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Abstract: Underground coal gasification (UCG) is a coal conversion process that enables the utilization of coal reserves
in-situ, and it is an alternative technique to conventional mining methods. Previous experimental studies showed that
UCG is a suitable method for the usage of low-rank coal or lignite reserves, which have the major part in the Turkish
coal reserves. In this study, a thermochemical equilibrium model of UCG process is developed to predict syngas
composition and to compare UCG-performance of the selected lignite reserves in Turkey. The lignite sites are chosen
according to the described UCG site selection criteria. The equilibrium model consists of gasification reactions and
water-gas shift reaction and it considers the effect of the drying process. The model is validated using the results of the
lab-scale experimental UCG study. The predictions are made for both oxygen and steam-gasification processes. Results
show that the lignite reserves which have high moisture content but low carbon content are suitable for hydrogen-rich
syngas production and hydrogen production capabilities of all reserves can be enhanced significantly by the additional
steam supply as the gasification agent.

Keywords: Underground Coal Gasification, Equilibrium Model, Lignite

TURK LINYITLERININ YERALTINDA KOMUR GAZLASTIRMA
PERFORMANSLARININ STOKIOMETRIK DENGE MODELI iLE BELIRLENMESI

Ozet: Yeraltinda komiir gazlastirma (YKG) islemi, komiirlerin yeraltindayken islenmesine olanak saglayan ve bu
yoniiyle, geleneksel madencilik yontemlerine alternatif olusturan bir komiir isleme prosesidir. Son deneysel ¢aligmalar
ile YKG isleminin, iilkemizde de yiiksek miktarda bulunan, diisiik kaliteli komiirlere uygulanmasi durumunda da etkili
oldugu ortaya konmustur. Bu ¢alisma kapsaminda ise, YKG islemi sonucu iiretilen sentez gazin igerigini tahmin
edebilecek bir termodinamik denge modeli olusturulmus ve olusturulan model diisiik kalitedeki kdmiir rezervlerinden
iiretebilecek sentez gazinin 6zelliklerinin tahmini i¢in kullanilmistir. Denge modeli, gazlagtirma reaksiyonlarinin ve su-
gaz1 doniigiimii reaksiyonunun etkisini dikkate almakta ve komiir kurumasi sonucu ortaya ¢ikan su buharinin yapay gaz
iizerindeki etkisini belirleyebilmektedir. Olusturulan denge modeli, literatiirde yer alan laboratuvar 6lgekli deneysel
YKG ¢aligmasinin sonuglari ile dogrulanmistir. Daha sonrasinda iilkemizdeki linyit rezervlerinden YKG islemi i¢in
uygun oldugu belirlenen rezervler, modelde girdi olarak kullanilmig ve rezervler igin elde edilen YKG performans
c¢iktilar birbirleriyle karsilastirilmistir. Performans analizi igin her rezervin oksijen ve buhar ile gazlastirma g¢iktilart
incelenmistir. Degerlendirme sonucu yiiksek nem ve diisitk karbon igerigine sahip linyitlerin yiiksek hidrojen yiizdeli
sentez gaz iretimine elverigli oldugu, gazlastirma ajani olarak buhar beslemesi yapilmasi halinde ise tiim rezervlerin
hidrojen Uretim kapasitelerinin arttirtlabilecegi belirlenmistir.

Anahtar Kelimeler: Yeraltinda Kémiir Gazlastirma, Denge Modeli, Linyit

NOMENCLATURE Nagene Amount of gasification agent supplied to the
system [mol]

Ceom Mole fraction of carbon in coal [-] Neowr  Amount of coal consumed by the system [mol]

Cagene Mole fraction of carbon in gasification agent n, Amount of each species in syngas [mol]
supplied [-] Neorar  10tal amount of the produced syngas [mol]

H.,: Mole fraction of hydrogen in coal [-] Oc0ar  Mole fraction of oxygen in coal [-]

Hggene Mole fraction of hydrogen in gasification agent 0,4, Mole fraction of oxygen in gasification agent
supplied [-] supplied [-]

K Equilibrium constant Di Partial pressure of each compound in syngas

N.oai  Mole fraction of nitrogen in coal [-] [atm]

