmugan S., Palani S., 2018, Performance
analysis of IC engine with ceramic-coated piston.
Environmental Science and Pollution Research, 25,
35210-20.

Serrano J.R., Arnau F.J., Martin J., Hemandez M.,
Lombard B., 2015, Analysis of engine walls thermal
insulation: Performance and Emissions, SAE Technical
Paper, 2015-01-1660.

Shabir M.F., Prasath B.R., Tamilporai P., 2014, Analysis
of combustion performance and emission of extended
cycle and iEGR for low heat rejection turbocharged
direct injection diesel engines, Thermal Science, 18(1),
129-42.

Sivakumar G. and Kumar S.S., 2014, Investigation on
effect of Yttria Stabilized Zirconia coated piston crown
on performance and emission characteristics of a diesel
engine, Alexandria Engineering Journal, 53(4), 787-94.

Sanli A., Yilmaz I.T., Gimiis M., 2019, Experimental
evaluation of  performance and  combustion
characteristics in a hydrogen-methane port fueled diesel
engine at different compression ratios. Energy&Fuels,
34,2272-83.

Sanli A., Yilmaz 1.T., 2022, Cycle-to-cycle combustion
analysis in hydrogen fumigated common-rail diesel
engine. Fuel, 320, 123887.

Sanli A., 2023, Experimental study of combustion and
cyclic variations in a CRDI engine fueled with
heptanol/iso-propanol/butanol and diesel blends. Energy,
269, 126800.

Taymaz 1., 2007, The effect of thermal barrier coatings
on diesel engine performance. Surface and Coatings
Technology, 201(9-11), 5249-52.

Venu H. and Appavu P., 2019, Analysis on a thermal
barrier coated (TBC) piston in a single cylinder diesel
engine powered by Jatropha biodiesel-diesel blends, SN
Applied Science, 1,16609.

Vittal M., Borek J.A., Marks D.A., Boehman A.L.,
Okrent D.A., Bentz A.P., 1999, The effects of thermal
barrier coatings on diesel engine emissions, J. Eng Gas
Turbines Power, 121(2), 218-25.

Wang Y., Xiao F., Zhao Y., Li D., Lei X,, 2015, Study
on cycle-by-cycle variations in a diesel engine with

205

dimethyl ether as port premixing fuel, Applied Energy,
143, 58-70.

Wang Y., Ma T., Liu L., Yao M., 2021, Numerical
investigation of the effect of thermal barrier coating on
combustion and emissions in a diesel engine, Applied
Thermal Engineering, 2021, 186, 116497.

YaoM.,MaT., Wang H., Zheng Z., LiuH., Zhang Y. A.,
2018, Theoretical study on the effects of thermal barrier
coating on diesel engine combustion and emission
characteristics, Energy, 162, 744-52.

Zhong L., Singh 1.P., Han J., Lai M-C., Henein N.A.,
Bryzik W., 2003, Effect of cycle-to-cycle variation in the
injection pressure in a common rail diesel injection
system on engine performance. SAE Technical Paper,
2003-01-0699.



Is1 Bilimi ve Teknigi Dergisi, 44, 1,207-215, 2024
J. of Thermal Science and Technology

©2024 TIBTD Printed in Turkey

ISSN 1300-3615

e-ISSN 2667-7725
https://doi.org/10.47480/isibted.1494487

GENERALIZED THERMAL OPTIMIZATION METHOD FOR THE PLATE-FIN HEAT
SINKS OF HIGH LUMEN LIGHT EMITTING DIODE ARRAYS

Haluk KUNDAKCIOGLU*, Nazh DONMEZER**
*Bogazici University, Mechanical Engineering Department, 34342 Bebek, Istanbul, 0000-0002-5239-9995
**Bogazici Uni., Mechanical Eng. Dept. 34342 Bebek, istanbul, 0000-0003-0359-5567
nazli.donmezer@bogazici.edu.tr

(Gelis Tarihi: 14.08.2023, Kabul Tarihi: 25.04.2024)

Abstract: The performance of high-lumen light-emitting diode (LED) arrays is strongly affected by high temperatures.
For better performance, the design of better thermal management techniques is required. In this work, an analytical
thermal optimization algorithm for the passive heat sinks of high-lumen LED arrays is presented. With the aid of this
algorithm, a broader range of heat sink geometry alternatives can be explored for the identification of the optimal heat
sink design. This task is challenging using experimental or numerical techniques. The results demonstrate that the
algorithm yields design with a reduction of more than 30% in base temperatures compared to previous heat sink design
studies when minimum mass and maximum total efficiency constraints are applied. For devices with high powers, small
chip spacing, and space limitations in the horizontal axis where base temperatures cannot be further reduced using these
constraints, minimum temperature optimization can result in up to a 17% reduction in base temperatures. This reduction
in base temperatures significantly improves the junction temperatures and the overall lighting quality of the LEDs.
Keywords: Heat sink design, Optimization, High-lumen LED array

YUKSEK LUMENLI ISIK YAYAN DiYOT DIiZILERININ PLAKALI ISI EMICILERI
ICIN GENELLESTIRILMIiS TERMAL OPTIMIZASYON YONTEMI

Ozet: Yiiksek liimenli 151k yayan diyot (LED) dizilerinin performansi, yiiksek sicakhiklardan biiyiik élgiide etkilenir.
Bu yapilarin yiiksek performansi i¢in gelistirilmis termal yonetim tekniklerinin tasarimi gereklidir. Bu ¢alismada,
yiiksek liimenli LED dizilerinin pasif sogutuculari i¢in analitik bir termal optimizasyon algoritmasi sunulmaktadir. Bu
algoritmanin yardimiyla, optimum 1s1 emici tasariminin belirlenmesi i¢in daha genis bir yelpazedeki 1s1 emici geometri
alternatifleri arastirilabilir. Kullanmilan analitik yaklasim optimizasyon i¢in kullanimi zor olan deneysel veya sayisal
tekniklere alternatif sunmaktadir. Sonuglar, minimum kiitle ve maksimum toplam verimlilik kisitlamalar ile elde edilen
taban sicakliklarinda 6nceki 1s1 emici tasarim caligmalarina gore %30'dan fazla bir azalma gostermektedir. Yiiksek
giice, kiiglik ¢ip aralifina ve bu kisitlamalar kullanilarak taban sicakliklarinin daha fazla diisiiriilemeyecegi yatay
eksende alan sinirlamalarina sahip cihazlar icin minimum sicaklik kisitlamasi ile gergeklestirilen optimizasyon, taban
sicakliklarinda %17'ye kadar bir azalmaya neden olabilir. Taban sicakliklarindaki bu azalma, baglant1 sicakliklarini ve
LED'lerin genel aydinlatma kalitesini dnemli 6l¢lide artirir.

Anahtar Kelimeler: Is1 emici tasarimi, Optimizasyon, Yiiksek liimenli LED dizisi

INTRODUCTION

Light-emitting diodes (LEDs) have been used for several
years in automotive, building, and street lighting
applications. Due to their advantages such as low energy
consumption, efficiency, and lifetime, they have been
preferred more than other technologies such as
incandescent light, fluorescent, and halogen lamps
(Karlicek et al., 2017). Although LEDs have these
advantages, the thermal problems of this technology still
exist. LED structures produce heat and light by using
electrical energy. About 80% - 90% of the total electrical
energy is converted into heat (Ye et al., 2011). This often
causes a single LED chip to generate 100-125 W/cm? heat
flux (Wang et al., 2015). Generated heat leads to high chip
temperatures. In high-lumen LED array systems used for

high-performance applications such as outdoor and
industrial lighting, hundreds of LED chips are used
together. Since these chips are placed on a printed circuit
board (PCB) as illustrated in Figure 1, higher
temperatures can be seen because of the number of LED
chips and the thermal crosstalk between them
(Rammohan et al., 2021).

High chip temperatures negatively affect the chip’s
efficiency, light output, performance, and lifetime. To
solve the thermal problems of the LED arrays, different
thermal management techniques such as thermoelectric
coolers (TECs) (Li et al., 2011), heat pipes (Delendik et
al., 2021; Lu et al., 2011), liquid cooling methods (Deng
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Figure 1. High-lumen LED array structure.

and Liu, 2010), and finned heat sinks (Hsu et al., 2020;
Ye et al.,, 2011) have been suggested in the literature.
(TECs) (Lietal., 2011), heat pipes (Delendik et al., 2021;
Lu et al., 2011), liquid cooling methods (Deng and Liu,
2010), and finned heat sinks (Hsu et al., 2020; Ye et al.,
2011) have been suggested in the literature. Among these
methods, passive thermal management via finned heat
sinks is preferred the most since no extra parts such as fans
and/or pumps as well as cooling liquids are required (Feng
et al., 2018). Although there are heat sinks with various
fin cross-section geometries (triangular, pin, etc.), plate-
fin heat sinks, shown in Figure 2, are the most frequently
used type due to their relatively simple fabrication and
easy maintenance.

Figure 2. Fin structure.

Design and optimization of plate-fin heat sinks have been
known for a long time. Countless analytical (Bar-Cohen
et al.,, 2003; Bar-Cohen and Jelinek, 1985; Elenbaas,
1948), numerical (Ben Abdelmlek et al., 2021, 2017,
Goshayeshi et al., 2011), parametric (Patel and Matawala,
2019; Walunj et al., 2013) and experimental (Abdelmlek
et al., 2015; Yiincii and Anbar, 1998) work have been
performed in the past for this purpose. However, most of
the previous studies performed optimization using a fixed
base temperature and area. For high-lumen LED arrays
the heat load instead of base temperature is fixed and the
base area can be varied with the different arrangements of
the array elements. There are a limited number of
optimization studies performed without using fixed base
temperature (Hsieh and Li, 2015; Liu, 2012; Tang et al.,
2015). However, the LED array powers used in these
studies are relatively low and the effect of the LED
configuration on optimization is not studied. Moreover,
these studies involve finite element simulations with high
mesh requirements due to the geometrical nature of fin
elements. Therefore, previous methodologies are not

sufficient to design optimized heat sinks for high-lumen
LED arrays. There is a need for a fast and reliable
generalized heat sink optimization algorithm for the
passive thermal management of high-lumen LED arrays.

In this study, we display a generalized optimization
method that allows variable base temperatures and areas.
Using this algorithm, a wider group of alternatives is
searched, and more suitable heat sinks for high-lumen
LED arrays are achieved. The results are analyzed to
observe the positive effects of more flexible design
variables on the optimization performed. This task is
challenging using experimental or numerical techniques.
Although this study is dedicated to plate-fin heat sinks
used for passive thermal management, the methodology
can be modified or extended for the analysis of heat sinks
with different topologies used in both passive and active
thermal management.

METHOD

In this section, the details of the numerical algorithm used
in the generalized optimization technique are provided.
The algorithm depends on empirical natural convection
correlations gathered from the literature. The calculations
are performed for each configuration in MATLAB. Pure
aluminum with thermal conductivity, density, and the
specific heat of k=197 W/m'K, psn = 2700 kg/m3, and
cp =910 J/kg'K, respectively is chosen as the heat sink
material (Incropera et al., 2007a). The input parameters
are the total number of LED chips (Nenips) and the desired
heat dissipation (Qesireq). The numerical optimization
technique presented here starts with the above input
variables and aims to obtain the best LED array
arrangement, fin number, fin spacing, and base
temperature  under  different  constraints.  The
methodology is explained below in two parts: a) Database
Creation and b) Structure Selection.

Database Creation

The steps of database creation summarized in Figure 4
are explained in this section.

1. The first step of the optimization is to enter the
input variables: Neaips and Q gesireq- The desired
heat dissipation can be taken as 75% of the
total power consumed by the LED array since
only a certain amount of power is dissipated as
heat.

2. Then set N: (number of chips in -x direction)
and calculate Ny. Calculate the width () and
length (L) of the heat sink based on the given
arrangement, spacings, and size of the chips in

208



the array using the geometrical variables in

Figure 3. I IllpllTS: Nclnps' Qdesir'ed |
W =cy X Ny +dy X (N, — 1) (1) | SeLN\' o
| Calculate W and L |
L= ¢, XN,+d, x(N,—1) )
w Set Tbase
¢, d,
s I Find fluid properties at T4, |

Cvfji---m v

dva. Calculate the convection
- coffecient for the walls: A,
L]
()
° Calculate optimum spacing, S
N

Calculate the convection
coffecient for the fins, hg,

v

| Set thickness, ¢

Figure 3. LED array configuration.

le |

3. Next set the base temperature of the fins to

Thase. Then obtain the material properties v :
(thermal conductivity (kair), dynamic viscosity | Calculate total heat dissipation rate, Q¢ |
(Uair), and Prandtl number (Pr)) of the cooling v
fluid (in this case air) at the film temperature | Update fin thickness, ¢ |——>
(Tﬁlm = @) where T,, = 300K. 3
I Update Ty, |——>
v

4. To find the heat transfer coefficient (Awar) of I Update N, | >
the vertical walls between the fins, Rayleigh T

number (Ra;) is calculated(Elenbaas, 1942): outputs: @y, H, S, 7, Vs My, Ropy Ty P |

Ra, = % 3) Figure 4. Optimization Algorithm.
where g is the gravitational constant, f is the 7 To find the convection heat transfer

thermal expansion coefficient, Gy-=(Tpase-T)
is the temperature difference between the
ambient and the base, L is the length of the fin,
a is the thermal diffusivity and v is the
kinematic viscosity of the air at film

coefficient on fin surfaces: /s, natural
convection correlations obtained by Elenbaas
(Elenbaas, 1942) are used. To do this first the
Rayleigh number based on optimum spacing
is calculated (Lee, 2010):

temperature.
. . . Rag = 2£%5° ©6)
5. The convection coefficient of the vertical fin ST aw
wall shown is calculated (Incropera et al.,
2007b): Then Elenbaas number (El) is calculated with

Ras, Sopt, and L with below equation (Kraus, et
0.59RaQ25k o al., 2001):
L

0.1RaY 3kqiy

,10* < Ra; < 10°
(4)

hway =

,10° < Ra; < 1013 El = Rag> 7)
L

6. The optimum spacing between the fins, S is

calculated using the relations of Bar-Cohen
and Rohsenow (Bar-Cohen and Rohsenow,
1984):

S = 2.714Ra;°25L (5)
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Nusselt number, Nu is calculated (Kraus, et al.,
2001):

576 , 2.873
Nu = (=
u (Elz + E105

)08 (8)

Finally, the heat transfer coefficient of the fin is
obtained from the Nu number and the optimum



spacing.

_ NuxKkgir

hpin = Lkatr ©)

Next to perform the optimization with varying
fin thickness, set a fin thickness, ¢.

Assuming the heat loss at the fin tip is
negligible, the heat transfer rate from a single
fin with an adiabatic tip (qf) is calculated
using (Kraus, et al., 2001):

dr = 2Rpin Kty Ltanh(mH) (10)

where m is the performance factor and H is the
height of the fin:

— (invos
m=G (an
To get the maximum heat transfer rate, the
following fin height formula is used (Kraus, et
al., 2001):

Koo £105
1.4192(—M)
2Ry a

0.5

keint h
1—1.125( fin ) —wall
2hywall)  Kfin

H(t) =

(12)

Later, the total heat transfer rate from the walls
of heat sink is calculated as (Kraus, et al., 2001):

qw = hwallLSopteb (13)

The total heat transfer rate is the sum of the heat
transfer from the walls and fin surfaces (Kraus, et al.,
2001).

. w
00 = nL, [ Zhyinkymtanh(mi) + hyon (% — 0]

(14)

where n is the number of the fins allowed for given S,
t,and W.

n=-— (15)

Finally, the total thermal resistance, fin volume and
mass of the heat sink are calculated.

Ry = Hb/Qt (16)
Vim =LXHXtXn 17)
Mpin = Vi * Prin (18)

where py, is the fin density.

10. Change thickness and repeat steps 8 and 9 until all
desired thickness values are analyzed.

11. Change Tyue and repeat steps 3 to 10 until all
desired base temperature values are analyzed.

12. Change N, and repeat steps 2 to 11 until Ny=Npips.

At the end of these steps, a database given in Table 1 is
obtained. Q, H,S,n, Vin, Mrin, R, Rpiny huyqu  values  for
each thickness and temperature are stored in the database.

Table 1. Optimization outputs for a given base temperature and
fin thickness.

Temperature (K)
Thickness (mm) 300 K 300.1 K|... 350 K
Qtr H,S,n,
1 mm Vfinr Mfinr
Rthr hfinr hwull

1.1 mm
Qtr H,S,n,

20 mm Vein» Mgin,
Rthr hfinr hwull

Structure Selection

After creating the database, it is filtered to find the
configurations with a total heat removal rate equal to the desired
heat dissipation rate Q; = Qgesireq- Then, the data is analyzed
to find the optimum structure. As shown in Figure 5
optimization can be performed with varying motives. These are

explained next.
Structure ]— Mass - Volume

——
Single Fin
Thermal Efficienc;
Optimization 4
Types

Efficiency

—i Total Efficiency

Effectiveness

Figure 5. Optimization Types.

Temperature

Minimum Fin Mass (Ms): This type of optimization is
generally chosen for low-cost (Feng et al., 2018) and
lightweight applications. The cost of the heat sink can be
reduced by decreasing the total material used. The
configuration with the smallest mass is chosen.

Total Efficiency (#:0r):

Ntor =5 — (19)
where, Qmax = Ophrimn(2(L + tH + LS) is another
selection criterion. The filtered database is analyzed to
obtain the configuration with the highest #:o:.
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Maximum Single Fin Efficiency (#sn): Single fin
efficiency is the ratio of the heat transfer from a single fin
to the maximum possible heat transfer from the fin
(Ghajar et al., 1986):

tanh (mH)
mH

Nfin = (20)

The data is analyzed to obtain the configuration with the
highest 7, to reduce the number of the fins.