Nggene Mole fraction of nitrogen in gasification agent  p.,.,  Total pressure of the produced syngas [atm]
supplied [-] R, Coal to agent (consumed) ratio [mol/mol]


mailto:canbaze@itu.edu.tr
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R, Moisture to carbon ratio [kg/kg]
T Equilibrium temperature [K]
y Amount of change of species due to drying [mol]

INTRODUCTION

The last estimations state that Turkey has 17.480 billion
tons of lignite reserves, which is the largest share amongst
the domestic fossil fuel sources (MTA, 2020).
Unfortunately, approximately 21% of the lignite reserves
have calorific value above 10.5 MJ/kg. This situation
makes them unfeasible to utilize in energy production
compared to imported energy sources. The percentage of
domestic coal in total energy consumption proves this
point. In 2013, domestic coal production covered only
12.8% of the total energy consumption, while the
imported sources covered 73.4% of the total energy
consumption (TKI, 2014). Moreover, the decrease in the
number of coal reserves that are available for feasible
open-pit operations and concerns about the negative
effects of coal on the environment hinders the
competitiveness of domestic lignite reserves. However,
recent developments in clean coal technologies and, also,
growing energy-security problem in the world draw
attention on the domestic coal reserves and possible
alternative exploitation methods.

Underground coal gasification is one of the alternative
coal technologies that can be an option to utilize the
lignite reserves. Many experimental studies have shown
the efficiency of the UCG process when it is applied to
low-quality coals (Daggupati et al., 2010, Giir et al., 2017,
Kapusta and Wiatowski, 2016, Stanczyk et al., 2011,
Stanczyk et al., 2010). In the UCG process, the first phase
is drilling injection and production wells into the coal
seam that supply gasification agents and collect the
syngas, respectively. Then, a connection needs to be
established between those two wells to allow gas flow
inside the seam. This connection is named as gasification
channel, and that is the place where the chemical reactions
and gas flow occur. In the UCG process, coal is converted
into syngas in-situ via exothermic combustion and
endothermic gasification reactions (Reactions 1-8).
Reaction 4 is the water-gas shift reaction, and it is an
essential reaction that balances H2/CO ratio in syngas as
the temperature and pressure changes during the process.
Therefore, it is vital to have when modeling the
gasification process. The produced syngas consists of CO,
H2, CO2, CH4 and other components and it can be utilized
in electricity generation, liquid fuel production via
Fischer-Tropsch synthesis, hydrogen production for fuel
cells and in other chemical processes (Pei et al., 2016,
Shafirovich & Varma, 2009, Shoko et al., 2006).

Syngas composition depends on many conditions such as
gasification agent choice, coal properties, seam
properties, gasifier design, etc. (Perkins, 2018a). For
example, agent selection directly affects the process and
syngas production properties. Air usage as the gasification
agent decreases the calorific value of the produced syngas
and temperature levels inside the combustion zone, but it

significantly lowers the operational costs compared to
pure oxygen feed (Perkins et al., 2016, Swanson et al.,
2010).

Homogeneous reactions:
Oxidation reactions:

Hy+50,—H, @)
CO+30,—CO, )
CH4+202—>C02+2H20 (3)
Water-gas shift reaction:

CO+H20<—>C02+H2 (4)

Heterogeneous reactions:
Oxidation reaction:

C+02—>C02 (5)
Boudouard reaction:

C+C0O,+2CO (6)
Water-gasification reaction:

C+H,06C0+H, )
Methanation reaction:

C+2H,oCH, (8)

Coal properties also affect the syngas composition. In
order to specify syngas production capabilities of specific
coal depending on its properties, experimental and
theoretical studies can be conducted. In lab-scale studies,
ex-situ UCG reactors, where coal block sample and
surrounding strata are placed, are used to simulate
underground conditions and to test different gasification
agent schemes that optimum process outputs can be
achieved with (Fallahi et al., 2019, Gir et al., 2017).
Additionally, highly valuable temperature measurements
inside the reactor can be obtained during the ex-situ
studies, which is not an easy process during an in-situ
operation (Stanczyk et al., 2010).

Theoretical studies of UCG consist of mathematical
models that include specific equations and relations
representing the process. They can be divided into two
groups: kinetic models and equilibrium models (Zogata,
2014a). The kinetic models use the Kkinetic reaction
models, such as Arrhenius type equations, to predict mass
conversion rates. The kinetic models of UCG are
generally time-dependent and they are able to determine
the gas properties in each phase of the process (Jowkar et
al., 2018, Samdani et al., 2016, Zogala, 2014b).
Integration of kinetic models with momentum, heat, and
mass transport equations creates computational fluid
dynamic (CFD) models which can calculate the spatial
and temporal distribution of each component and the coal
conversion at the same time (Perkins and Sahajwalla,
2007, Perkins and Sahajwalla, 2008, Sarraf Shirazi et al.,
2013, Zogata and Janoszek, 2015).

Equilibrium models, on the other hand, relies on the
thermochemical equilibrium principle. This type of
mathematical model determines the equilibrium chemical
composition of a specific amount of coal and gasification
agent, which are considered as contained in an arbitrary
control volume at the predetermined temperature and
pressure. There are two different approaches to determine
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the equilibrium point. The first one is the non-
stoichiometric model that calculates the gas composition
in the equilibrium state by minimizing the Gibbs free
energy of the mixture (Altafini et al., 2003,
Jarungthammachote and Dutta, 2008, Li at al., 2001). The
second one is the stoichiometric model that uses
equilibrium constants of the related chemical reactions to
determine the composition while satisfying the mass
conservation (Watkinson et al., 1991).

In this study, a two-stage stoichiometric equilibrium
model, which contains gasification reactions (Reactions 6,
7, and 8) and water-gas shift reaction (Reaction 4), is used
to evaluate the possible syngas composition of the chosen
lignite sites in case of UCG application. The input
parameters for the model are the elemental composition
and moisture content of the selected lignite samples, the
gasification agent composition, and the reaction
equilibrium constants at the specific operation
temperature. The selection of lignite sites has been made
according to the selection criteria that are based on the
suggestions made in the previous studies (Klimenko ,
2009, Pana, 2009, Perkins, 2018a, 2018b, Shafirovich and
Varma, 2009, Tung, 2015). Eventually, nine different
lignite sites have been chosen for the study. Pure oxygen,
steam, and steam-oxygen mixture are supplied as the
gasification agents. Results show that the moisture
content of the coal directly increases the hydrogen content
in the syngas when oxygen is supplied as the gasification
agent. However, it does not affect the hydrogen content of
the product gas when steam is supplied. Results also show
that Edirkdy lignite site has the greatest hydrogen
production potential which is relevant to its higher
moisture content and lower carbon content. Also,
comparison of predicted consumption rate of coal and
gasification agent indicates that UCG process can be
conducted more efficiently in Edirkdy and Eskihisar
reserves.

THE EQUILIBRIUM MODEL

The developed equilibrium model consists of two stages
as shown in Figure 1, and it is based on mass conservation
and equilibrium constants of the reactions as mentioned
earlier. Conservation of carbon (C), hydrogen (H), oxygen
(0), nitrogen (N) elements are taken into account for mass
conservation. The model assumes that all those elements
contained in coal and in gasification agents must be in the
product gas after conversion in the form of carbon dioxide
(COy), carbon monoxide (CO), water (H20), methane
(CHa), hydrogen (Hy), and nitrogen (N,) to satisfy the
mass continuity. While satisfying the continuity, reaction
equilibrium constants determine the composition of the
product gas (syngas). Then, the equilibrium of water-gas

shift reaction, which directly affects the carbon monoxide
and hydrogen ratio in the syngas as the temperature
changes, determines the final composition with H,O
addition that comes from coal drying.

As explained in Figure 1, in the first stage, it is assumed
that coal is stationed in an arbitrary control volume. Then,
gasification agents are added to the volume. At the end of
the process, it is assumed that all gasification agents and
coal contents are converted into 1 mole of syngas. In other
words, neither coal nor gasification agents remain in the
control volume. Therefore, the total number of moles,
Neorars 1S €qual to 1. This assumption results in two new
UnkNowns (Mg gent, Meoar) besides the molar fractions of
syngas components. The amount of the consumed coal
(ncoar) @and supplied gasification agent (n,4.n¢) Need to be
known to construct the mass balance and to specify the
syngas composition. With the help of the mass
conservation equations and equilibrium relations of
Reaction 6, 7, and 8, the syngas composition and the
amount of consumed gasification agent and coal are
calculated.