Minimum base temperature (Tbase): Minimum base
temperature is obtained where the thermal resistance,
given by Eq. (16) is smallest. The data is analyzed to
obtain the configuration with the minimum thermal
resistance that will give the minimum base temperature.

The optimization performed using the above steps
assumes there are no geometric limitations. However, in
real applications there may be some restrictions, mostly
coming from fabrication limitations, such as the
maximum/minimum fin thickness, fin length, or the ratio
of the fin height to fin thickness. If any of these
restrictions exist, then additional data filtering is needed
at the beginning of structure selection. Here data that does
not comply with the given limitations can be removed.

RESULTS

The above methodology is applied to optimize the heat
sink of a high lumen LED array composed of Nexips=240
LED chips (Cree X-Lamp XP-E). The total heat generated
by the chips are calculated as Qgpsireq=192 W (with a
single chip generating 0.8W heat). The chip dimensions
and spacings are ¢x= ¢,= 3.45 mm and dx = dy = 2 mm,
respectively. Using the numerical optimization algorithm
described above, optimization is performed for different
chip layout configurations. Table 2 summarizes these
layout configurations and the resulting base area
dimensions.

Table 2. Different chip layout configurations.

Configurations Nx Ny W (@mm) |[L (mm)
1 48 5 |269.6 29.25

2 24 |10 |138.8 56.5

3 16 (15 [95.2 83.75

4 12 20 |73.4 111

5 10 24 [62.5 132.8

The effect of optimization type on the base temperature of
LED arrays with different layout configurations is plotted
in Figure 6. When the number of chips along the y-
direction (»,) decreases, the fin length L decreases, and
the fin width ¥ increases. As a result of this, optimum
spacing, S decreases, and the number of fins (n) as well as
the convection coefficient at the fin surfaces (Ayin)
increases. Thus, the heated air can leave the structure
quickly and the base temperatures are reduced. However,
very high masses are observed for these types of
configurations.
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Figure 6. Base temperature vs. number of LED chips in y-
direction when different optimization criteria are used.

When the number of chips along the y-direction increases,
the heated air cannot leave the structure quickly, fin
convection coefficients decrease, and the Dbase
temperature increases. However, the increase in base
temperatures slows down when N, exceeds 15. Given the
tendency for vertically oriented LED arrays to experience
elevated temperatures, opting for minimum temperature
optimization can offer substantial advantages in terms of
temperature management. Such configuration may yield a
reduction in a temperature rise of up to 17%, albeit
accompanied by a three-to-four-fold increase in mass. In
general, total efficiency is a safe optimization type for all
configurations since it provides a design with a reasonable
base temperature and fin mass.

Later, the 2" configuration with N:=24 is chosen to have
a closer look at the effects of the optimization constraints
on the optimized structure. The results are summarized in
Table 3. In Table 3, maximum fin height and temperatures
are observed when the single fin efficiency optimization
type is chosen. Although the total number of fins is low,
they weigh more than 10 times the fins in other
optimization types making the heat sink extremely heavy.
Therefore, single-fin efficiency optimization is not
recommended while designing heat sinks for high-lumen
LED arrays. Minimum fin heights are observed when the
minimum mass optimization type is chosen. However, the
base temperatures are still higher than the ones obtained
from two other optimizations. Although the minimum
base temperature optimization type has the lowest
temperature, it results in a heat sink design with a higher
mass and length than the one obtained for maximum
efficiency optimization. For this configuration, and in
general, the maximum efficiency optimization type
provides a reasonable mass value and a base temperature.
There are a limited number of optimization studies
performed without using fixed base temperature (Hsieh
and Li, 2015; Liu, 2012; Tang et al., 2015).

The above results are obtained when the heat generation
is kept constant at Qg pgireq= 192 W. However, LED
arrays can have varying heat generation values. To
understand the effect of this on the optimization, the
following heat generation values are used Q gesireq= 48 W,



96 W, 192 W, 216W, and 240 W. Number of chips (Neips
= 240), layout (Nx=24 and N,=10), and spacings (d: = dy =
2 mm) are kept constant. The effect of optimization type
on base temperature for different LED powers is plotted
in Figure 7.

According to Figure 7 optimization type does not have a
strong effect on the base temperature and can be chosen
freely at low powers. The difference increases at higher
powers. Single-fin efficiency and minimum mass
constraints should be avoided, and minimum temperature
or maximum total efficiency constraints should be
preferred when designing heat sinks for LED arrays at
higher powers where temperatures are closer to design
limitations.

Maximum Total Efficiency
430 Minimum Mass

410 Minimum Temperature

* Max. Single Fin Efficiency

Base Temperature (K)
2

40 90 140 190 240
Desired Heat Dissipation (W)

Figure 7. Base temperature vs. desired heat dissipation when
different optimization criteria are used. Number of chips (Nchips
= 240), layout (Nx=24 and Ny=10), and spacings (dx =d, =2
mm) are kept constant.

Finally, to observe the effect of chip spacing on base
temperatures chip spacing values are varied as d» = d= 1,
2, 3, 4, and 5 mm. The total amount of desired heat
dissipation (Qgesireq= 192 W), number of chips (Neaips =
240), and the layout (Nx=24 and N,=10) are kept constant.
The effect of optimization type on base temperatures for
different LED spacings is plotted in Figure 8. According
to Figure 8, the choice of the optimization type does not
have a strong effect on base temperature when chips are
spread out to a wider area. For larger spacing
configurations, the contribution of the base of the heat
sink to convection is increased, thus the effect of the fins
on heat transfer is reduced. This situation leads to lower
base temperatures and reduces the significance of the
choice of optimization type. However, if the spacings are
small then the base temperature values may exceed the

Table 3. Optimization results of the initial structure.

maximum junction temperatures of the LED chips present
in their datasheets. If the spacings are small, then the
minimum temperature optimization type can be chosen
despite its other disadvantages to reduce thermal risks.

460
g ®» Maximum Total Efficiency
= 440 Minimum Mass
o ..
= Minimum Temperature
2 420 i ) }
= * Max. Single Fin Efficiency
[
@ 400
£
» 380
=
2
k4 360
j=e]

340

0 1 2 3 4 5 6

Chip spacing (d, = d,) (mm)

Figure 8. Base temperature vs. distance between LED chips
when different optimization criteria are used. The total amount
of desired heat dissipation (Qgesireq= 192 W), number of chips
(Nehips = 240), and the layout (N,=24 and N,=10) are kept
constant.

The base temperatures presented for the initial structure in
Table 3 are compared with the base temperatures of
previous analytical studies which typically begin the
optimization using a fixed base temperature (Bar-Cohen
et al., 2003) calculated from the maximum allowed
junction temperature in LED datasheets. With the
maximum total efficiency and minimum mass constraints
of the proposed methodology, a reduction of more than
30% in base temperatures is achieved. Additionally, when
a minimum temperature constraint is chosen, a further 5%
reduction in base temperatures can be achieved. Although
this option has a high mass disadvantage for devices with
closely packed, vertically arranged, high-power chips
where base temperatures cannot be further reduced using
other constraints, the minimum temperature constraint is
a viable option, resulting in a 17% reduction in base
temperatures. Similar improvements have been reported
in the literature but for smaller devices using lengthy
numerical calculations (Ben Abdelmlek et al., 2021,
2017).

CONCLUSION

In high-lumen LED array systems extremely high
temperatures are observed due to the large amount of heat

Optimization H t S Toase | Ra Mfin Moot M | hyin hyan
Type (mm) | (mm) | (mm) K) (K/W) (%) (%) (kg) (Wm’K) | (W/m’K)
Maximumne | 163 | 130 | 5.16 378 | 22 | 042 38.9 653 | 075 | 202 737 9.01
m;‘:sm”m 148 | 1.00 | 5.13 383 | 24 | 044 342 65.1 053 | 229 7.48 9.17
%Z‘:m“m 268 | 320 | 523 370 | 17 | 037 56.4 62.2 222 | 125 7.20 8.82
Maximumna | 580 | 160 | 5.00 410 7 | 059 84.8 394 | 929 | 40.0 7.92 9.71
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generation and the thermal crosstalk between the chips.
To reduce the thermal problems of the LED arrays, proper
heat sink design should be performed. In this study, we
display a computationally effective analytical
optimization method that allows the exploration of a
wider group of base temperature and area alternatives.
The proposed scheme only requires two input variables:
the number of chips and the desired heat dissipation to
create a database. The database is analyzed using a
numerical technique to find the most suitable chip layout
and heat sink geometry. The algorithm is tested on an
LED chip array to discuss the heat sink base temperatures
achieved by this algorithm using different optimization
constraints in different scenarios. The results are
summarized as follows:

e With the maximum total efficiency and minimum
mass constraints of the proposed methodology, a
reduction of more than 30% in base temperatures
is achieved compared to previous heat sink
design studies. These previous studies typically
begin with optimization using a fixed base
temperature calculated from the maximum
allowed junction temperature in LED datasheets.

e When a minimum temperature constraint is
chosen a further 5% reduction in base
temperatures can be achieved, however, the heat
sink mass is significantly increased.

e For devices with closely packed, vertically
arranged, high-power chips where base
temperatures cannot be further reduced using
other constraints, minimum temperature
constraint results in a 17% reduction in base
temperatures. In scenarios where mass is not a
constraint, minimum temperature optimization
should be prioritized for such LED arrays to
ensure the lowest achievable temperature.

e Maximum single-fin efficiency should not be a
constraint in any optimization study since it
leads to heat sink designs with extremely high
mass and base temperatures.

The reduction in base temperatures will cause a similar
decrease in junction temperatures and strongly affect the
lighting quality of the devices. Although this study is
dedicated to plate-fin heat sink optimization for passive
thermal management, the methodology can be modified
or extended to analyze passive and active heat sinks with
different topologies.
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NOMENCLATURE
a Thermal diffusivity of air [m%s]
B Thermal expansion coefficient of air [1/m]
v Kinematic viscosity of air [m?/s]
Kqir Thermal conductivity of air [W/m-K]
kfin Thermal conductivity of fin material [W/m-K]
El Elenbaas Number [Ras %]
g Gravitational constant [m/s?]
H Fin height [mm]
L Fin length [mm]
w Base plate width [mm]
T Fin thickness [mm]
P Fin perimeter [mm]
S Optimum fin spacing [mm]
A Fin base area [mm?]
Mjin Fin mass [kg]
Viin Fin volume [m?]
Ras Rayleigh number based on fin spacing [gﬁ LA ]
Rar Rayleigh number for vertical plates [gﬁa 5 ]
0, Ambient air and base temperature difference[K]
h finS
Nu Nusselt number [ : ]
hyin Fin convection coefficient [W/m?K]
Puvalt Wall convection coefﬁ01ent [W/m*K]
m Performance factor [ ’
k flnt
Ry Thermal Resistance [
dr Heat transfer rate from a smgle fin [W]
0 . Total heat transfer rate [W]
0 desireq €SIrEd heat dissipation rate [W]
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Abstract: Pea drying studies were assessed to learn more about the kinetics and properties of drying in a hot-air
dryer. Research was done on impact of temperatures and pre-treatments on drying behaviours. The drying rate graphs
demonstrated that the entire drying procedure took place when rates were declining. To properly understand the
experimental data, four mathematical models (Henderson & Pabis, Page, Wang & Singh, and Aghbashlo et al.) were
used. The Page model was discovered to be the ideal one to depict peas' curves of drying. The identification of the
Page model as the most suitable for depicting pea drying curves underscored the applicability in modeling drying
behaviors in similar agricultural products. With Fick's second law of diffusion, effective moisture diffusivity (Defr)
sorted from 2.45x107'? to 6.55x107!° m%/s at given temperature. Detr was expressed as a function of temperature with
an Arrhenius type equation. For samples from Potas, Blanch, and Control codes, the activation energy for moisture
diffusion was computed as 21.48, 22.82, and 22.32 kJ/mol, respectively. The computation of activation energy for
moisture diffusion for different samples offered practical information for optimizing drying processes under various
conditions. The results showed the importance of pea drying kinetics and practical implications for industry on drying
efficiency and product quality.

Keywords: Drying kinetics, pea, effective moisture diffusivity, Page model

BEZELYE TANELERININ KURUTULMASI: SICAK HAVA KURUTMA
KINETIGININ COZUMLENMESI VE NEM DIiFUZYONU iCiIN MATEMATIKSEL
MODELLERIN INCELENMESI

Ozet: Sicak hava kurutucusunda kurutmanin kinetigi ve 6zellikleri hakkinda daha fazla bilgi edinmek igin bezelye
kurutma galismalar1 degerlendirilmistir. Sicakliklarin ve 6n islemlerin kurutma davranislari izerindeki etkisi iizerine
aragtirma yapilmistir. Kurutma hizi grafikleri, kurutma prosediiriiniin tamaminin hizlar diiserken gerceklestigini
gostermistir. Deneysel verileri dogru bir sekilde anlamak i¢in dort matematiksel model (Henderson & Pabis, Page,
Wang & Singh, ve Aghbashlo vd.) kullanilmistir. Page modelinin, bezelyelerin kuruma egrilerini tasvir etmek i¢in
ideal model oldugu kesfedilmistir. Page modelinin bezelye kuruma egrilerini tasvir etmek i¢in en uygun model olarak
tanimlanmasi, benzer tarim iriinlerinde kuruma davranislarinin modellenmesinde uygulanabilirligin altini ¢izmistir.
Fick'in ikinci difiizyon yasasina gore, efektif nem difiizivitesi (Derr), belirli sicaklikta 2.45x107° to 6.55x10°'° m?%/s
arasinda siralanmustir. Defr, Arrhenius tipi bir denklemle sicakligin bir fonksiyonu olarak ifade edilmistir. Potas,
Blanch ve Kontrol kodlarindan alinan numuneler i¢in nem difiizyonuna yonelik aktivasyon enerjisi sirasiyla 21.48,
22.82 ve 22.32 kJ/mol olarak hesaplanmugstir. Farkli numuneler i¢in nem difiizyonuna y6nelik aktivasyon enerjisinin
hesaplanmasi, cesitli kosullar altinda kurutma proseslerinin optimize edilmesi igin pratik bilgiler sunmustur.
Sonuglar, bezelye kurutma kinetiginin 6nemini ve endiistri i¢in kurutma verimliligi ve iiriin kalitesi iizerindeki pratik
sonuglarini gostermistir.

Anahtar Kelimeler: Kurutma kinetigi, bezelye, efektif nem difiizivitesi, Page modeli

INTRODUCTION (An et al., 2010). Turkey has produced 107344 tons of
peas in 2018 on an area of 10917 acres (FAO, 2020). Peas
Due to great amount of high fiber content, protein, = must be preserved in some way, such as canning,

vitamins, minerals, and other nutrients, low fat and  freezing, or cold storage, because they are both seasonal
absence of cholesterol, the pea (Pisum sativum L.) isone  and perishable, making them unavailable for immediate
of the most widely farmed edible legumes in the world  use. An alternative method of preserving peas is drying
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technique. Because they have a longer shelf life, they are
more palatable and easier to transport and handle. Thus,
dried peas become more and more popular (Pardeshi et
al., 2009).

In the food industry, drying is a conventional or
industrial preservation technique. To minimize the
growth of bacteria, enzymatic processes, and other
biochemical activities, it is frequently utilized to reduce
the moisture content and water activity of food
(Doymaz, 2011; Li et al., 2016). Drying is an intricate
and unsteady thermal process. It is essential from an
engineering perspective to maintain control over the
variables of this complex process. Numerous
mathematical models are employed to control the drying
process or to improve new or existing drying systems
(Demirpolat et al., 2022). According to Doymaz (2013),
the models can be divided into various categories.
Recent mathematical modeling studies and experimental
research on the drying properties of peas have been
conducted (Pardeshi et al., 2009; Jadhav et al., 2010;
Pandey et al., 2019; Tasova, 2019; Kaveh et al., 2021;
Skulinova et al., 2011). Due to waxy layer covering the
pea's surface, drying of peas requires a long time.
However, by applying a specific chemical pre-treatment
that increases the moisture diffusivity of the waxy layer,
the drying method's effectiveness can be improved (Brar
et al., 2020). Additionally, they provide a high-quality
dried product and speed up drying by loosening tissue
structure. Some of the most common and widely used as
pre-treatments are citric acid, sodium chloride etc. In the
literature, there have been several research for drying
peas using chemical pre-treating (Burande et al., 2008;
Jadhav et al., 2010; Doymaz and Kocayigit, 2011). One
pre-treatment technique used to halt several
physiological processes before drying fruits and
vegetables is blanching. Enzymes that cause undesirable
reactions, like enzymatic browning and oxidation during
processing and storage, are revealed when the enzymes
are inactivated. Additionally, drying time is shortened.
Additionally, the elimination of intercellular air from
tissues, which softens the tissue and causes the retention
of carotene and ascorbic acid, are factors that affect
storage (Jadhav et al., 2010).

The major goals of this study are to find out how green
pea drying, and rehydration behaviors are impacted by
drying temperature and pre-treatments. Other objectives
of this study include computing activation energy and
the effective moisture diffusivity of green peas, as well
as fitting experimental results to four mathematical
models. By assessing how different temperatures and
pre-treatments influence the drying process, the research
shed light on optimizing drying conditions for peas,
which can have implications for industrial drying
processes. Among the four mathematical models, the
study identifies the Page model as the most suitable for
depicting the drying curves of peas. This finding
provides valuable guidance in selecting the appropriate
model for modeling and predicting drying behavior in
similar subjects. By applying Fick's second law of
diffusion, the study estimates the effective moisture
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diffusivity at different temperatures.