It is assumed that gasification occurs at the atmospheric
pressure (pqo:: = 1 atm), and the end product is an ideal-
gas mixture. Therefore, the molar fractions of the
components in syngas can be expressed as the partial
pressure values of each component. By applying a mass
conservation law for the first gasification stage, it yields 8
equations (Equations 9-16) and 8 unknowns (pco,, Pco.
pCH4: pHZOv sznpNzn nagent: ncoal)- The equ”ibrium
constants of the gasification reactions are calculated using
the temperature-dependent relations given below
(Cempa-Balewicz et al., 2013) (Equation 17, 18, and 19).

(nagentcagent + ncoalCcoal)/ntotal =
(Pcoz + Pco + pCH4)/ptotal )
(nagentHagent + ncoachoal)/ntotal =

(ZPHZO + 2py, + 4pCH4)/ptotal (10)
(nagenthgent + ncoalOCoal)/ntotal =
(ZPCO2 + Pco t pHZO)/ptotal (11)
(nagentNagent + ncoalNcoal)/ntotal =
szz /ptotal (12)
2
Kre = ;;;) (13)
2
2
Krg = "5 (15)
Hj
Pco, + Pco + Puyo + Pcu, + Pu, +On, =1 (16)
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| Stage 1 I Stage 2 |
I
| Gasification . &g.ﬂ | Stage -2 . l
| Agents — Gasification Zone Product Gas | | Homogeneous Reaction Syngas
Air/O,/Steam/ CoalSurface (CO,,CO,H,0, Cavity (C0O,,CO,H,0, |
| o, (%C, %H, %0, %S, %N) CH,H,,Ny) | Product Gas from Stage 1 CH,H,,N,) |
| ) Heterogeneous Reactions | | (C0,,CO,H,0,CH,H,.N,) ]
I
I | | |

Figure 1. Flow scheme of the two-stage UCG equilibrium model.

logK,¢ = 3.2673 — 8820.7T ! — 1.2087 X 10T +

0.1537 x 107T2 + 2.2954logT 17)
logK,, = 0.8255 x 107°T? + 14.5158logT —
4825.986T ! —5.6711 x 1073T — 33.4578 (18)

logK, = 4662.8T~1 — 2.0959 x 1073T + 0.3863 X
107°T2 + 3.0343logT — 13.0636 (19)

In the second gasification stage of the equilibrium model,
the effect of the additional moisture content on the syngas
composition is calculated using the equilibrium relation of
the water-gas shift reaction. This stage intends to
determine the change of syngas composition as the
product gas advances in the gasification channel and
interacts with the unaltered coal, which has higher
moisture content.

n = Ngo, + Ngo + Ney, + Ny, + N0 + Nyy0,arying +

ny (20)
_ (nco,+y)(nu,+y)

- (nco=y)(MH,0+MH,0,drying=Y) (21)

logK,, = 3994.7T "1 — 4.4624 x 1073T + 0.6718 X

107°T2 + 12.2203logT — 36.7251 (22)

2

Kr4—

Equation 20 calculates the total number of moles of
change after water vapor addition that comes from drying
of the unaltered coal. At the end of the first stage, there
was 1 mole of product gas, as previously mentioned.
Additional water vapor changes the total number of moles
in the product and shifts the equilibrium. The final
composition is determined by Equation 21, which
specifies the equilibrium point for water-gas shift reaction
at 1 atm. The equilibrium constant is calculated from
Equation 22 (Cempa-Balewicz et al., 2013). Other details
about the model and calculation procedure are given here
(Cempa-Balewicz et al., 2013; Giir et al., 2018).