The study calculates the activation energy for moisture
diffusion for samples from different treatments (Potas,
Blanch, and Control codes). Additionally, this study
advances the understanding of pea drying kinetics and
properties offering valuable insights and methodologies
that can be applied in the optimization of drying
processes not only for peas but also for other agricultural
products. The findings contribute to the broader literature
on drying kinetics, modeling, and process optimization in
the field of food engineering and agricultural sciences.
While previous research may have examined drying
processes in general on other crops, this study delves into
the intricacies of pea drying including the impact of
temperature variations and pre-treatments on drying
behaviors. The utilization of multiple mathematical
models and the identification of the Page model as the
most suitable for depicting pea drying curves contribute
novel insights to the literature. Overall, the unique focus
on peas, coupled with the comprehensive approach to
analyzing drying kinetics and properties, distinguishes
this study from existing literature in the field of
agricultural drying.

MATERIAL AND METHODS
Sample Preparation

In Istanbul, Turkey, fresh green peas (Pisum sativum) are
bought at a neighboring market. After a visual inspection,
the dry, immature, and fractured pods are manually
removed. Hand-shelled pea pods are used. Average
diameter for peas is 1.0+£0.1 cm. Before drying, the pea
samples are split into three sample lots. 4% potassium
carbonate (Potas code) (Sigma-Aldrich, ACS reagent
99.0%) is added to an aqueous solution that is used to
soak one batch of pea samples for three minutes. The
second batch of pea samples is placed in boiling water for
three minutes (Blanch code). The other lot (Control code)
is left untreated. The initial moisture content of peas is
assessed utilizing a standard approach (AOAC 1990),
which involve vacuum drying them during 24 hours at
70°C over a desiccant consisting of magnesium sulfate.
To get a reliable average, this is done as three times. The
samples' original moisture content is determined to be
72.70% on a wet basis (2.663 kg water/kg dry matter).
Standard deviation is found as approximately 0.0082%.

Drying Procedure

The cabinet dryer (APV & PASILAC, UK) is used to dry
the pea samples (Figure 1). To create steady-state
conditions, the dryer is started around 30 minutes before
experimental part. At constant air speeds of 2 m/s and air
temperatures of 50, 60, 70, and 80°C, the drying
experiments are carried out. A Testo 440 vane probe
anemometer (Lutron, AM-4201, Taiwan) is used to
measure air velocity. The surfaces of the samples are
crossed by horizontal airflow. The sample, which
weighed roughly 50 g, is then put in the dryer. The weight
loss of the peas is monitored with a digital scale (model



BB3000, Mettler-Toledo AG, Grefensee, Switzerland)
for a measuring range of 0-3000 g and a reading
precision of 0.1 g. When samples have a moisture level
of roughly 0.17 kg water/kg dry matter (d.b), drying is
completed. The dry peas' low-density polyethylene bags
are then chilled and heat-sealed. Two-way analysis of
variance is carried out to examine drying data with a
0.05 level of significance.

irinlet ==y [} Centrifugal
fan

Figure 1. Experimental set up
Determination of Drying Parameters

The following formula (Eq. 1) is used to determine the
experimental moisture content of pea pod waste over a
specified period:

_W-wg
Wa

M M

where W¢is the mass at time t (in kg), Wais the mass at
which a solid is bone-dry (also in kg), and M is the
moisture content at that time (in kg water’kg dry
matter). Following equation (Eq. 2) is utilized to
calculate the moisture ratio (MR) for green peas:

MM,
T My-M,

MR (@)

where t is the drying time in minute unit and M, Me and
Mo, are the moisture contents at any time, equilibrium
moisture content (kg water/kg dry matter) and starting
moisture content, respectively. Me can be equal to zero
without a substantial Mo since M. values are relatively
modest in comparison to Mo (Pandey et al., 2019).
Consequently, MR can be condensed to (Eq. 3):

-
MR =2 3)
Eq. (4) is used to compute the drying rate (DR):

_ M¢1—M¢,
DR ==p—2 “)

where Mu and Mg are the moisture contents (d.b) at those
times, and t1 and t2 are the drying times (min).

Mathematical Modelling

Four drying models, which are often used to simulate
drying curves, are employed to fit the data from the drying
of peas (Table 1). Statistica 8.0.550 (StatSoft Inc., Tulsa,
OK, USA) are used to analyze the data. A non-linear

regression method based on the Levenberg-Marquardt
method is used to estimate model parameters. The
coefficient of determination (R?) and root mean square
error (RMSE) are utilized to define how well each model
fit the experimental data. The following formulas are used
to determine these parameters (Eq. 5, Eq. 6):

N 2
Zi=1(MRpre,i_MRexp,i)

21—
RE=1 Zliil(MRpre_MRexp,i)z (5)
1
1
RMSE = [EZivzl(MRpre,i - MRexp,i)Z]z (6)

where MRexp,i and MRy, respectively, are the observed
and predicted dimensionless moisture ratios, and N is the
total observation number, z is the total number constant,
and z is the total constant number. Higher R? and lower
RMSE values demonstrate a better fit of the experimental
data to the model (Pandey et al., 2019; Zhu, 2018).

Table 1. The drying models utilized to determine the drying
curves

Model name Model

Henderson & Pabis MR = a exp(—kt)

Page MR = exp(—kt")
Wang & Singh MR = 1 + at + bt?
Aghbashlo et al.

Kyt
MR:eXp<_1+k t)
2

) Empirical constants and coefficients in drying models are a,
b, k, ki, k>, and n.

Determination of Effective Moisture Diffusivity

The following equation, which is a mass-diffusion
equation in a period of falling rate, illustrates Fick's second
law of diffusion:

OMR

(7N
For unstable state diffusion in spherical coordinates, Fick's
second rule (Eq. 7) can be analytically solved under the
following circumstances, according to Crank (1975): Low
shrinkage, consistent effective diffusivity, diffusion-based
moisture migration, and drying process temperature:

— by L 22 Desrt
MR—H2 nzlnzexp(—nn 2

®)
For lengthy drying intervals, Eq. (8) can be simplified even
further by only using the first component in the series. As
a result, Eq. (9) is given as follows in a logarithmic form:
- 6 Desrt
lTl(MR) =lIn (;) - (7‘[2 r_z)

€

Plotting the experimental drying data as In (MR) vs time

219



(min) reveals the effective moisture diffusivity. A plot of
In MR versus time using Eq. (9), which has the following
slope (Eq. 10):

Desr

Slope = — (10)

Computation of Activation Energy

It is believed that an Arrhenius-style equation can
adequately capture the link between effective moisture
diffusivity and air temperature (Eq. 11):

Ea
Degs = Doexp (_ R(T+273.15)) an

Here, T is the temperature in degrees Celsius, E. is the
activation energy in kilojoules per mole, R is the universal
gas constant in kilojoules per mole per kilogram, and Do
is the preexponential factor in m?s. The slope and
intercept of the plot of In (Derr) vs 1/(T+273.15) can be
used to compute both kinetic parameters (Ea and Do).

Rehydration Experiments

The samples are dried at various temperatures before
being rehydrated at 20°C. Dried samples weighing 1.5 g
of sample is put into glass beakers with distilled water in
aratio of 1:160 (w/w). After 300 minutes, the samples are
taken out and weighed with an electronic digital scale
(Precisa, model XB220A, Precisa Instruments AG,
Dietikon, Switzerland) with a sensitivity of 0.001 g.
According to Eq. (12), the rehydration capacity (RC) is
determined.

== (12)

w;

RC

In this case, W1 is the weight before rehydration, and W>
is the weight after.

RESULTS AND DISCUSSION
Drying Curves

Figure 2 illustrates how drying peas' drying curves are
affected by temperature. For vegetables of a similar type,
the drying curves are typical. The moisture content
decreases over the course of drying in every case study,
and at higher air temperatures, it does so more quickly.

As the temperature increases, the moisture content
decreases. At 50, 60, 70, and 80°C, the drying times
necessary to estimate the end moisture content of the peas
are 465, 405, 285 and 240 min for control samples,
respectively. From 50 to 80°C, the samples' average
drying rates increase by 1.937 times.

At higher temperatures, the increased heat absorption
causes a greater driving force for mass transfer, a faster
drying rate, and subsequently, a shorter drying time.
Similar results are obtained, which support previous

findings about peas (Doymaz and Kocayigit, 2011; Taskin
et al., 2016; Pandey et al., 2019).
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Figure 2. Pea drying curves at various temperatures, with and
without pre-treatments (A: 50°C, B: 60°C, C: 70°C, D: 80°C)

Impact of Pre-Treatment Solution

Findings in Figure 2 show that pre-treatment is a key factor
that influences drying time. In comparison to the other
Potas and Control samples, the samples that are immersed
in hot water before drying takes less time. In comparison
to control samples, which requires 465 min for drying at
50°C to obtain a final water content of 0.17 kg water/kg
dry matter, peas pre-treated with hot water blanching
(Blanch code) and potassium carbonate solution (Potas
code) take 345 and 390 min, respectively, to reach this
water content. For samples of Blanch and Potas codes, the
difference in drying periods is roughly 25.81% and
16.13%, respectively. These findings demonstrate that the
pre-treatment solution increases the permeability of pea
cell membranes, increasing water diffusivity. Similar
patterns are seen while drying at 60, 70, and 80°C.
Previous investigations on pea drying (Simal et al., 1996;
Burande et al., 2008; Doymaz and Kocayigit 2011; Pandey
et al., 2019) have documented the observed pre-treatment
features.

Drying Rate

Figure 3 depicts the pea drying rate curves. In certain
instances, a constant-rate period is not seen. The warming-
up and falling-rate periods can be seen as two distinct
periods in Figure 3, respectively. The existence of falling-
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rate drying behavior, according to Darvishi (2017), shows
that the internal barrier to mass and heat transport is
always increasing. The drying rate and moisture content
are seen to be decreasing over time in Figure 3.
Additionally, as the temperature rises, the rate of drying
accelerates. When the peas' moisture content drops during
the drying process, the drying rates gradually fall from
their initial levels. The outcomes are in line with the
findings of several authors who have observed the drying
of different products (Pardeshi et al., 2009; Ponkham et
al., 2012).

The model with the highest R? and lowest RMSE values is
deemed to be the best. Table 3 displays the outcomes of
the statistical calculation. Each model has an R? value
greater than 0.98.

The models are given if the average R? values determined
by applying the models are ranked highest to lowest: Page
> Wang & Singh > Henderson & Pabis > Aghbashlo et al.
The models are listed as follows if the average RMSE
values are ranked from lowest to highest: Aghbashlo et al.,
Page, Wang & Singh, Henderson & Pabis, and others. This
assessment led to the Page model being determined as the
best representative model. In that situation, the data points
on the plots have a common focal point that is a 45°
straight line. Additional proof that the program can
accurately predict how peas will dry is provided by this
pattern by comparing predicted and experimental values
(Figure 4). Different studies have reported similar
findings in the literature (Senadeera et al., 2003; Yang et
al., 2018).
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Figure 3. Moisture content vs drying rate for A: 50°C, B:
60°C, C: 70°C, D: 80°C

Assessment of Models

Four drying models are utilized to fit the moisture content
data from the MR that is gathered at various temperatures
(Table 1). The Page model, one of the thin-layer drying
models, accurately predicts the kinetics of pea drying at
all drying temperatures and coefficients different from
other models (Table 2).
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Figure 4. Comparison of experimental and predicted moisture
ratio values using Page model (A: Potas, B: Blanch, C: Control)

221



Table 2. Coefficients of pea drying models at various temperatures

T  Code Models Coefficient-1 Coefficient-2
(9]
Potas Henderson & Pabis  a=1.033200 k=0.006620
Page k=0.004176 n=1.082660
Wang & Singh a=-0.005090 b=0.000007
Aghbashlo et al. ki1=0.005899 k2=-0.00039
Blanch Henderson & Pabis  a=1.000601 k=0.008403
50 Page k=0.009833  n=0.967951
Wang & Singh =-0.006542 b=0.000012
Aghbashlo et al. ki=0.008919 k2=0.000390
Control Henderson & Pabis  a=1.032609 k=0.005307
Page k=0.002836 n=1.110415
Wang & Singh a=-0.004064 b=0.000005
Aghbashlo et al. ki1=0.004502 k»=-0.000502
Potas Henderson & Pabis  a=1.051832 k=0.007665
Page k=0.003482 n=1.146526
Wang & Singh a=-0.005745 b=0.000009
Aghbashlo et al. ki=0.006343 k2=-0.000732
Blanch Henderson & Pabis  a=0.996229 k=0.009503
60 Page k=0.010834  n=0.973517
Wang & Singh a=-0.007415 b=0.000015
Aghbashlo et al. ki=0.009938 k2=0.000296
Control Henderson & Pabis  a=1.049279 k=0.006171
Page k=0.002333 n=1.176208
Wang & Singh a=-0.004584 b=0.000006
Aghbashlo et al. ki1=0.004832 k2=-0.000829
Potas Henderson & Pabis  a=1.036354 k=0.010211
Page k=0.004958 n=1.145214
Wang & Singh a=-0.007735 b=0.000016
Aghbashlo et al. ki=0.008367 k2=-0.001173
Blanch Henderson & Pabis  a=1.012128 k=0.013032
70 Page k=0.011851 n=1.018354
Wang & Singh a=-0.010088 b=0.000028
Aghbashlo et al. ki=0.012774 k>=-0.000071
Control Henderson & Pabis  a=1.041003 k=0.008612
Page k=0.003878 n=1.154493
Wang & Singh a=-0.006461 b=0.000011
Aghbashlo et al. ki=0.006914 k2=-0.001073
Potas Henderson & Pabis  a=1.055277 k=0.011777
Page k=0.004456 n=1.199866
Wang & Singh a=-0.008735 b=0.000021
Aghbashlo et al. ki=0.009166 k2=-0.001585
Blanch Henderson & Pabis  a=1.037488 k=0.014843
80 Page k=0.008894  n=1.108724
Wang & Singh a=-0.011211 b=0.000034
Aghbashlo et al. ki=0.013020 k2=-0.000982
Control Henderson & Pabis  a=1.050422 k=0.009713
Page k=0.003541 n=1.201108
Wang & Singh a=-0.007152 b=0.000014
Aghbashlo et al. ki=0.007366 k2=-0.001519
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Table 3. Predicted statistical data from various models

Models
Coefficient T Cod - -
oetiicien C) °% " "Henderson & Pabis Page = Wang & Singh  Aghbashlo
et al.
R? 50 Potas 0.9989 0.9996 0.9959 0.9989
Blanch 0.9978 0.9982 0.9818 0.9988
Control 0.9972 0.9995 0.9983 0.9998
60 Potas 0.9969 0.9994 0.9978 0.9977
Blanch 0.9993 0.9995 0.9846 0.9997
Control 0.9940 0.9993 0.9996 0.9995
70 Potas 0.9958 0.9996 0.9991 0.9997
Blanch 0.9988 0.9987 0.9897 0.9987
Control 0.9950 0.9993 0.9992 0.9997
80 Potas 0.9940 0.9996 0.9981 0.9979
Blanch 0.9958 0.9970 0.9928 0.9956
Control 0.9924 0.9991 0.9994 0.9996
Average R? 0.9963 0.9990 0.9946 0.9988
RMSE 50 Potas 0.0326 0.0247 0.0803 0.0353
Blanch 0.0557 0.0432 0.1532 0.0297
Control 0.0734 0.0275 0.0528 0.0168
60 Potas 0.0605 0.0285 0.0565 0.0563
Blanch 0.0298 0.0181 0.1330 0.0120
Control 0.1022 0.0290 0.0236 0.0257
70 Potas 0.0669 0.0160 0.0282 0.0161
Blanch 0.0231 0.0235 0.0949 0.0197
Control 0.0781 0.0284 0.0275 0.0142
80 Potas 0.0751 0.0142 0.0390 0.0396
Blanch 0.0475 0.0384 0.0759 0.0417
Control 0.0896 0.0293 0.0237 0.0145
Average RMSE 0.0612 0.0267 0.0657 0.0268

Effective Moisture Diffusivity

Deir values at various temperatures range from 2.45x10°!°
to 6.55x107'° m?/s are shown in Figure 5. It is evident that
as air temperature rises, Defr values rise significantly as
well. Drying at 80°C results in the highest Defr value,
while drying at 50°C results in the lowest value. Higher
drying temperatures will ultimately result in more heating
energy and more active water molecules, which means
higher moisture diffusivity. Pre-treated samples have
greater effective diffusion coefficient values than
untreated samples (Control code). Therefore, it can be

said that the pretreatment solutions alter the sample's
structure to speed up drying. Samples that have been pre-
treated with hot water and subsequently dried are where
the substance with the highest effective diffusion
coefficient is discovered. According to Zogzas et al.
(1996), the range of Derr values for drying food items is
often between 102 and 10" m?/s. The Defrvalues are close
to those for peas published in literature: 3.52x10°'!-
5.66x10° m?%s (Tao et al., 2018); 3.95x1071°-6.23x1071°
m?/s (Pardeshi et al., 2009); 4.05x10"'-1.51x10'" m?/s
(Jadhav et al., 2010); 8.05x107''-1.97x10'° m*/s (Doymaz
and Kocayigit, 2011). The differences between the results
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can be explained by effect of type, pre-treatment solution,
composition of peas and proposed model used for
calculation.
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Figure 5. Effective moisture diffusivity versus temperature
Activation Energy

The activation energy represents the energy threshold
necessary to initiate the drying process by surpassing the
barrier. Since In (Defr) plotted as a function of
1/(T+273.15) generates a line with a slope equal to (-
Eo/R), it is simple to calculate E. (Figure 6). The pre-
treated and control samples' Der are affected by
temperature in Egs. (13), (14) and (15), with the following
coefficients:

Potas:

Deyr = 8492 % 107 exp (- —2o2=

(T+273.15)

) (R? =09719) (13)

Blanch:

Deyr = 1,564 x 10~%exp (— 2=

(T+273.15)

) (R? =09751) (14)

Control:

Deyr = 9817 x 1077 exp (- 2o

m) (R? = 0.9836) (15)
For the Potas, blanch, and Control code samples, the
activation energies are 21.48, 22.82, and 22.32 kJ/mol,
respectively. According to Zogzas et al. (1996), the
activation energy levels for elements associate to food
generally sequence from 12.7 to 110 kJ/mol. A
considerable amount of agreement exists between the
activation energy estimations reported in this experiment
and the activation energy predicts for drying peas in
published studies: 28.40 kJ/mol (Simal et al., 1996);
22.48 kJ/mol (Pardeshi et al., 2009); 25.45-28.40 kJ/mol
(Honarvar et al., 2011); 22.01-30.99 kJ/mol (Doymaz and
Kocayigit, 2011); and 29.76-30.23 kJ/mol (Tao et al.,
2018).
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Figure 6. Arrhenius-type relationship between effective
moisture diffusivity and temperature

Rehydration Capacity

Rehydration capacity (RC) is a commonly used dry
product quality measure. According to Karacabey et al.
(2016), rehydration values give information on the
physical and chemical modifications to a dried sample's
composition that are brought on by drying and other
treatments utilized before dehydration. Rehydration
capacity diminishes as drying temperature rises, as shown
in Figure 7, with greater RC values at 50°C. Additionally,
following drying at the same temperatures, the RC values
of samples that has been pre-treated with potassium
carbonate solution are higher than those that have been
blanched with hot water and control samples. It can be
claimed that during the drying process, the samples suffer
only minor physical damage from the potassium carbonate
solution. As a result, it is possible to say that the capacity
for rehydration has improved. Kaur and Bawa (2002), and
Burande et al. (2008) obtain comparable results.
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Figure 7. Effect of pre-treatment and air-drying temperature on
rehydration capacity of peas
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CONCLUSIONS

At various temperatures, the hot-air dryer is used to test
the green pea's drying qualities. Peas dry during the
periods of rising and falling rates for each infrared power.
Temperature and pre-treatments have a big impact on
drying speed. Drying time is decreased by pre-treatment
and an increase in temperature. The Page model produces
the best findings and is most compatible with the
experimental data from the pea drying trials when
compared to the other three thin-layer drying models. For
temperature investigation in range of 50-80°C, the Defr
values range from 2.45x10'° to 6.55x107'° m%s. The
effective moisture diffusivity rises as the temperature
increases. Drying at 80°C shows in the highest Derr value,
while drying at 50°C results in the lowest value. Each
model from experiments has an R? value greater than
0.98. For samples of Blanch and Potas codes, the
difference in drying periods is nearly 25.81% and
16.13%, respectively. Using an Arrhenius type equation,
the activation energies for the Potas, Control, and Blanch
samples are identified as 21.48, 22.82, and 22.32 kJ/mol,
respectively.
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Abstract: In this study, the impact of geometric parameters of rectangular baffles with varying location angles and
heights is investigated on the heat transfer and fluid flow characteristics of cross-triangular grooved channels.
Computational methods are employed to explore these effects, utilizing the Ansys-Fluent program to solve the Navier-
Stokes and energy equations, incorporating the k-¢ turbulence model for numerical simulations. The inlet temperature
of the air, serving as the working fluid, is set at 293 K, while the wall surface temperature of the lower triangular
grooved channel remains fixed at 373 K. Rectangular baffles are tested with angles of 30°, 60°, and 90°, and heights of
0.25H, 0.5H, and 0.75H, respectively. The numerical results show good agreement with a 3.53% deviation compared
to existing empirical data in the literature. The obtained findings are presented in terms of mean Nusselt (Num) number,
fluid temperature, and Performance Evaluation Criterion (PEC) number variations taking into consideration of pressure
drop for each rectangular baffle angle and height. Additionally, contour distributions of temperature and velocity are
evaluated for different Reynolds numbers (Re) and arrangements of rectangular baffles. It has been determined that the
Nu number value increases by 197.56% at a 90° angle and 0.75H height, compared to the 0.25H baffle height at
Re=6000. Furthermore, at Re=1000, the PEC number is 84.50% higher with a baffle height of 0.25H and a baffle angle
of 30° compared to the condition with a 90° angle.

Keywords: Cross-triangular grooved channels, rectangular baffles, Heat transfer, Computational fluid dynamics,
Navier-Stokes equations

CAPRAZ UCGEN YIVLI KANALLARDA GEOMETRIK PARAMETRELERIN ISI
TRANSFERI VE AKISKAN AKIS OZELLIKLERI UZERINDEKI ETKISININ
ARASTIRILMASI: HESAPLAMALI BiR CALISMA

Ozet: Bu calismada, konum acilan ve yiikseklikleri degisen dikdortgen engellerin geometrik parametrelerinin ¢apraz
tiggen oluklu kanallarin 1s1 transferi ve akiskan akisi dzellikleri tizerindeki etkisi arastirilmaktadir. Bu etkileri kesfetmek
icin hesaplamali yontemler kullanilmis olup; Ansys-Fluent programi kullanilarak Navier-Stokes ve enerji denklemleri
¢ozlilmiis, sayisal simiilasyonlar i¢in k- tiirbiilans modeli dahil edilmistir. Calisma akigkani olarak kullanilan havanin
giris sicaklig1 293 K iken, liggen oluklu alt kanalin duvar yiizey sicaklig1 sabit 373 K olarak belirlenmistir. Dikdortgen
engeller sirastyla 30°, 60° ve 90° acilarinda ve 0,25H, 0,5H ve 0.75H yiiksekliklerinde test edilmistir. Sayisal sonuglar,
literatiirde mevcut olan deneysel verilere gore %3,53 sapma ile iyi bir uyum gostermektedir. Elde edilen bulgular, her
bir dikddrtgen engel agis1 ve yiiksekligi igin ortalama Nusselt (Num) say1si, akiskan sicakligi ve basing diisiisiinii dikkate
alan Performans Degerlendirme Kriteri (PEC) sayisi degisimleri agisindan sunulmaktadir. Ayrica, farkli Reynolds
sayilar1 (Re) ve dikdortgen engellerin diizenlemeleri igin sicaklik ve hiz konturu dagilimlar1 degerlendirilmektedir.
Re=6000'de 0,25H engel yiiksekligine gore Nu sayisi degerinin 90° ac1 ve 0,75H yiikseklikte %197,56 arttig
belirlenmistir. Ayrica, Re=1000'de, 0,25H engel yiiksekligi ve 30° acisinda, 90° agidaki durumla karsilastirildiginda
PEC sayis1 %84,50 daha yiiksektir.

Anahtar Kelimeler: Capraz-iiggen oluklu kanallar, Dikdortgen engeller, 1s1 transferi, Hesaplamali akiskanlar dinamigi,
Navier-Stokes denklemleri
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INTRODUCTION

Heat exchangers play a crucial role in transferring heat
from a hot fluid to a cold fluid, finding extensive
applications across various industries including heating
and cooling systems, chemical manufacturing, oil
refining, electrical power generation, and other
engineering sectors. Among the different types of heat
exchangers, plate heat exchangers are particularly
popular due to their compact design, cost-effectiveness,
simplicity, and high efficiency. These heat exchangers
are continuously evolving and improving, adapting to
meet the increasing demands of diverse industries (Liang
et. al., 2019).

The parallel plate channel structure represents one of the
most common and straightforward configurations of
plate heat exchangers. However, its performance is
relatively low, prompting many researchers to seek
improvements. Scott and Lobato (2003) and Zhang
(2005) have made strides in enhancing heat and mass
transfer in plate heat exchangers by refining a cross-
grooved sinusoidal and triangular channel structure.
Their approach involves combining numerous corrugated
layers within a plate heat exchanger to create flow
channels, with adjacent channels angled specifically to
form flow ducts and facilitate fluid separation. This
arrangement results in a cross-grooved plate with robust
mechanical endurance. Aslan et al. (2023)
experimentally and numerically evaluated the friction
factor, convection heat transfer and field compliance
factor properties of pipe bundles with smooth and offset
rows. The Reynolds number was changed from 989 to
6352 and the Pr number was kept at 0.70. It was found
that offset orders lead to a larger Nu number and friction
factor values compared to smooth arrangement. Notably,
at low Reynolds numbers, internal flow becomes
turbulent due to the widening feature upon contact in
grooved ducts, leading to a notably high coefficient of
heat transfer (Zang., 2016).

Researchers have conducted extensive experimental and
theoretical investigations aimed at improving the heat
transfer performance of cross-grooved channels. Liu and
Niu and Niu (2015) examined the impact of aspect ratio
and apex angle on the thermal-hydraulic performance of
a cross-grooved duct, highlighting the significant
influence of the apex angle on the duct's properties.
Krishnan et al. (2021) empirically evaluated the effects
of corrugation pattern, corrugation angle, plate length,
and depth-to-pitch ratio on the thermal-hydraulic
performance of grooved flow ducts, emphasizing the
importance of groove angle and depth-to-pitch ratio on
heat transfer and pressure drop. Saha et al. (2020)
investigated the cross-grooved performance of plate heat
exchangers across corrugation angle ranges, observing an
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increase in pressure drop per unit length with an increase
in corrugation angle. Guo-Guo-Yan et al. (2005)
conducted numerical and experimental analyses on
sinusoidal cross-grooved heat exchangers, concluding
that a steady-state laminar model is suitable for a
specified Reynolds number range, with a slight deviation
between computational and empirical results. Zhang et
al. (2014, 2005, 2005) studied heat and mass transfer, as
well as fluid flow, in cross-grooved triangular ducts for
membrane-based exchangers, deriving correlation
equations for friction factors, Sherwood numbers, and
Reynolds numbers. Li et al. (2015) investigated heat and
mass transfer enhancements in cross-grooved membrane
exchanger ducts by varying apex angles, finding that
larger apex angles resulted in higher Nusselt and
Sherwood numbers. Muley and Manglik (1999) analyzed
the thermal-hydraulic characteristics of grooved-plate
channels with different plate configurations, reporting
significantly higher heat transfer compared to flat-plate
ducts under equivalent pumping power conditions,
considering Reynolds number, chevron angle, and
surface area enlargement factor. Zimmerer et al. (2002)
studied the wavelength, groove shape, and inclination
angle of heat exchangers for local heat and mass transfer
and pressure losses. Ajeel et al. (2019) investigated the
thermal and hydraulic properties of trapezoidal-grooved
ducts using SiOz-water nanofluid, observing substantial
enhancements in Nusselt number with an increase in
height-to-width ratio. In another study, Ajeel et al. (2019)
explored heat transfer enhancement in grooved channels
of semi-circle, trapezoidal, and straight shapes using
alumina oxide-water nanofluid, finding the highest
enhancement in trapezoidal grooved ducts. Furthermore,
Ajeel et al. (2019) empirically evaluated semi-circle-
grooved and trapezoidal-grooved ducts using SiOz-water
nanofluid, demonstrating significant improvements in
heat transfer rate and pressure drop compared to straight
channels.

Baffles serve as effective means to augment heat transfer
area, alter the primary flow direction, and enhance flow
irregularity and heat transfer. However, there have been
relatively few studies utilizing baffles. Li and Gao (2017)
examined heat transfer characteristics in cross-grooved
triangular ducts employing delta-shaped baffles. They
observed a significant increase in pressure drop and a 2.1
to 4.3 times increase in Nusselt number when the baffle
height equaled the trough height. Saim et al. (2013)
conducted numerical investigations on heat transfer and
turbulent flow along ducts with inclined baffles, noting
improved friction factor and heat transfer with inclined
baffles. Alnak (2020) numerically studied heat transfer,
pressure drop, and thermohydraulic performance of
cross-grooved triangular ducts with rectangular baffles at
different settlement angles. Results showed a 52.8%
higher mean Nusselt number for ducts with a 90° angle



baffle compared to those with a 60° angle baffle at
Re=6000. Feng et al. (2022) numerically analyzed the
impact of trapezoidal baffles on flow and heat transfer
properties of cross-grooved triangular ducts. They found
Nusselt and friction factors of ducts with trapezoidal
baffles to be 1.7 and 3.5 times higher, respectively, than
those without baffles, leading to a 30% increase in
Performance Evaluation Criterion (PEC) value. Li et al.
(2022) investigated the influence of baffle position and
apex angle on heat and flow characteristics of cross-
corrugated triangular ducts. They introduced trapezoidal
baffles to enhance heat transfer, finding that the PEC
value for ducts with a specific baffle position at a 120°
apex angle could be lower than that without baffles.
Liang et al. (2019) conducted computational work using
an SST k-¢ model to examine six different baffle
configurations' effects on temperature patterns and
distribution in cross-grooved triangular ducts. They
found that compared to ducts without baffles, Nusselt
numbers increased by 1.5 to 1.6 times for certain baffle
configurations, resulting in a 13% increase in heat
transfer efficiency under the same fan power.

The corrugated channels used in the study are employed
in the design of plate heat exchangers, which are
frequently exerted in heat transfer applications and are
formed by combining many thin metal plates. In the
reviewed literature, the heat transfer and flow
characteristics of baffle setups, spacing, and apex angles
in corrugation troughs of cross-grooved channels have
been extensively studied. In this study, unlike the studies
in the literature, the effects of rectangular baffle angles
and heights at the top section of cross-triangular grooved
ducts were investigated regarding heat transfer, flow
structure, and performance evaluation criterion (PEC)
number taking into consideration of pressure drop.
Rectangular baffles were positioned at the upper section
of the grooved duct at varying angles and heights.
Computational research utilized the Ansys-Fluent
software program with the k-¢ turbulence model to solve
steady, three-dimensional equations of energy and
Navier-Stokes. The inlet air temperature was set at 293
K, and the fixed surface temperature of the lower
triangular grooved ducts was 373 K. Parameters such as
Reynolds number and baffle placement angles and
heights were varied. The Reynolds number range
investigated was 1000-6000, with baffle placement
angles of 30°, 60°, and 90°, and heights of 0.25H, 0.5H,
and 0.75H. However, in the case of a baffle height of
0.75H when using an angle of 30°, the baffle protrudes
from the duct, so the baffle height of 0.75H could not
have been analyzed at 30°. Computational results were
compared with empirical and computational findings
from existing literature, showing agreement. Outcome
variables included fluid velocity, temperature, mean
Nusselt number (Nu), and performance evaluation
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criterion (PEC) number along the midpoint of the upper
grooved duct section. Additionally, fluid exit temperature
variations were assessed for each baffle angle and height,
compared to the non-baffle case. Contour distributions of
fluid velocity, temperature along the cross-grooved
triangular duct were evaluated for various baffle angles
and heights at Reynolds numbers of 1000 and 6000.

COMPUTATIONAL METHOD

In this study, numerical solutions for flow and heat
transfer were conducted using a 3D, steady-state
turbulence model based on the k-¢ model within the
Ansys-Fluent program. The investigation focused on a
cross-triangular grooved triangular channel with various
angle and height configurations of rectangular baffles.
Convergence criteria were set at 10"-6 and 10"-7 for the
energy and momentum equations, respectively. The heat
transfer and flow structure analysis for the cross-
triangular grooved triangular duct with rectangular baffle
placement angles and heights involved solving partial
differential equations derived from conservation
equations of time-averaged mass, momentum, and
energy for turbulent flow. Besides, since irregular flow
fluctuations will occur in the channel due to the presence
of baffles and grooves in the study, the study was
modeled as turbulent, and the k-¢ model was used as the
turbulence model. However, accurate modeling of
turbulence is essential in heat transfer simulations. Direct
numerical simulation of turbulent flows is very difficult
and time consuming. There are various turbulence
models used in numerical modeling. Besides, among
turbulence models, the k-¢ turbulence model, which is a
semi-empirical model, is widely used due to its economy
and acceptable accuracy in many flow events. In one of
the studies on impinging jets, Wang and Mujumdar
(2005) tested several k- turbulence models with low Re
numbers for turbulent jets. They found that the models
were able to determine the general shape of the Nu
number distribution and that the models applied better in
heated areas for large jet-to-plate distances. In their
study, they determined that the k-g turbulence model
showed a good performance in determining the heat
transfer properties of impinging jets when compared to
standard high Re number models. In addition, compared
to other turbulence models (Yildizeli et. al., 2023), they
determined that the k-e¢ turbulence model is suitable
because it reduces kinetic energy production and
approaches the required result in the heated zone.
Accordingly, taking into account the results obtained
from studies in the literature (Karabulut.,, 2023,
Karabulut., 2023, Karabulut and Alnak., 2023), the
standard k-¢ turbulence model was used in the numerical
calculations in this study.



These analyses were carried out under steady-state
conditions with no body forces present (Flunet., 2003,
Karabulut and Alnak., 2020):

Continuity equation
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At the turbulence model of k-¢ in the study employed by
Karabulut (2019), when ¢ displays distribution of
turbulence, k' and ¢ present terms of turbulence kinetic
energy and dissipation of viscous, respectively.

Turbulence kinetic energy:

k' ==(u?+v7 +w?) (6)

230

Viscous dissipation term:
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Cy, Cis, Ca, ok and o¢ which are model firms are the
typical values of default employed in the standard
turbulence model of k-¢ (Flunet., 2003). The values of
these firms were obtained by numerous iterations of data
fitting for many turbulent flows.