VALIDATION STUDY

For the validation study, the results of experimental UCG
study conducted with Malkara/Piringgesme lignite are
used. That experiment was conducted in an ex-situ UCG
experimental setup built in Mechanical Engineering
Faculty of Istanbul Technical University. Details about
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the experiment and the setup were given in here (Gur et
al., 2017).

Before the experiment, coal blocks, that were extracted
from the mining site in Piringgesme, stayed in the UCG
laboratory in open to atmospheric conditions. This
situation led to loss of humidity and partially drying of the
samples. Therefore, dry in air analysis results of
Piringgesme is used as the inputs in the equilibrium
model. Proximate and ultimate analysis results of
Piringgesme lignite are listed in Table 1.

Table 1. Analysis results of Piringgesme lignite sample.

Tekirdag/Malkara Dry in Air (wt. %)

Piringgesme

Moisture 15.27
L on
g 2 Ash 20.33
X8 Volatiles 32.55
< _

Fixed Carbon 31.86
o C 48.32
2
= H 3.38
c
< 0 6.91
i
g N 1.22
5 s 458

For the comparison, the syngas composition results from
the oxygen-gasification experiment are averaged. Then,
syngas composition obtained from the equilibrium model
is compared, and similar results are observed at 600 °C.
That temperature level seems to be attainable since the
temperature measurements from the reference study
shows the highest temperature of 1000 °C during the
process, which can be considered as the temperature level
inside the combustion zone. The gasification zone follows
the combustion zone, and temperature level drops toward
the unreacted parts of the coal. The results are given in
Table 2. CO,, CO, and H; percentage predictions are in
good agreement with the experimental data but the model
poorly estimates CH. percentage. But this situation is
ignored because of the low percentage of methane in the
product gas.



Table 2. Comparison of experimental and theoretical results
that validates the equilibrium model.

Gasification Oxvaen

Agent g

Equilibrium 600 °C

Temperature

Results Experimental (Gur  Equilibrium Model
etal., 2017)

CO% 21.0 214

H2% 23.9 26.5

CHs% 5.8 1.2

CO2% 49.1 50.7

THE SELECTION CRITERIA

Underground coal gasification is a transient thermo-
chemical process. It depends on many parameters such as
coal properties, depth of the coal to be gasified, geological
properties and presence of aquifers around the coal seam,
supply rate of gasification agents, dimensions of the
gasification channel, etc. Early UCG trials have shown the
need to choose the correct UCG site for efficient
operation, as well as the selection of the appropriate coal
for the process (Sarhosis et al., 2017).

The specific conditions of the coal and its reservoir
condition must be considered to choose an appropriate
UCG site. First of all, the rank of coal is an important
aspect. High-rank coals are not suitable for the UCG
process due to low reactivity and sudden termination of

Table 3. Proximate and ultimate analysi

the process because of agglomeration that occurs at high
temperatures. Coals with high volatile matter tend to have
higher reactivity. Moisture content is also essential to
have a high hydrogen production rate. Another important
aspect is the thickness of the coal seam. The thickness of
the coal seam should be in between 2 m and 15 m
(Shafirovich and Varma, 2009). The permeability of the
coal is the key factor when establishing the connection
between injection and the production wells. High-
permeability makes the connection between the wells
easier. On the other hand, high-permeability leads to gas
losses and contaminant leakage from the reactor to the
surrounding strata and the surface. Coals surrounded by
water-saturated rocks that have low-permeability should
be chosen to avoid losses (Sarhosis et al., 2017).

In case of transportation, the UCG site needs to be
accessible for the equipment transfer and the installations.
Usually, the produced gas is utilized near the production
site to decrease the costs. Therefore, surface conditions
must be appropriate to build the syngas utilization
facilities.

In light of the factors mentioned above, nine lignite
reserves were selected in Turkey. Their proximate and
ultimate analysis results are given in Table 3. The other
details on the selection of the reserves are explained here
(Tung, 2015).

s results of the selected lignite sites.