Re number is computed by the equation given below (Lin
and Gao., 2017, Karabulut and Alnak., 2020, Karabulut,
2019).

Voo Dp
v

Re

(€))

Dn is the jet inlet hydraulic diameter (Lin and Gao., 2017,
Karabulut and Alnak., 2020, Karabulut, 2019).

(10)

In this equation, A and P are the jet inlet cross-sectional
area and perimeter lengths, respectively.

The Nu number is defined to be a ratio of the convection
heat transfer rate to the conduction heat transfer rate
(Welty et. al., 2014).

hL

—k (Z—DS = hAT,, and Nu ==

an

Here, h is the local heat transfer coefficient on the surface
and n is the perpendicular direction to the surface and the
local Nu number is calculated as above.

The logarithmic temperature difference between the wall
surface of the triangular corrugations and fluid is
computed by Liu and Niu (2015).

(Ti_Ta)
Tw—T;

)

(TW—TO

ATy, = (12)

where Ti, To and Tw are the inlet and outlet temperatures
of the fluid and the wall surface temperature of the
triangular corrugations, respectively.



Mean heat transfer coefficient (Welty et. al., 2014).

1 L
h, = Zfo hdx (13)
Mean Nu number (Welty et. al., 2014).
Ny, = 225 (14)

Pressure drop is calculated with Liu and Niu (2015).

L
_fr urzn
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Ap (15)

Where Ap is the drop of pressure of the cross-triangular
grooved triangular duct between the entry and exit, f is
the factor of friction and L is the duct long.

PEC (Performance Evaluation Criterion) number
(Akbarzadeh et. al., 2017)

NU channel with baf fles/NUchannel without baf fles
PEC = - gt

(AP channel with baffles/Apchannel without baffles)

The dimensionless variable is described as
(17)
where z displays the local duct long.

GEOMETRIC DESIGN

Figure 1A illustrates a perspective view of the cross-
triangular corrugated duct with rectangular baffles, while
Figure 1B shows a channel view depicting boundary
conditions and dimensions of the cross-corrugated
channel. The dimensions of the triangular cross-grooved
duct are specified as follows: length (L) = 70.71 mm,
width (W) = 8.165 mm, height of the duct (H) = 7.071
mm, and distance between two rectangular baffles (d) =
8.165 mm. Rectangular baffles are utilized at heights of
0.25H, 0.5H, and 0.75H. The entry velocity range of the
air varies from 2.1436 m/s (Re=1000) to 12.8616 m/s
(Re=6000). A constant height of 4.0825 mm is
maintained for the triangular corrugations. Figure 2
displays the tetrahedral mesh structure for the cross-
triangular grooved triangular duct. Based on the duct
dimensions reported in the literature, ten rectangular
baffles and triangular grooved troughs are present in the
lower part of the duct.

This study is conducted under the following assumptions:
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a) The flow domain for the cross-triangular grooved
triangular duct is three-dimensional (3D), steady, and
turbulent.

b) The working fluid used is air, considered to be
incompressible.

¢) The thermal properties of the air are assumed to be
constant throughout the analysis.

d) There is no heat generation within the air flow or on
the surfaces of the rectangular baffles.

ASSESSMENT OF THE RESULTS

To assess the influence of grid refinement on the Nusselt
number (Nu) of the surfaces within the cross-grooved
duct, grid independence tests were conducted for the non-
baffled duct across various Reynolds numbers (Re)
including 1000, 2000, 3000, and 4000. The results are
presented in Table 1. Upon examination of Table 1, it can
be observed that 611,037 grid elements are sufficient for
achieving grid independence for the non-baftled grooved
duct

Tab. 1. Independence of grid test results considering the Nup,
for the grooved duct non-baffle

Mesh Re=1000 | Re=2000 | Re=3000 | Re=6000
Num. -Nup, - Nup, - Nup, - Nup,
450571 6.7850 11.285 14.985 23.9356
860452 6.874 11.299 14.9898 23.9402
970002 6.875 11.3 14.99 23.94
1152004 6.8754 11.304 14.9954 23.9403

Figures 3a and 3b illustrate the Nusselt number (Nu)
values obtained from empirical studies by Scott and
Lobato (2003) and computational studies by Liu and Niu
(2015), Zhang (2005), Zhang (2005), and Li and Gao
(2017). These figures compare the Nu values for apex
angles of 60° and 90° in cross-corrugated ducts without
baffles, respectively, with the computational results from
this study. In Figure 3a, comparisons are made between
the computational data from Zhang (2005), Zhang
(2005), and Li and Gao (2017), which used the k-¢
turbulence model, and the results from this study for a
grooved channel with an apex angle of 60° and no
baffles. Figure 3b, on the other hand, compares the
experimental results from Scott and Lobato (2003) and
numerical results from Liu and Niu (2015), Li and Gao
(2017), and this study, all of which utilized various
turbulence models, for a corrugated duct with an apex
angle of 90° without baffles. The maximum deviation
observed in this study for Nu is 4.8% compared to
numerical results for the 60° apex angle (Figure 3a).
However, the differences between the numerical results
of this study and the values of the experimental data are
within 3.53% for an apex angle of 90° (Figure 3b). The
utilization of the k-¢ turbulence model demonstrates
satisfactory agreement between numerical and
experimental results, thus providing a reliable basis for
comparative analyses across various rectangular baffle
angles and heights.
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Fig. 1. (a) Cross-triangular corrugated triangular duct perspective view with baffle
(b) duct view with dimensions and boundary conditions
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Fig. 2. Cross-triangular corrugated triangular duct mesh structure
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Fig. 4. Velocity contour distributions of triangular corrugated rectangular ducts
non-baffle and with discrete angles and heights of baffles A-Re=1000 B-Re=6000

Figures 4A and 4B illustrate the velocity contour
distributions of rectangular channels with triangular
corrugations, both without baffles and with baffles
featuring angles of 30°, 60°, and 90°, as well as heights
of 0.25H, 0.5H, and 0.75H. In the absence of baffles,
the fluid velocity is notably low throughout the
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channel, including within the triangular corrugations.
However, upon the introduction of baffles at the upper
section of the rectangular channel, the fluid begins to
be directed towards the triangular corrugations. This
orientation towards the corrugations becomes more
prominent with increasing baffle angle. Additionally,



increasing the baffle height enhances both the direction
of flow and turbulence within the fluid and
corrugations. As observed in the contour distributions,
higher fluid velocities are evident, particularly at baffle
angles of 60° and 90°, when using 0.75H height baffles
within the duct. At this baffle height (0.75H), under the
90° angled condition, the fluid velocity increases
substantially, leading to a jet flow-like scenario due to
cross-sectional narrowing in the channel. With the Re
number increased to 6000, higher fluid velocity values
are observed within the triangular corrugations, as the
fluid activity within the duct becomes more
pronounced. This increase in Re number results in
heightened fluid movement and flow dynamics within
the duct.
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Fig. 4. Velocity contour distributions of triangular
corrugated rectangular ducts
non-baffle and with discrete angles and heights of baffles A-
Re=1000 B-Re=6000

Figures 5A and 5B depict the temperature contour
distributions of rectangular ducts with triangular
corrugations, both without baffles and with baffle
angles of 30°, 60°, and 90°, as well as heights of 0.25H,
0.5H, and 0.75H, at Reynolds numbers (Re) of 1000
and 6000, respectively. In the absence of baffles,
temperatures are notably high throughout the channels
and within the triangular corrugations, indicating a
need for cooling. At the peaks of the triangular
corrugations, temperatures reach their highest values.
Upon the addition of baffles to the channels, the fluid
is directed towards these corrugations, facilitating
cooling and reducing their temperature. Consequently,
towards the end of the duct, the fluid within the channel
and between the baffles experiences heating, leading to
increased temperatures. With increasing baffle angle
and height, the orientation towards the corrugations
improves, enhancing heat transfer. This effect is

particularly pronounced at a height of 0.75H for
Re=6000 and at baffle angles of 60° and 90°, where the
reduction in temperature is most evident. Overall, using
baffles enhances heat transfer efficiency and reduces
temperature within the duct
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Fig. 5. Contour distributions of temperature of triangular
grooved rectangular ducts
non-baffle and with discrete angles and heights of baffles A-
Re=1000 B-Re=6000

Figure 6 illustrates the temperature variations along the
rectangular channels with triangular corrugations,
categorized by Reynolds numbers, and different baffle
angles and heights. In the case of non-baffles (Figure
6a), temperatures of the fluids decrease as the Reynolds
number increases, indicating enhanced cooling
efficiency with higher fluid velocities. However, when
baffles are introduced, temperature variations become
more complex. Figures 6b to 6i represent the
temperature  variations  for  different  baffle
configurations, including various baffle angles and
heights. It is observed that temperature values tend to
increase with higher baffle angles and heights. This is
because the baffles direct the flow towards the
triangular corrugations, resulting in increased heat
transfer and thus higher temperatures. Interestingly,
fluctuations in temperature, particularly at the duct
entrances, are observed depending on the angle and
height setups of the baffles. However, in the channel
arrangement with a 90° angle and 0.75H baffle height,
temperatures reach their highest values more
periodically and regularly compared to other channels.
This suggests that this particular baffle configuration
may offer more efficient and consistent heat transfer
performance.
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Fig. 6. Fluid temperature value variations of triangular corrugated rectangular ducts for the non-baffle duct (a) and ducts with
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Figure 7 displays the variations in mean Nusselt
number (Num) versus different Reynolds numbers (Re)
for rectangular channels with triangular corrugations,
both without baffles and with rectangular baffles
featuring angles of 30°, 60°, and 90°, as well as heights
of (a) 0.25H, (b) 0.5H, and (c) 0.75H, respectively.
Observations from the figure reveal that Nu values
increase with higher heat transfer rates, corresponding
to the increase in Reynolds number. This trend is
consistent across all  baffle  configurations.
Interestingly, the maximum Nu value is consistently
achieved for all baffle heights at a baffle angle of 90°.
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This indicates that the fluid flow experiences more
intense vortex movements due to turbulence created
within the fluid at this particular baffle angle value.
Moreover, the highest Nu value is observed at a baffle
angle of 90° and a baffle height of 0.75H. Specifically,
at this configuration, the Nu value increases by
197.56% at Re=6000 compared to the Nu value at a
baftle height of 0.25H for the same Reynolds number.
This substantial increase in Nu highlights the
significant enhancement in heat transfer efficiency
achieved by employing the 90° angle and 0.75H baffle
height configuration.
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In Figure 8, temperature variations of the fluid at the
outlet of the rectangular channel with triangular
corrugations are depicted, considering different baffle
angles (30°, 60°, and 90°) and height arrangements of
(a) 0.25H, (b) 0.5H, and (c) 0.75H, respectively.
Observations from the figure reveal that the
temperature values of the fluid at the exit of the duct
decrease with increasing Reynolds number. This
decrease is attributed to the enhanced heat transfer
efficiency associated with higher fluid velocities.
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Moreover, temperature values increase as the baffle
angle and height are increased. This increase in
temperature is due to the improved heat transfer
achieved by directing the flow towards the triangular
corrugations through the use of baffles. Comparing
with the non-baffled situation, the highest temperature
values are obtained for the duct with a 90° baffle angle
and 0.75H height. This configuration enhances heat
transfer efficiency to the extent that it results in the
highest temperature values at the duct outlet.
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In Figure 9, variations of the Performance Evaluation
Criterion (PEC) for rectangular channels with
triangular corrugations are depicted as a function of
Reynolds number (Re), considering different baffle
angles (30°, 60°, and 90°) and heights of (a) 0.25H, (b)
0.5H, and (c) 0.75H, respectively. PEC is a thermal-
hydraulic performance factor, representing the ratio of
the mean Nusselt number (Nu) enhancement to the
increase in pressure drop (Ap) in the baffled state
compared to the non-baffled state. Observations from
the figure indicate that the PEC number decreases with
increasing baffle angle, height, and Reynolds number.
This decrease occurs because the enhancement in
pressure drop (Ap) outweighs the increase in Nu,
resulting in a lower PEC value. For example, at
Re=1000, the PEC number is 84.50% higher at a baffle
height of 0.25H and a baffle angle of 30° compared to
the 90° angled condition. This suggests that the 30°
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baffle angle configuration at a height of 0.25H offers
better thermal-hydraulic performance, as it achieves a
higher PEC number due to a more favourable effect
between Nu improvement and pressure drop increase.
Although the PEC value decreases with the increase in
the baffle height and angle, the fact that relatively
higher PEC number values are obtained at low height
and angle values shows that the investigated
geometries have potential to be used in heat transfer
applications in order to use energy more efficiently and
economically, considering the increase in heat transfer
performance achieved. Similar results were obtained in
the studies in the literature (Li and Gao (2017), Feng et
al. (2022) and Liang et al. (2019)), and with the
addition of baffles to the channels, a significant
pressure drop and friction factor increase were
observed despite the increase in the Nu number.
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CONCLUSIONS

This study comprehensively investigates the effects of
various rectangular baffle angles and heights in
rectangular channels with triangular corrugations on
several parameters including heat transfer (Num), fluid
outlet temperature, and the performance evaluation
criterion (PEC) taking into consideration of pressure
drop. The findings are summarized as follows:

Introduction of baffles into the rectangular channel
redirects the fluid flow towards the triangular
corrugations, increasing the flow velocity and
turbulence within the fluid and corrugations.
Particularly, at higher baffle angles and heights, such
as 60° and 90° with a 0.75H height, the fluid velocity
increases significantly, resembling a jet flow-like
situation.

Baffles intensify turbulence within the duct, enhancing
heat transfer. This increase in turbulence intensity is
particularly pronounced at the baffle tips and
corrugation tops, and it penetrates deeper into the
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corrugations and baffle spaces with higher baffle
angles and heights.

Temperature decreases along the channel with
increasing Reynolds number but increases with higher
baffle angles and heights. However, temperature
fluctuations, especially at duct entrances, are observed
based on the baffle angle and height configurations.
Channels with a 90° baffle angle and 0.75H height
exhibit more periodic and regular temperature peaks.

Mean Nusselt number (Num) increases with higher
Reynolds numbers, with the maximum Num achieved
at a baffle angle of 90°. The highest Num value is
observed at a 90° angle and 0.75H baffle height, with a
197.56% increase compared to a 0.25H baffle height at
Re=6000.

Outlet temperature increases with higher heat transfer
improvement resulting from increased baffle angle and
height. The highest temperature values are obtained for
channels with a 90° baffle angle and 0.75H height,
particularly in non-baffled situations.



Performance Evaluation Criterion (PEC) decreases
with increasing baffle angle, height, and Reynolds
number due to the greater increase in pressure drop
compared to the increase in Num. Specifically, for
Re=1000, PEC is 84.50% higher at a 0.25H baffle
height and 30° baffle angle compared to a 90° angle
condition.

Overall, this study provides valuable insights into the
thermal-hydraulic performance of rectangular channels
with triangular corrugations and demonstrates the
significant impact of baffle angle and height
configurations on various performance parameters.

NOMENCLATURE

E

Jet inlet cross section, [m?]

H Channel height, [m]

L Channel lenght, [m]

w Channel width, [m]

Dn Hydraulic diameter of the channel, [m]

h Local convective heat transfer coefficient,
[Wm2 K]

k Thermal conductivity, [Wm™'K™']

4 Fluid velocity in the channel entry, [ms™']

cp Specific heat capacity of the fluid, [Jkg'K']
P Jet inlet cross section perimeter length,[m]
p Pressure, [Nm]

T Temperature, [K]

u, v,w Velocity components of x,y,z directions, [ms
']
u'v''w' Fluctuating velocity components in Xx,y,z
directions, [ms™']

i,7,w Mean velocities in coordinates, [ms™']

Re Reynolds number [=VeDy/V]

Nu Local Nusselt number [=hL/k]
Greek Symbols

u Dynamic viscosity, [kgs'm™]

s Turbulent viscosity, [kgs'm™]

v Kinematic viscosity, [m?s™]

p Density, kgm™

¢ Viscous dissipation term, [m?s>]
k Turbulance kinetic energy, [m?s?]
€ Turbulent dissipation rate, [m?s™]
0 Rectangular baffle angle, [°]
Subscripts

s Surface

Sm Surface mean

o0 Fluid

m Mean
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Ozet: Enerji verimliliginde énemli bir potansiyele sahip olan binalarda enerji kaybinin en biiyiik kismi1 bina kabugundan
gerceklesmektedir. Giintimiizde; farkli kalinlik ve 6zellikteki cesitli katmanlardan olusan bina kabugunda, 1s1 kaybinin
azaltilmasinda, 1s1 kopriilerinden kagcinmaya yo6nelik uygulamalar en temel yaklagimlardan biridir. Diger bilesenlere
oranla 1s1 iletiminin daha fazla oldugu ve nem problemlerinin 6ncelikle karsilasildigi alanlar olan 1s1 kdpriilerinin bina
enerji performansinin degerlendirilmesinde 6nemi bilyiiktiir. Giiniimiizde yaygin olarak uygulanan betonarme karkas
yapim sisteminde ¢esitli nedenlerle ¢ok sayida 1s1 kopriisii meydana gelmektedir. Kdse noktalarinda meydana gelen 1s1
kopriileri binanin ortalama 1s1 gegirgenligini 6nemli dlciide etkiler. Ayni zamanda yogusma ve kiif olusumunun da
yaygin goriildiigii bolgelerdir. Bu bolgelerin yalitim durumu da 1s1l ve higrotermal performansi etkilemektedir. Tasarim
asamasinda bina kabugunun higrotermal performansi hesaplanarak gerekli dnlemler alinmalidir. Bu amagla gesitli
benzetim araglar1 kullamlmaktadir. Bdylece tasarim agamasinda bina kabugunun enerji, konfor ve saglik kosullarini
saglamasi miimkiin olabilecektir. Bu ¢aligsmada 1s1 kopriilerindeki 1s1 kayiplari ve higrotermal performans arastirilmigtir.
Mevcut bir konut yapisinin kdse noktasinda meydana gelen 1s1 kopriileri, yalitimsiz, kismi yalitimli ve disardan yalitimli
olma durumlarina gore degerlendirilmistir. Calisma kapsaminda Quick Field 6.3 ve Wufi 2D-4.3 programlari
araciligryla yapilan analizlerden 1s1 kopriilerinin kismi yalitilmasi durumunda kesintisiz disaridan yalittimli olma
durumuna gore %37 daha fazla 1s1 kaybi meydana geldigi goriilmistiir. Ayn1 zamanda higrotermal performans
acisindan da kesintisiz disardan yalittimli durumda yogusma riski goriillmemektedir.

Anahtar kelimeler: Is1 kopriisii, 1s1 kaybi, yogusma, higrotermal performans, 1s1 yalitimi

INVESTIGATION OF THERMAL BRIDGE EFFECT ON HEAT LOSSES AND
HYGROTHERMAL PERFORMANCE

Abstract: The largest energy loss in buildings, which have a significant potential for energy efficiency, occurs in the
building envelope. At present, one of the most basic approaches to reducing heat loss in the building envelope, which
consists of various layers of different thicknesses and properties, is to avoid thermal bridges. Thermal bridges are areas
where heat conduction is higher than other components of the building and where moisture problems are primarily
encountered and are of great importance in the evaluation of building energy performance. In today's widely applied
reinforced concrete frame construction system, many thermal bridges occur for various reasons. Thermal bridges
occurring at the corner points of the building significantly affect the average thermal transmittance of the building.
These areas are also the areas where condensation and mould formation are common. The insulation status of these
regions affects the thermal and hygrothermal performance. Necessary measures should be taken by calculating the
hygrothermal performance of the building envelope during the design phase. Various simulation tools are used for this
purpose. In this way, the building envelope can provide energy, comfort, and health conditions during the design phase.
In this study, heat losses and hygrothermal performance of thermal bridges are investigated. The thermal bridges
occurring at the corner point of an existing residential building were evaluated according to the conditions of
uninsulated, partially insulated and externally insulated. Analyses within the scope of the study were carried out with
Quick Field 6.3 and Wufi 2D-4.3 programs. In the analyses, it is seen that 37% more heat loss occurs in the case of
partial insulation of thermal bridges than in the case of continuous external insulation. Likewise, in terms of
hygrothermal performance, there is no condensation risk in the case of continuous external insulation.

Keywords: Thermal bridge, heat loss, condensation, hygrothermal performance, thermal insulation
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1. GIiRiS (INTRODUCTION)

Niifus artig1, enerji kithgi, iklim degisikligi etkileri ve
sera gazi emisyonlannim artmasi kiiresel endigeleri de
zamanla artirmaktadir. Enerji kullanimi baglaminda
ingaat sektorii en fazla enerji tiikketen sektdrlerden biridir.
Binalar, kiiresel olarak birincil enerji tliketiminin
yaklasik licte birini tiiketmekte olup toplam enerji
kaynakli sera gazi emisyonlarinin da iigte birinden
sorumludur (IEA, 2013). Artan bina stokuna karsi enerji
kayiplarinin ~ ve  olumsuz  c¢evresel  etkilerinin
azaltilmasinda bina enerji verimlilii o6n plana
¢ikmaktadir. Uluslararasi dlgekte topluluklar ve iilkeler
bazinda bina enerji verimliligi ve karbonsuzlagsmaya
yonelik yillara bagli hedefler belirlenmektedir. Avrupa
Birligi Konseyi iklim degisikligi ile miicadeleyi
giiclendirmek amaciyla 1 Ocak 2021 tarihinden itibaren
tim yeni binalarin yaklagik Sifir Enerjili /Zero Energy
Buildings (nZEB) olmasini, 2030 y1linda emisyonlardaki
%40 azaltim hedefini de %50-55 oranina ¢ikarilmasini
hedeflemistir. 2050 yilina kadar iklim agisindan karbon
ndtr bir AB'ye ulasma hedefine onay verilmistir
(European Comission, 2020). AB’ye iye biitiin
tilkelerde, AB Bina Enerji Performansi Direktifi (EPBD)
kabul edilerek uygulanmaktadir (Garay vd, 2014). Buna
bagli olarak bina enerji kodlar1 belirlenmistir. Binalarda
enerji ~ verimliligini  belirleyen  ¢esitli  faktorler
bulunmaktadir. Bina kabugu ve bina kabugunun isil
performansi géz oniinde bulundurulmas: gereken dnemli
faktorlerdendir (Goggins vd, 2016). Bu baglamda, bina
kabugundaki 1s1 kopriillerinin - dnemi  artmustir.  Isi
kopriileri, daha yiksek 1s1l iletkenlige sahip bina
kabugunun bir pargasini temsil etmekte ve onu
cevreleyen elemanlardan daha yiiksek 1s1 kayiplarina
neden olmaktadir. Ist kopriileri, yapr bileseninin
biinyesinde gevresine gore daha az 1s1l dirence sahip olan
bolgelerdir. Isi, bu bolgelerdeki bilesenler iizerinden
diisiik sicakliga dogru ilerleyerek 1s1 kaybeden bir kdprii
olusturmaktadir. Dolayisiyla bina kabugunun 1sil
performansini degerlendirirken bu ek 1s1 kayiplarini
hesaba katmak énemlidir (O’Grady, 2018).

Isi1 kopriisii normalden daha fazla 1s1 iletiminin
gerceklestigi smirh alanlardir. Ist iletimi, sicakligin
yiiksek oldugu bolgeden diisiik oldugu bdlgeye ilerler ve
vektorel bir biyikliktir. Ist kopriilerinin grafiksel
gosteriminde 1s1 gegislerinin yoniinii anlayabilmek i¢in
181 izoterm egrileri kullamilmaktadir. Istmin aktif
dogrultuyu 1s1 akist vektoril gosterir ve 1s1 akist vektorleri
bir vektorel alan olusturur. Is1 akisi vektorleri izoterm
egrilerine dik dogrultudadir. Is1 kopriisiiniin olustugu
durumlarda; 1s1 akisinin, acik sekilde dikligi ve sabit
sicaklik egrilerinin (izoterm egrilerinin) paralellikleri
bozulmaktadir.

Bina kabugunda olusabilecek 1s1 kdpriileri, kabugun 1s1l
direnci iizerinde etkilidir. Is1 kopriilerinin soguk (IEA,
2013; Evola vd, 2011) ya da sicak (Bergero and Chiari,
2018; De Angelis and Serra, 2014; Martins vd, 2016;
Zhao vd, 2022) iklim sartlarinda enerji tiiketimi
lizerindeki etkisi Onemlidir ve Ozellikle mimari
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kisitlamalar nedeniyle dis yalitimin uygulanmadigi veya
birgok ¢ikmanin bulundugu tasarimlarda karsimiza
¢itkmaktadir (Erhorn-kluttig vd, 2009).

Bir yapida 1s1 kopriisii olusumuna neden olan detaylar;
kiris, kolon (Martin, Campos-Celador, Escudero vd,
2012), hatil, balkon ¢ikmalari (Ge vd, 2013; Aghasizadeh
vd, 2022), duvar (Aguilar vd, 2014; Ascione vd, 2013;
Dumitrescu vd, 2017; Kotti vd, 2017; Marincioni vd,
2015; Viot vd, 2015) doseme (Garay vd, 2014; Ascione
vd, 2013; Kotti vd, 2017; Fantucci vd, 2017; Martin,
Escudero, Erkoreka vd, 2012; El Saied vd,, 2022), kapi-
pencere dogramalart (Asdrubali vd, 2012; Ahrab ve
Akbari, 2013; Theodosiou, 2019; Terentjevas vd, 2021),
catl elemanlar1 (Martin, Escudero, Erkoreka vd, 2012;
Ahrab ve Akbari, 2013; Ascione vd, 2012) ve cephe
kaplama elemanlar1 (Theodosiou vd, 2017, Theodosiou
vd, 2019) gibi elemanlar ve birlesim noktalar1 cesitli
calismalarda aragtirtlmistir.

Binalarda 181 kopriisii cesitli nedenlerden
kaynaklanabilmektedir. Is1 kpriisiiniin olusma nedenleri
(BS EN ISO 10211, 2007);

e Bina kabugunun belli bir kisminin ya da
tamaminin farkli 1s1l iletkenliklere sahip malzemelerden
olusmasi,

e  Bina kabugunun kalinligindaki bir degisiklik,
Binamn ya da  yapt  elemanlarin
geometrisindeki farkliliklar (bina formu, kdse noktalari,
balkon gibi ¢ikmalar),

e  Duvar-zemin-tavan gibi baglant1 noktalarinda
dig ve i¢ ylizey biyiikliiklerinde farkliliklar (1sitma
radyatorlerinin konumlandirildigr duvarlar),

Akiskan akimindan kaynaklanan 1s1 kopriileri
(mekan icinden gegen tesisat borulari) olarak siralanabilir
(BS EN ISO 10211, 2007).

Tablo 1°de binalarda; geometri, striiktiir ve malzeme
degisiminden kaynaklanan 1s1 kdpriileri sematik olarak
gosterilmektedir.

Genel olarak yapi bilesenleri veya yapi1 formunun
degistigi herhangi bir birlesme noktasinda meydana
gelen 1s1 kopriileri ile 1s1 kopriisii olusmayan bolgeler
karsilastirildiginda;

a) Is1 akis hizindaki degisiklik,

b) I¢ yiizey sicakligindaki degisiklik gibi iki temel
sonug ortaya cikar (BS EN ISO 10211, 2007).

Is1 kopriileri, etki etme sekillerine gore dogrusal ve
noktasal olarak gruplandirilir. Yapinin uzunluguna gore
genisligi dar olan ve yapiin genisligi boyunca devam
edenler “dogrusal 1s1 kopriileri” dir. Dogrusal 1s1
kopriileri, ii¢ ortogonal eksenden biri boyunca diizgiin bir
kesite sahiptir (Prata vd, 2018).



Tablo 1. Binalarda geometri, striiktiir ve malzeme degisiminden kaynaklanan 1s1 kdpriileri
(Thermal bridges caused by geometry, structure and material changes in buildings)

Is1 képriisii olu

sum sebepleri

Striktiir + Malzeme

Geometri farklilig farklilig

Striiktiir + malzeme +
Geometri farklilig

§\\\\\\\\\l
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Etkisi bir noktadaki 1s1l gegirgenlik ile temsil edilen
sinirlandirilmis olanlar “noktasal 1s1 kopriileri” dir (BS
EN ISO 10211, 2007). Bagil olarak kiiciikk boyutlu,
yapinin kalinhigi boyunca uzamayan, yap: yiizeylerine
dik olarak konumlanan birlesim elemanlar ¢evresindeki
1s1 kopriileridir.

Is1 kopriileri, sicaklik dagilimimi etkileyerek dagilimin
bolgesel olarak bozulmasina neden olur. Ayrica 1s1
gecirgenlik direncini azaltarak yiizey sicakliklarnin
diismesine neden oldugu i¢in elemanin yiizey sicaklig ile
ortam sicakligl arasindaki farkin artmasina neden olur.
Yap1 kabugunun 1s1 gecirgenligine bagl olarak yiizey
sicakliklar1 onemli Ol¢lide degisir (Erhorn-kluttig vd,
2009). Bu fark yaz ve kis kosullarindan etkilenir.

Soguk iklimlerde binalardaki 1s1 kdpriileri dnemli bir
sorundur. Ciinkii bu alanlarda sadece 1s1 kayiplan degil,
ayni zamanda yogusma ve kiif gelisimi de s6z konusudur.
I¢ yiizey sicakliklarinda ortaya gikan azalma sonucu su
buhan faz degistirerek sivilagmakta ve kiiflenme ortaya
ctkmaktadir. Donma-¢6ziilme etkileri sonucunda yapi
elemaniin biinyesindeki gerilmeler artarak yiizeylerde
kabarma ve dokiilmeler gériilmekte hatta asir1 gerilmeler
zorlanmalara ve catlaklara neden olabilmektedir. Ayrica
yogusma sirasinda su ile dolan bosluklarin 1s1l iletkenlik
Ozellikleri de artmaktadir. Elektriklenme sonucu
yiizeylerde tozlanma olusmaktadir. Bunun yani sira
donatili elemanlarda goriilen 1s1 kopriilerinde, korozyon
gibi kimyasal paslanmalar da s6z konusudur. Bu durum
yap1 malzemelerinin deformasyonuna, yap1 hasarlarina
ve i¢ hava kalitesinin bozulmasina yol agacaktir (Evola
vd, 2011; Erhorn-kluttig vd, 2009). Dolayisiyla yapi
sagligl iizerinde de onemli bir etkiye sahip olan 1si
kopriileri, enerji korunumunu, i¢ ortam kalitesini ve
kullanic1 saghgm da etkilemektedir. Is1 kopriilerinin
tyilestirilmesi ekonomik agidan yarar saglamakla birlikte
karbondioksit emisyonlarinin azaltilmas: gibi enerji
verimlili§i ve ¢evresel faydalar da saglamaktadir (Evola
vd, 2011).

Is1 kopriilerinin enerji tliketimi {izerindeki etkisinin
azaltilmasinda bina kabugunun siirekli bir sekilde
yalitilmasi bilylik 6nem tasir (Erhorn-kluttig vd, 2009).
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Bina kabugunda yapi elemanlarindan (duvar, doseme,
pencere, ¢att vb.) farkli oranlarda 1s1 kayiplar
gerceklesmektedir. Is1 kopriilerinden kaynaklanan 1si
kayiplart %20-50 arasinda degisen biiyiikk bir orana
sahiptir (Theodosiou vd, 2019). Sekil 1’de yaliimsiz bir
binada gergeklesen 1s1 kayiplar1 gosterilmistir. Binalarin
1s1 kayiplarina karst korumanin en etkili yolu, uygun ve
kesintisiz 151 yalitiminin yapilmasiyla
saglanabilmektedir.  Literatirde yapt kabugunda
yalitimin yeri ve kalinliginin belirlenmesinde pek ¢ok
caligma bulunmaktadir. Ozel (2022), duvar ydniine bagli
olarak tugla duvar govdesi lizerinde optimum yalitim
kalmhgmi 1sitma ve sofutma yiikleri iizerinden
degerlendirmektedir (Ozel, 2022). Caglayan (2022),
Tiirkiye’nin 81 ili igin yillik enerji tiiketimi ve maliyet
analizi ile optimum yalitim kalinliklarini belirlemeye
yonelik calismada hem tugla duvar hem de ayni kalinlikta
betonarme bilesen i¢in hesaplamalar yapmistir (Caglayan
vd, 2022).

Cati- Tavan
%25
Is1 kopraleri
%20-50
Pencereler
%10-25
Duvar
%12-25

Dosemeler
%10

Sekil 1. Yalitimsiz bir binada 1s1 kayiplari
(Heat losses in uninsulated building)

Is1 kayiplarinin yiiksek oldugu 1s1 kopriisii bolgelerinin
analizlerinde 1s1 transferi iki boyutludan tek boyuta
indirgenerek hesaplanmaktadir. Is1 iletimi
hesaplamalarinda niimerik yaklagimlar Onerilmektedir
(El Saied vd, 2022; Asdrubali vd, 2012; Terentjevas,
2021; Al-Sanea ve Zedan, 2012). Yapi bilesenlerinin 1sil
davranigini degerlendirirken, 1s1l gegirgenligin deneysel



olarak belirlenmesinde genellikle sicak kutu (hot box)
test) yontemi (IEA, 2013; ISO 8990, 1994; Asdrubali ve
Baldinel, 2011; Asdrubali vd, 2012; Fang vd, 2006)
termal goriintiilemelerle analiz edilmesinde kizildtesi
termografi cihazlar (IEA, 2013; O’Grady vd, 2018) ve
say1sal olarak hesaplanmasinda bir dizi hesaplamalar ve
algoritmalar (Zalewski vd, 2010) kullanilmaktadir.

Calismalarda 1s1 kopriilerinin etki alanlart sabit rejim
(Garay vd, 2014; Martin, Campos-Celador, Escudero vd,
2012; Aguilar vd, 2014; Aghasizadeh vd, 2022;
Capozzoli vd, 2013) ve dinamik rejim (Martin, Campos-
Celador, Escudero vd, 2012; Al-Sanea ve Zedan, 2012;
BrumA vd, 2015; Quinten ve Feldheim, 2016)
sartlarindan birine goére ya da her ikisine (Martin,
Campos-Celador, Escudero vd, 2012) gore ele alinarak
degerlendirilmektedir. Yapilan incelemelerde QUICK
FIELD (Karacavus ve Can, 2008). ANSYS (CFX,
FLUENT) (O’Grady vd, 2018; Martins vd, 2016; Martin,
Campos-Celador, Escudero vd, 2012; Aghasizadeh vd,
2022; Ascione vd, 2012; Theodosiou vd, 2017), THERM
(De Angelis ve Serra, 2014; Kotti vd, 2018; El Saied vd,
2022; Terentjevas vd, 2021; Romero vd, 2021),
MATLAB (Aguilar vd, 2014; Martin, Escudero,
Erkoreka vd, 2012), ANOVA-FAST (Capozzoli,
Gorrino, Corrado vd, 2013; Capozzoli, Gorrino, Corrado,
Grinzato vd, 2013), WUFI (Ge ve Baba, 2015; Antretter
vd, 2013) gibi yazilim araglar1 ve benzetim ile elde edilen
sonuglarin sayisal modeller yardimiyla hesaplandifi
goriilmektedir.