Proximate Analysis (wt. %)

Original Sample
Ultimate Analysis (wt. %)

Ref. Location Moisture Ash  Volatiles Fixed C H (0] N S
Carbon
Giir et al Piringgesme-
" Malkara 2517  17.95 2847 2814 4266 299 610 108 4.05
2016 ard
Tekirdag
Cobankdy-
Seyitsmer ~ 40.81 877 2548 2494 3405 249 1033 121 234
Kitahya
Omerler-
Tungcbilek 14.96 2692 2658 3154 4121 282 1017 142 250
Kitahya
Eskihisar-
Yatagan 39.04 1421 2732 1943 3055 242 1157 116 1.05
Mugla
Tuncal et Himmetoglu-
al 2002 oo By, 3086 1172 2845 2897 3424 315 1847 096 0.0
Harmanalan- 5, 0/ 1984 2092 1030 2861 235 967 032 127
Keles Bursa
Edirkdy-Saray 309 1391 2311 1030 2645 234 901 042  4.28
Tekirdag
Eynez-Soma 15056 1343 3286 4015 5160 3.89 1551 148 053
Manisa
Isiklar-Soma 1) 42 5p 35 3306 3145 4403 353 1616 047 032
Manisa
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RESULTS & DISCUSSION

Using the developed stoichiometric equilibrium model,
the pure oxygen supply for the reserves is discussed as the
first case. Figure 2 presents the syngas compositions
calculated for each reserve by the model. These results
were obtained at 600 °C, which was the validation
temperature of the model, as explained earlier in the
validation study section. Edirkdy stands out as it had the
highest hydrogen content with a value of 49.18%. High
moisture content (Table 3) of Edirkdy reserve led to
relatively high hydrogen production. High hydrogen
percentage in syngas was also seen in the results of
Eskihisar and Harmanalan reserves. The hydrogen
percentages of the Eskihisar and Harmanalan lignites
were calculated as 45.43% and 44.73%, respectively. It
was an expected result as they also have relatively high
moisture content. Although Cobankdy lignite reserve has
a high moisture content, its higher carbon content than the
reserves mentioned above makes the hydrogen percentage
in the produced syngas lower and carbon dioxide
percentage higher.

coal is hard to determine in the UCG process, defining a
ratio that can give a prediction about the coal consumption
based on the supplied amount of gasification agent is
highly valuable. The relation for the new variable is given
below.

R, = ncoal/nagent (23)
Here, n.,q; is the amount of coal consumed in the process
to produce 1 mole of syngas, and it is an unknown which
was calculated by the equilibrium model. nggep, is the
amount of gasification agent consumed in the process and
it is another unknown that was calculated by the model.
The ratio of these two variables gives valuable
information about the effective use of the gasification
agent. With the help of the ratio, R,, coal consumption
rate can be estimated based on the gasification agent
supply rate.

In Figure 3, the resulted R, values are given for all lignite
reserves. Edirkdy reserve is showing apparent difference
indicating much more coal can be converted into syngas
by the same amount of oxygen supply.
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Figure 2. Resulted syngas compositions from the selected lignite reserves in case of oxygen supply.

Even though the higher moisture ratio led to an increase
in the hydrogen production in the simulation, it is hard to
expect hydrogen-rich syngas production from these
reserves in reality. High moisture ratio decreases the
reactivity of coal, and it delays the ignition of coal and the
process development by weakening the heat accumulation
and forming a film on the coal surface that inhibits O,
transfer and reactions (Xuyao et al., 2011).

The predicted CO ratio in syngas was almost the same for
all reserves, around 20%, but Eskihisar lignite reserve had
the highest percentage with 23.17%. In case of CO;
production, the reserves with higher carbon content, such
as Omerler, Eynez, and Isiklar, resulted in carbon dioxide
of 50%.

For the oxygen supply case, a new variable, R,, was
defined to show how efficient the supplied gasification
agent was used. R, is the ratio of consumed coal to
consumed gasification agents which were determined by
the equilibrium model. Since the consumed amount of
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In Figure 4, moisture content of reserves, as stated in
proximate analysis results in Table 3, were divided by
carbon content, which was given in the ultimate analysis
results, to get a better explanation of the effects of
moisture and carbon content on hydrogen production.
This new ratio was named as R, and its trend of change
over the reserves, which is given in Figure 4, resembles
the trend of the consumed coal to agent ratio, R,. This
resemblance indicates that higher moisture and lower
carbon content resulted in higher hydrogen yield.