Genellikle betonarme (Garay vd, 2014; Evola vd, 2011;
Martin, Campos-Celador, Escudero vd, 2012; Real vd,
2016) basta olmak fiizere ahsap (Martin, Campos-
Celador, Escudero vd, 2012; Viot vd, 2015; Prata vd,
2018), celik (De Angelis ve Serra, 2014; Martins vd,
2016; Fukuyo, 2003; Schock Ltd., 2015) ve aliiminyum
(Theodosiou vd, 2019) yap1 elemanlar1 ve bilesenleri ile
ilgili 1s1 kayiplann bircok yonden ele alinmaktadir.
Yapilan caligsmalar arasinda, yap1 elemanma uygulanan
yalittim durumuna gore olusacak 1s1 kopriisii ile ilgili
6l¢iimler (Prata vd, 2018), dis duvar elemant igin yalitim
tabakasinin kalinliginin artirilmast (Martin, Campos-
Celador, Escudero vd, 2012) ile yalitimin 1s1 kopriisii
tizerindeki etkisi incelenmektedir. Ayrica arastirmacilar
yalitimli  yiiksek binalarin  gercek 1s1  kaybinin
tammlanmasini ve 1s1 kopriilerinin iyilestirilmesini
degerlendiren araglar gelistirmektedir (Asdrubali vd,
2012).

Tirkiye’de genellikle gelismis geleneksel yapim
sistemlerinden betonarme sistemler tercih edilmektedir.
Bu dogrultuda yapilan akademik c¢alismalarda da 1s1
kopriileri ve gevresindeki bolgelerde sicaklik ve 1s1 akisi
dagilimi incelenmistir. Yalitim sistemlerinin sayisal
degerler iizerindeki etkisi ele alimmustir. Uluslararasi
yaymlarda ise 1s1 kdopriilerinde sicaklik ve 1s1 akisi
dagilimlarimin  hesaplanmas: ile ilgili gelistirilen
yaklagimlar ve uygulama sonuglari karsilagtirilmaktadir.
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Tiirkiye’de mevcut veya yeni binalarda enerjinin etkin
kullaniminin yam sira ¢evre korunumunu da hedefleyen
yasal diizenlemeler asagida 1s1 kopriisii ile ilgili
standartlar ile verilmektedir.

TS 825 (Binalarda Is1 Yalitim Kurallar1) standardi
binalarda  yillik  1sitma  enerjisi  tiiketiminin
siirlandirilmasina yoneliktir. Bu standartla birlikte yeni
yapilacak binalara yonelik cesitli tasarim segenekleri i¢in
Onerilen hesap metodu ve degerleri uygulanarak, uygun
enerji performansini saglayacak yaliim kalinhklar
belirlenir. Standarda gore 1s1 kaybi hesabinda 1s1
kopriilerinden iletilen 1s1 kayb1 da degerlendirilmektedir
(TS 825, 2013).

AB’nin 2002/91/EC sayil1 “Binalarin Enerji Performansi
Direktifi” dogrultusunda hazirlanan Binalarda Enerji
Performans Yonetmeligi (BEPY) ile binalarn birincil
enerji  ve  karbondioksit (CO2)  emisyonunun
sinirlandirilmast hedeflenir. Yonetmelik ile sera gazi
emisyonlarinin simrlandirilmasi, 1sitma ve sogutma
sistemlerinin kontrolii, bina performansinin arttirilmasi
ile uygulama esaslar1 ve ¢evre korunumu amaglanir. Dig
iklim sartlar1, i¢ mekéan gereksinimlerini, yerel sartlar ve
maliyet faktorii de dikkate alinarak, bir binanin biitiin
enerji  kullanimlarini  degerlendirmeyi  saglayacak
hesaplama kurallar belirlenir (BEPY, 2010).

Ayrica 2010’da BEPY kapsaminda binalara Enerji
Kimlik Belgesi (EKB)’ nin hazirlanmasi amaciyla ulusal
hesaplama yontemi olarak Bina Enerji Performansi
Yazilim (BEP-TR) gelistirilmistir. Enerji Verimliligi
Kanunu’na gore, tlim binalarin Enerji Kimlik Belgesi
almalar1 zorunludur. Bu belge diizenlenirken EN 15217
standard1 dikkate alinir. BEP-TR ulusal yazilimiyla
binanin azami yillik enerji ihtiyaci belirlenmektedir.
Binanin fonksiyonuna, bulundugu iklim boélgesine,
mimari tasarimina ve yiriirliikteki zorunlu standartlara
gore 1sitma, sogutma, havalandirma, sicak su ve
aydinlatma enerji tiiketimi hesaplanir.

TS EN ISO 10211 (Bina yapilarinda 1s1l kopriiler- Isi
akiglar1 ve yiizey sicakliklari- Ayrintili  hesaplama
yontemleri) standardi; binalardaki 2 ve 3 boyutlu
geometrik 1s1l kopriilerdeki 1s1 akiglan ve ylizey
sicakliklarinin ~ ayrintili  hesaplama  ydntemlerini
aciklamaktadir. Standartta bir binadaki toplam 1s1
kayiplarinin tespitinde 1s1 akislar1 ve yiizey bugulanma
riskinin tayini i¢in asgari yiizey sicakliklarin sayisal
olarak hesaplanmasinda gerekli esaslar belirtilmektedir
(TSENISO 10211, 2017).

TS EN ISO 14683 (Bina insaati-Isil kdpriiler-Lineer 1s1l
gecirgenlik-Basitlestirilmis metot ve hatasiz degerler)
standardi; yapi elemanlarinda olusan dogrusal 1sil
kopriileri  yoluyla 1s1 akiglarmin belirlenmesi igin
basitlestirilmis yontemleri ele almaktadir. Is1 kdpriisii
kataloglarina ve manuel hesaplama yontemlerine iligkin
sartlar belirtilerek dogrusal 1s1 gecisleri igin varsayilan
degerler verilmektedir (TS EN ISO 14683, 2017).



Bu ¢alismanin amaci 6ncelikli olarak 1s1 kopriilerindeki
1s1  kayiplar1 ve higrotermal performansin analiz
edilmesidir. Literatiirde 1s1l ve higrotermal performansi
birlikte ele alan az sayida calisma bulunmaktadir.
Tirkiye’de yaygin olarak kullanilan betonarme iskelet
sistemdeki 1s1 kopriisii etkilerinin farkli benzetim araglari
ile 6rnek bina {lizerinde analizlerin yapilmasi ¢aligmanin
Ozgiinliigl acisindan 6nemlidir. Bu amagla yap1 elemani
bazinda kose noktasinda bulunan betonarme kolon kesiti
farkl yalitm durumlarina gore iki boyutlu 1s1 kopriisii
etkisi  agisindan  incelenmistir.  Ayrica  calisma
kapsaminda 6rnek binanin yillik enerji performansi da
degerlendirilmistir. Calisma metodolojisinde problem
tanimi (1s1 kopriisii etkileri ve problemleri) ve yontem
(6rnek binaya ait veriler ve kullanilan sayisal modeller)
aciklanmustir. Elde edilen bulgular tablo ve grafiklerle
analiz edilerek yorumlanmugtir.

2. MATERYAL VE METOT (MATERIAL AND
METHOD)

Is1 kopriilerinin olusum nedenleri, 1s1 ve nem performansi
tizerindeki olumsuz etkileri ¢aligmanin ana problemini
ortaya koymaktadir. Bu dogrultuda Tiirkiye’deki yapim
kosullar1 agisindan yaygin olarak kullanilan betonarme
bina tipolojisi 6rnek olarak segilmistir. Ornek binaya ait
Ozellikler tablo ve sekille Ozetlenmigtir. Isil ve
higrotermal performans; yatay kesitte kdse noktasinda
bulunan betonarme kolon kesiti, farkli yaliim
durumlarina goére Quickfield ve WUFI programlariyla
belirlenmistir. Ayrica binanin toplam enerji performansi
BEP-TR programu kullanilarak degerlendirilmistir. Elde
edilen  veriler  degerlendirilerek  1s1  kopriisii
problemlerinin  azaltilmasmna  yonelik  Oneriler
sunulmustur. Calisma kapsaminda izlenen yol Sekil 2°de
gosterilmektedir.

) @
PROBLEMIN ;
BELIRLENMESIi METODOLOJI ANALIZLER
LITERATUR INCELEMESI ORNEK BiNA VE DETAYLARI SAYISAL SONUCLAR VE CALISMA SONUCLARININ
« Fazladan Isikayiplan « Kose noktalar, KARSILASTIRMA ORTAYA KOYULMASI
« Yogusma problemleri « Kolon duvar biresimi e — i
l « Yaltim altematifleri I I I £ ;\V/M
w e SAYISAL VERILERICIN ‘ _ i " p—— i
1SI KOPRUSU ETKILERI KULLANILACAK ARACLAR : = |
e Geometri SIMULASYON PROGRAMLARI . %
« Striktir * Quickfield 3 _ 1
» Malzeme degisimi o Wufi i o
cemedessm « BEP-TR : ONERILER

Sekil 2. Caligmanin metodolojisi (Methodology of this study)

Tablo 2. Ornek bina ile ilgili bilgiler (Information about the case building)
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ZEMIN KAT PLANI
Kat adedi Bodrum+Zemin+3 Normal Kat Bagimsiz Boliim Sayist i&(r?er katta 2 daire)
Taban Alam 196 m? Toplam Alan 1100 m?
Dus cephe toplam yiizey .
alam (bitisik cephe 625,8 m? Dus cephedeki toplam 104,55 m?
. betonarme alani
harig)
Cati Ahsap, kirma, oturtma ¢ati Tagsiyict sistem Betonarme iskelet
Duvar dolgu malz. 19 cm tugla Ist yalitinu 5 cm yalitim levhasi
Isitma sistemi Merkezi 1sitma (komiir/kati yakit) Arsa Durumu Bir kenari bitisik nizam
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Calismada Tiirkiye’de 2. Derece Giin Bolgesinde yer
alan Edirne/Uzunképrii Ilgesindeki 2017 tarihli bir
apartman yapist 6rnek bina olarak secilmistir. Apartman
binas1 betonarme iskelet sistem; bodrum+zemin ve 3
normal kata sahiptir. 196m’ taban alanina sahip 8
bagimsiz bolimden olusan konutta merkezi 1sitma
sistemi kullanilmaktadir. Tablo 2’de bina hakkinda
bilgiler yer almaktadir.

2.1. Problem Tamimu (Problem Definition)

Calismada sabit rejim sartlar1 altinda hesap yapan
Quikfield programinda girdi olarak TS 825 Standardinda
belirlenen en soguk ay olan Ocak ay1 degerleri
kullanilmugtir. Aylik ortalama i¢ sicaklik degeri 20
°C=293 Kelvin iken dis sicaklik 0 °C=273 Kelvin olarak
kabul edilmistir (Sekil 3). Periyodik rejim kosullarinda
hesap yapan Wufi programinda ise Edirne’nin bir yillik
saatlik iklim verileri kullanilmisgtir.

TSE 825 2. Derece Gun Bdlgesi/Ocak Ayi Degerleri (Kabul edilen)

~ 7’ i ‘«
DI ORTAM iC ORTAM

Dig sicaklik=0°C~ 273 K
Rp5=0.04 m2K/W
4,=25 W/m?K

i¢ sicaklik=20 °C ~ 293 K
R,.-0,13 m2K/W
@, ;=7,69 W/m?K

Sekil 3. Kabul kosullar1 (Accepted values)

Tiirkiye’de insaat sektoriinde yaygin olarak betonarme
iskelet sistem kullanilmaktadir. Bu sistemde, betonarme

kolon, kirisler, hatillar, lentolar, doseme alinlar1 vb. yapi
elemanlari, tugla ve gazbeton gibi farkli malzemelerle
kurgulanan duvarlardan daha yiiksek 1s1 iletkenligine
sahiptir ve 1s1 képriilerinin olusumu kagmilmazdir.

Bu ¢alismada, Tiirkiye’de betonarmenin genis kullanimi
ile karakterize edilmis siklikla karsilagilan 1s1 kdpriilerine
atifta bulunarak elde edilen verilerin dogrulugu
incelenmektedir. Bu amagla mevcut bir konut yapisinin
kose noktasinda olusabilecek 1s1 kopriisii tizerindeki
etkiler, kendi iginde yalitim uygulamasi durumuna gore
3 farkli konfigiirasyonla iki boyutta (2D) ele alinmustir.
Bu c¢ergevede yatay diizlemde duvar-kolon kose
birlesimleri i¢in tugla duvar malzemeli ve betonarme
kolonlu bir kése noktasi incelenmistir. Se¢ilen drnek igin
tamamen yalitimsiz (7ip 1), kolon distan kismi yalitimli
(Tip 2) ve distan siirekli yalittmhi (7ip 3)
konfigiirasyonlar1 program yardimiyla analiz edilmistir.
Sicaklik degerlerinin yani sira 1s1 akisi ozellikleri de
aragtirilmugstir. Is1 kopriisii analizi igin yatay kesitte
binanin koése noktasinda konumlanan 30x40 cm
boyutundaki betonarme kolondan itibaren her iki
dogrultudaki eleman uzunlugu 1 m alimmustir. Simiile
edilen konfigiirasyonlar ile ilgili genel bilgiler ve
kullanilan yap1 malzemelerinin TS 825 Standardina gore
1s1l ozellikleri (TS 825, 2013) Tablo 3’te verilmistir.
Konfigilirasyonlarin U degerleri (1s11  gegirgenlik
katsayis1) TS 825’e¢ uygun olarak hesaplanmistir. TS
825°te 2. Bolge i¢in duvarlarda izin verilen maksimum U
degeri 0,60 W/m?K tavsiye edilmektedir. Yalitimsiz
durumda (U=1,54 W/m?K) bu sinir deger asilmaktadir.
Yalitimli durumda ise U degeri 0,52 W/m?K ile sir
degerin altindadir.

Tablo 3. Ornek binadaki dis duvarlara ait degiskenler (Variables of the external walls in the case building

Yalvtbm Durumu | Tip 1

Tip 2
Kolon kismi yalitiml

Tip 3
Stirekli/kesintisiz yalitimly

| Yahtimsiz

(Tugla duvar 19
cm)

Diigiim noktasi 224
Tabaka Su buhar1 Yogunluk, Is1l iletkenlik | Tsil iletkenlik

Katmanlar Kalmhig, d difiizyon S katsayisi, A Direnci, R

(m) direnci, p (kg/m?) (W/mK) (m?.K/W)
Yiizeysel 1s1l iletim katsayisi (I¢) o; - - - - 0,13
I s1va (al¢1 harci) 0,02 10 1400 0,7 0,028
Donatili normal beton (TS 500) 0,30x 0,40 100 2400 2,5 0,12
Yatay Delikli Tugla (TS EN 771-1) 0,19 10 1000 0,45 0,42
Expanded polistren kopiik-EPS 0,05 50 16 0,04 1,25
(TS 11989 EN 13164)
Yalitim Sivasi 0,008 10 200 0,3 0,026
Dis siva (¢imento harcr) 0,3 15 1800 1 0,03
Yiizeysel 1s1l iletim katsayisi (D1s) o4 - - - - 0,04
Lejant SIVA -TUGLA ~ BETONARME -YALITIM LEVHASI
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2.2. Yontem (Method)

Yap1 elemanlarindaki 1s1 gegisi gergek durumda ii¢ boyutlu
olarak meydana gelmekte ve karmagsik hesap metotlar
icermektedir. Ancak hesaplamalarin daha pratik olarak
yapilabilmesi igin tek ve iki boyutlu hesaplama metotlari
yaygin olarak kullamlmaktadir. Bu calisma kapsaminda
1s1 kopriisii etkisi kolon ve gevresi ile sinirlandirilarak iki
boyutlu 1s1 gecisi iki farkli benzetim aracit ile
modellenmistir. Analizler i¢in Quick Field 6.3 ve Wufi
2D-4.3 paket programlari kullanilmustir. Quick Field
Programi; manyetik pargalar, elektrostatik ¢oziimler, 1s1
transferi, stres analizleri ve elektrik devreleri gibi
konularda bircok ¢aligmaya altlik olusturmaktadir.
Program sonlu eleman analizleri metodunu (Finite
Element Method - FEM) kullanmaktadir.