=
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o
oo

Moisture / Carbon (kg/kg)
-
N

R.=
o
~

Lignite Reserves
Figure 4. Moisture to carbon ratio of the reserves.

Also, the produced syngas to the consumed gasification
agent ratio was higher for Edirkdy and Eskihisar reserves,
meaning much more syngas can be produced per
consumed gasification agent. In Figure 5, the syngas to
gasification agent ratio and syngas calorific value in case
of oxygen supply is presented for all reserves.
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Figure 5. Produced syngas amount with respect to
consumed gasification agent and lower heating value of
syngas in case of oxygen supply.

Results show that 6.6 mol of syngas with a heating value
of 8.4 MJ/m?® can be produced per 1 mol of gasification
agent used in Edirkoy reserve. High H; yield capability of
Edirkoy and Eskihisar reserves was presented in Figure 2.
In addition to that, syngas production with a greater rate
and less coal consumption means a more efficient UCG
process for those reserves.

In case of pure steam supply, results in Figure 6 show that
coal content is not crucial for the syngas composition.
Hydrogen content for all reserves was around 50% for all
reserves, and other contents in syngas didn’t show any
significant difference from each other. Steam supply is an
effective technique to produce hydrogen from coal, but it
is not a thermally sustainable process due to the
endothermic nature of the gasification reactions.
However, results obtained from the equilibrium model
showed that, with the steam supply, syngas with high
hydrogen content could be produced from the reserves.
Equilibrium temperature was again 600 °C for the steam
supply case. Several studies show that this temperature
level is achievable if oxygen (or air) is supplied prior to
the steam supply (Gir and Canbaz, 2020, Hongtao et al.,
2011, Stanczyk et al., 2010). Oxygen supply before the
steam supply creates the thermal energy needed for the
gasification reactions with the help of combustion
reactions, and that energy allows high hydrogen
production from the water-gasification reaction.

Figure 7 shows the resulted syngas content when the
steam-oxygen mixture was supplied as the gasification
agent. Here, the properties of both pure-oxygen supply
and pure-steam supply are observable. Edirkdy reserve
still had the highest hydrogen content, but all other
reserves had the hydrogen content around 50%. However,
carbon monoxide percentages were lower compared to the
oxygen supply case. Steam-oxygen mixture ratio was
2.5:1 in this case. The supply of steam-oxygen mixture is
a promising technigue to produce hydrogen-rich syngas.
Still, continuation of the process can be a problem when
this technique is applied in-situ. Oxygen content should
be enough for the continuation of the UCG process. Yang
et al. showed that the continuation of the UCG process
during the steam-oxygen supply is possible with a certain
ratio (Yang et al., 2009). Yet, the continuation of the
process is dependent on the coal properties and each
lignite reserve would respond differently to a specific
steam-oxygen ratio. Starting with the oxygen supply then
switching to steam-oxygen mixture can be a reliable
procedure for a long-term process without interruptions.

In Figure 8, lower heating values for calculated syngas
compositions of each reserve are presented. Lower
heating value changed according to the supply scheme for
each reserve. Edirkdy’s results almost didn’t vary as the
gasification agent changes. However, lower heating
values of the reserves with higher carbon content
increased with the presence of steam in the gasification
agent.
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Figure 7. Resulted syngas compositions from the selected lignite reserves in case of steam-oxygen mixture supply.
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o Edirkdy lignite reserve showed the greatest hydrogen

production capability for oxygen-gasification.

CONCLUSION

value was directly related to the moisture

indicating much more coal can be converted with the same
to carbon ratio of the coal sample.

¢ Edirkdy had also the highest coal to agent ratio (R,)
amount of oxygen.

e Change of R,

steam, and steam-oxygen mixture

were considered as the supplied gasification agents and

reserves that were selected for a possible UCG
used as input in the model. Results showed that:

The UCG equilibrium model was used to predict the
produced syngas compositions from the Turkish lignite

application. Oxygen,

e In case of oxygen supply, carbon dioxide percentage

changed according to carbon content of the lignite

reserves, but carbon monoxide percentage didn’t vary and

stayed on the same level for all reserves.

e In case of oxygen supply, moisture content of the coal

became crucial to produce hydrogen-rich syngas.
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e When steam was supplied as the gasification agent,
results showed that the coal content didn’t affect the
syngas composition.

e Steam-gasification is not a thermodynamically
favorable process due to the endothermic nature of the
water-gasification reaction. Therefore, the steam-oxygen
mixture supply can be considered as the oxygen presence
can make the continuation of gasification process
possible.