Bu caligmada, 6zellikle 1s1 transferi analizleri yardimyla
iki boyutlu 1s1 iletimi ¢6ziimii yapilmistir. Bu ¢ercevede 1s1
kopriisii detaylari icin belirlenen kalinlik ve ebatlardaki
elemanlar programda olusturularak malzeme 6zellikleri
ve 1sil iletkenlik degerleri girilmistir. Kesisim
noktalarinda belirli diigiim noktalar1 (nodes) belirlendikten
sonra program otomatik olarak elemanlart ‘mesh’ denilen
licgensel alanlara bolmektedir. Benzetim sonucunda
eleman icerisindeki sicaklik ve 1s1  dagilimlan
goriilebilmektedir. Istenilen noktalar igin 6zel dlciimler
alinabilmekte ve secili alanlardaki 1s1 akisi ve sicaklikla
ilgili biyiikliikler grafiklere aktarabilmektedir (Quick
Field, 2017). Sekil 4’te ise Quick Field 6.3 versiyonu ara
yiizii hakkinda bilgi verilmektedir.

a Quickiess - (K yaberact Yogfa Savie mod] -oEN
WP G Ve et e Wt e
)i PPN Y
2.e ) —r s AL BRSO
L)
&
£ £2
|
|
QuickSsd - Postprexessn s yavtere bata uvie stom]

b |

g e ptmas e S o

Sekil 4. Quick Field 6.3 programinin ara yiiziinde a) Diiglim
noktalar ve ag yapisi b) Izotermal gériiniim
(Interface of the Quick Field 6.3 program a) Nodes and
meshes b) Isothermal view)

Wufi 2D programi bina bilesenlerinin iki boyutlu
kesitinde zamana bagl olarak 1s1 ve nem performansini
hesaplamaktadir.  Sonlu elemanlar yontemi ile
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calismaktadir ve secilen geometri icin bir ag modeli
tammlanmasit  gerekmektedir. Bu ag  modeli;
hesaplamalarin hassasiyeti ve hesaplama siiresi agisindan
sitk, normal ve seyrek degerlerde segilebilmektedir.
Program hesaplamalarda EN 15026 (Yap1 bilesenlerinin
ve yapt elemanlarinin higrotermal performansi)
standardini esas almaktadir. Bu yontemle geometrik ve
yapisal 1s1 kopriilerinin etkileri de hesaplanabilir. Isi
kopriilerinin hesaplanmasinda ISO 10211 standardina
gore hesap yapilmaktadir. Ayni1 zamanda ilk insaat nemi,
bilesenlerin kuruma zamani, yogusma riskini belirlemek
amactyla da kullamlmaktadir.

Calisma kapsaminda ele alinan kdse noktasi geometrisi
icin yeterli hassasiyeti saglayacak normal degerde ag
araliklar1 secilmistir. Cok katmanli yapi1 bileseninde;
malzeme Ozellikleri, baslangi¢ kosullari, iklim verileri
girdi olarak tanmimlanmaktadir. Sekil 5’te Wufi 2D-4.3
versiyonu arayiizii goriilmektedir.

Sekil 5. Wufi 2D-4.3 Programinin ara yiiziinde a) Bilesen
geometrisinin olusturulmasi b) Izotermal goriiniim
(Interface of the Wufi 2D-4.3 Program a) Constructing the
component geometry b) Isothermal view )

3. BULGULAR VE DEGERLENDIRME (Findings

and Evaluation)

Ornek binada secilen detay (kose) noktasinda Tip 1, 2 ve
3 konfigiirasyonlar i¢in sicaklik, 1s1 akisi, bagil nem ve
yogusma analizleri yapilmustir. Is1 kdpriisii icin Quick
Field programinda elde edilen sicaklik ve 1s1 akisi
degerleri ile WUFI programinda elde edilen sicakliga
bagl bagil nem degerleri Tablo 4’te verilmistir. Bu
konfigiirasyonlar arasinda en diisiik sicaklik ve en yiiksek
181 akist dagilmimim yalitimsiz  durumda oldugu
goriilmektedir. Kismi yalitmli durumda yalitimsiz
duruma gore iyilesme goriilmesine ragmen homojen



olmayan sicaklik ve 1s1 akisi dagilimlar 6zellikle duvar
kolon birlesim noktalarinda dikkati g¢ekmektedir.
Disardan kesintisiz yaliimli durumda sicaklik ve 1s1

akisinin dengeli ve 1s1 kaybinin diger durumlara gore
biiyiik oranda azaldigi goriilmektedir.

Tablo 4. Ornek binada kése birlesiminde olusan 1s1 kdpriisii igin 3 farkli durumda sicaklik, 1s1 akis1 ve bagil nem analizleri
(Temperature, heat flux and relative humidity analyzes in 3 different status for the thermal bridge formed at the corner junction in
the case building)

Quick Field 6.3

Waufi 2D-4.3

Tipler Sticaklik | Is1 Akast

Sicaklik

Yalitimsiz Tugla
Duvar (Tip 1)

Kismi Yalitiml
Tugla Duvar ( Tip 2)

Kesintisiz Yalitiml
Tugla Duvar (Tip 3)

X
NP ————
X /A

Yatay diizlemde kose birlesimde yer alan tasiyici
kolonda distan ice belirli bir istikamet dogrultusunda elde
edilen veriler degerlendirilmistir. 40/30 boyutundaki
kolonun etrafindaki 5 cm’lik yalitimin dis hatti {izerinde
belirli araliklarda Slciilen sicaklik ve 1s1 akisi degerleri
grafige aktarilmistir.

Sekil 6°daki veriler incelendiginde 6zellikle yalitimsiz
durum T7ip I’de en disiik sicakliklar meydana
gelmektedir. Ayni zamanda yaliimsiz durumda eleman
kesitinde sicaklik farki daha yiiksektir. Tastyici eleman
icerisinde en diisiik sicaklik farklan ise 7ip 2 ve Tip 3
konfigiirasyonlarinda goriilmektedir.

Ayni eleman iginde sicaklik farklarmin az olmasi, 1sil
gerilmelerden  kaynaklanan hasarlarin  olusumunu
engeller. Bu sayede enerji tiiketimine ve korunumuna da
katki saglanir. Olusan sicaklik farklari, elemanin
biinyesinde gerilmeler meydana getirerek tasiyici
elemanin mukavemetinin diismesine de sebep olur.
Ozellikle kis kosullarinda i¢ ortam sicakliklar1 beklenen
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seviyelere ulasamamakta, 1sil  konfor kosullar
saglanamamaktadir. i¢ mekan ile dis mekan arasindaki
sicak farkinin en yiiksek oldugu donemlerde kesit
icerisindeki nem miktar1 da artmaktadir. Su buhari,
katmanli yap1 kabugunda nem gegisine direng gosteren
bir bilesenle kars1 karsiya geldiginde ise yogusma
olusmaktadir. Bu durum yiizeylerin nemlenmesine ve
rutubet-kiif olusumuna neden olarak hem kullanici hem
de yap1 sagligini olumsuz etkilemektedir. Ayrica donatili
betonarme elemanlarda demir donatilar, korozyona
ugrayarak zamanla oOzelliklerini kaybedebilmekte ve
binanin statigini tehdit etmektedir.
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Sekil 6. Konfigiirasyonlara gore kolon gevresi sicaklik
degerleri (Temperature values of around the column according
to the configurations)

~

SICAKLIK (K

Calisma  dogrultusunda Tip 3’lin  uygulanmasi
durumunda yap1 elemani kesitinde Tip 2’den ort. 1-1,5
°C; Tip I’den ise ort. 2,5-3 °C daha yiiksek sicakliklar
elde edilmistir. Tip 2’de kolonun disaridan yalitilmasina
ragmen, istenen faydamn tam  saglanamadigi
gozlenmektedir. Ciinkii kolon korunsa da kolon-duvar
birlesimlerinde 1s1l iletkenlik farki bulunan diger
elemanlar dis etkenlere maruz kalmakta ve bu
olumsuzluklar kolon sicakliklarini da etkilemektedir. Dis
iklim kosullarina acik olan duvar bileseninden direkt ya
da endirekt olarak suyun kesit icine girmesi
engellenememektedir. Zamanla nemlilik orani artan
duvar bileseninin, 1s1 yalitim &zelligi bozularak
performansi 6nemli 6lgiide azalacaktir. Eleman kesitinde
olusan 1s1l gerilmeler Sekil 7°de vektor yonleri ve izoterm
egrileri ile ifade edilmeye ¢alisiimustir.

Simiile edilen konfigiirasyonlardaki 1s1 akist dagilimi
Sekil 8’de verilmistir. Yalittimsiz durumda (Zip I) yap
elemani kesitinde meydana gelebilecek 1s1 kayiplar1 Tip
2’ye gore %55, Tip 3’e gore ise %72 daha fazladir. Tip 3
konfigiirasyonu 1s1 kayiplar1 agisindan Zip 2’e gore %37
daha avantajhidir. Benzer sekilde siirekli yalittimh

durumda eleman kesitindeki 1s1 dagilimlari daha
dengelidir. Yalitimsiz durumdaki elemanin kesitindeki
yiiksek 1s1 farklari, elemaninin 1sil performansini
olumsuz etkileyecegi goz ardi edilmemelidir.
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-
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Sekil 7. Kismi yalitilmus Tip 2 i¢in elemanda gergeklesen 1s1
kaybi ve 1s1l gerilmeler (Heat loss and thermal stresses in the
structural element for partially filled insulated Type 2)

l=T] T2 T3

ISI AKISI (W/m?)

0 15 30 45 60 75 90 105120 135150
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Sekil 8. Konfigiirasyonlara gore kolon ¢evresi 1s1 akisi
degerleri
(Heat flux values of the column according to the
configurations)

Yalitimsiz Kismi Yalitiml Kesintisiz Yalitimli
BpgiTNem(% \ Biﬁtl Nem|% \ éag'l Nerm %
\ 70-80 \
70-80 \

[ 80-90

I 50-90 N
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89.3 v

79.2

Bagil Nem [%]
Bagil Nem [%)]

Bagil Nem [%]
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52.8
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Sicaklik [°C]
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|! Higrotermal durum = LIM |
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i Higrotermal durum = LM T — LM

Sekil 9. Is1 kopriilerindeki yogusma durumu (Condensation in the thermal bridges)

253



WUFI programindan elde edilen ve Sekil 9°da gosterilen
yogusma grafiklerinde limit 1 suda ayrisamayan
malzemelerin, limit 2 ise suda ayrisabilen malzemelerin
sinir degerlerini ifade etmektedir. Goriildiigi gibi
disaridan kesintisiz yalitimli durumda yogusma riski
olusmazken kismi yalitimli durumda yogusma riski
yiiksektir.  Yogusma  durumunda yap1  kabugu
performansini saglayamayacak ve bilesenler bozulma
etkileri ile karst karsiya kalacaktir. Ayni zamanda bu
durum i¢ ortam konfor kosullarini da olumsuz
etkileyerek yapi sagliginin bozulmasina neden olacaktir.

Calisma kapsaminda ele alinan Grnek binanin yapi
kabugu Tip 3 senaryosu ile eslesmektedir. BEP-TR

(" Enerji Performansi

| [ Sera Gazi Emisyonu

programina bina &zelliklerinin girilmesiyle binaya ait
enerji tiiketim sinifi belirlenmistir. Binaya ait enerji
kimlik belgesinde yapinin ihtiya¢ duydugu yillik 1sitma,
sogutma, sicak su ve havalandirma i¢in gerekli tiiketim
miktarlar ve sera gazi emisyonu hakkinda bilgiler yer
almaktadir. Yapiya ait enerji kimlik belgesine gore yapi,
kullamm alan1 bagina diisen toplam 310,44 kWh/m?
enerji tilketimi ile enerji performans smifi ‘C’ sinifi
olarak belirlenmistir. Yillik COz emisyonu yaklagik 143
kg esd. COxmiyil ile yine ‘C’ smfi olarak
hesaplanmistir. Yapida yenilenebilir enerji kaynaklari
kullanilmamaktadir. Sekil 10’da yillik nihai 1sitma,
sogutma, havalandirma, sicak su ve aydinlatma enerji
tiikketim miktarlar1 ve siniflart yer almaktadir.

| ( Yenilenebilir Enerji

Yiksek Dasdk Kullanim Orami
A A %0,00
B B
c T
D D
E . E
DOsik | Yiksek
\ /
~ N
Yillik Enerji Taketimleri
Birincl Kuflarm Alant Bagina
(Whiysl) (kWh/m 2.y}
249.566,46 339.146,28 31044 AB C DEFG
Isitma Sistemi 15037114 150.371,14 187,05 ABCDEFG
Sicak Su Sistemi 3332781 3332781 4146 ABCDIFFG
Sogutma Sistemi 62.542,25 147.599,71 77,80 AB C DEFG
0,00 0,00 0,00
andesan, Kompakt fluores 332526 7.847,62 4,14 AB CDEFG

\

Sekil 10. Ornek binamn y1llik enerji ihtiyaci, enerji performans ve sera gazi emisyon siniflart
(Annual energy demand, energy performance and greenhouse gas emission degrees in the case building)

Binaya uygulanan sinir yaliim degeri ile enerji tiiketim
sinifi C olarak belirlenmistir. Enerji tiiketiminin
azaltilmasi ve enerji tiiketim sinifinin iyilestirilmesi igin
yalitim kalinliklariin arttirilmasi, yenilenebilir enerji
kaynaklarinin kullanilmas1 ve uygulama detaylarinin
iyilestirilerek binanin renovasyonu faydali olacaktir.

4. SONUCLAR (Conclusions)

Calismada cok kath bir konut 6rneginde yatay diizlemde
1s1 kopriisii olusumu, elemanin geometrisi ve malzeme
degisimine gore ele alinmistir. Tugla duvar-betonarme
kolon birlesiminde, yalitim durumuna goére 3 farkh
konfigiirasyon  belirlenerek 1s1  kopriisi  analizi
yapilmustir. Yapilan analizde, farkli konfigiirasyonlar
ayr1 ayrl degerlendirilmistir. Bir tarafi bitisik nizaml
olan binada diger lic cephedeki betonarme kolon-kiris
yiizey alam, toplam dis ylizey alaninin %20’si kadardir.
Zemin katta betonarme (kolon, perde, kiris) dis cephede
yer alirken 1, 2 ve 3. normal katlarda konsollar
bulunmasmdan dolay1 betonarme elemanlar i¢ ylizeyde
kalmaktadur.
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Benzetim sonuglari analiz edildiginde yalitimsiz durum
Tip I'de, 1s1 yalitimi yapilmamis elemanlarin
yiizeylerinden yiiksek 1s1 kayiplari meydana gelmektedir.
Kolon ve kirislerin disaridan yalitildig: Tip 2 ve Tip 3’te,
eleman kesiti sicak tarafta kalmaktadir. Ancak Tip 2’de
1s1 kopriilerinin disaridan yalitilmas: ile bu kisimlar
korunmakta fakat duvar kesitleri dis kosullarla direkt
temas etmektedir. Tip 3’te yap1 elemani icerisinde daha
az sicaklik degisimi goriilmektedir. Yapi elemanin
ortalama kesit sicakligina gore Tip 3, Tip 2’den ort. 1-1,5
°C; Tip I’den ise ort. 2,5-3 °C daha yiiksek sicakliklara
sahiptir. Yapi elemani kesitinde meydana gelebilecek 1s1
kayiplar1 Tip 1’de Tip 2’ye gore %55, Tip 3’e gore ise
%72 daha fazladir. Tip 3’deki 1s1 kayiplar1 Tip 2°den %37
daha azdir. Literatiirdeki ¢aligmalara bakildiginda bina
kabugundaki yapt elemanlar1 {izerinde Kkesintisiz
yalitimin olumlu etkileri (enerji tiiketimi, 1s1 ve nem
performans agisindan) goriilmektedir (Martin, Campos-
Celador, Escudero vd, 2012; Asdrubali vd, 2012;
Capozzoli vd, 2013; Umarogullar1 vd, 2011).



Hallik vd. farkli iki 6rnek bina kabugunda 1s1 kopriilerini
ISO 10211°e gore karsilastirmakta ve bina tipine bagh
olarak 1s1 kayiplarinin %35 ila %76 oraninda azaldigini
one siirmektedir (Hallik ve Kalamees, 2021). Evola vd.,
181 kaybinin %30’ unun 1s1 kpriilerinden kaynaklandigini
belirtmektedir (Evola vd, 2011). Ayrica disaridan
yalitimin i¢eriden yalitima gore 1s1 kpriisii etkisini %53-
65 oraninda azaltabilecegi belirtilmektedir (El Saied vd,
2022). Deneysel ve benzetim yontemleriyle elde edilen
benzer bulgular ¢alisma metodunu dogrular niteliktedir.

Calismada ele alinan 6rmek yapiya ait mevcut enerji
kimlik belgesindeki veriler Tip 3’lin avantajlarini
dogrulamaktadir. Yapinin enerji performans sinifinin ‘C’
citkmasinda, yalitimin etkisi biiyiiktiir. Enerji korunumu
acisindan dig yalitimin varlig, yillik tiiketilen 1sitma ve
sogutma enerjisi acisindan tasarruf saglamaktadir. Enerji
sinifinin  artirilabilmesi i¢in ek Onlemlerin alinmasi
gerekmektedir. Hem enerji korunumu hem de yapi
sagligl acisindan yalitim kesintiye ugratilmamali ve
uygulamada 1s1 kopriisiine neden olabilecek hatalardan
kaginilmalidir. Bina kabugunda 1s1 kopriisine neden
olabilecek karmasik geometrilerden kagiilmalidir. Fosil
kaynaklardan elde edilen olumsuz cevresel etkileri
azaltmak i¢in yenilenebilir enerji kaynaklar1 ya da atik
vb. kaynaklardan yararlamlmalidir.

Binanin enerji performans smifinin yiikseltilebilmesi i¢in
tasarim asamasmda bina benzetim ydntemlerinden
faydalanilmalidir. Bu amagla duvar bilesen tiirii, yalitim
malzemesi tliri, kalmhigi ve yeri (1s1 ve nem
performansi), yapt kabugu sizdirmazligi dikkate
alinmalidir. Enerji verimli tasarim i¢in pasif tasarimlara
oncelik verilmeli, bina sistemlerinin verimlilikleri
arttirilmali, enerji talebinin azaltilabilecegi malzeme ve
ekipman dahil edilerek bina enerji ihtiyaci yenilenebilir
enerji kaynaklarindan saglanmalidir. Ayrica iilkemizde
bina performansmin iyilestirilmesine yonelik enerji
verimlili§i yaptinnmlarimn goézden gegirilmesi, Enerji
Kimlik Belgesi C smfi kosulunun iyilestirilmesi de
alinabilecek 6nlemler arasindadir.
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