¢ Results of steam-oxygen mixture supply showed that
improvement in carbon monoxide and hydrogen content
in syngas could be achieved for all reserves with the steam
addition into the gasification agent. Enhancement in lower
heating values, especially for the reserves with higher
carbon content, also showed the positive effect of the
steam addition.

e The equilibrium model explained here provides
valuable primary estimations for the syngas production
properties of Turkish lignites.

As the future study, by implementing the first law analysis
of thermodynamics into the model, questions related to
thermal stability and sustainability of the gasification
process and effects of the moisture content on the UCG
process can be answered.
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Abstract: The influence of turbulent natural convection and thermal radiation in a differentially heated square
enclosure is numerically investigated. The enclosure is heated from the right wall and cooled from the left wall. The
other walls are assumed to be adiabatic. The Reynolds Averaged Navier Stokes (RANS) formulation was employed
for analyzing turbulent flows together with a Realizable k—€ model. In addition, the discrete ordinates method (DOM)
was used to solve the radiative transfer equation (RTE). Influence of Rayleigh number (Ra), optical thickness (<),
Planck number (PI), scattering albedo (w) and wall emissivity (&, ) parameters were studied numerically on square
enclosure for the flow and temperature distribution. It is interesting to note that a detailed parametric study focusing
on characterizing parameters in turbulent natural convection and radiation was rarely dealt with in details. Solutions
were obtained for a range of Rayleigh numbers varying from 10° to 102, It was found that the radiation heat transfer
alters the characteristics of flow fields in the enclosure. Increasing the optical thickness results in a decrease in
combined heat transfer for a fixed Rayleigh number and the maximum of heat transfer occurred for low optical
thickness with radiation presence. Nu, =87.796 and 82.351 is obtained for t=0.2 and 5, respectively (Ra=10%,
P1=0.02 and ®=0). The heat transfer increases with decreasing Planck number, and decreases with the increasing

scattering albedo. Nu, =445.837 and 68.100 is obtained for PI=0.001 and 10, respectively (Ra=10%°, t=1 and ©=0).

When the active walls are black and the insulated walls are reflected, N_ut =85.507 is obtained for Ra=10'°, P1=0.02,

=1 and »=0.
Keywords: Turbulent natural convection, RANS, thermal radiation, isotropic scattering medium, square enclosure.

IZOTROPIK SACILMA ORTAMLI KARE GEOMETRI ICINDE TURBULANSLI
DOGAL TASINIM VE ISINIM ISI TRANSFERI

Ozet: Farkl 1sitilmis kapali kare bir geometri igindeki tiirbiilansli dogal tasmim ve 1s1l 1gtnimin etkisi sayisal olarak
incelenmistir. Kapali kutu sag duvardan isitilir ve sol duvardan sogutulur. Diger duvarlarin adyabatik oldugu
varsayllmaktadir. Reynolds Averaged Navier Stokes (RANS) formiilasyonu, Realizable k—e modeli ile birlikte
tirbiilansh akiglart analiz etmek i¢in kullanilmigtir. Ayrica, 1sinim transfer denklemini (RTE) ¢6zmek icin kesikli
ordinatlar metodu (DOM) kullamilmistir. Rayleigh sayisi (Ra), optik kalinlik (), Planck sayisi (P1), sagilma albedosu
() ve duvar yayma orani ( &, ) parametrelerinin etkisi, akis ve sicaklik dagilimi kapali kare geometri iginde sayisal
olarak ¢alisilmistir. Tiirbiilansl dogal taginim ve 1sinimda parametrelerin karakterize edilmesine odaklanan detayli bir
parametrik ¢aligmanm nadiren ayrintili olarak ele alindigim belirtmek ilgingtir. Coziimler 10° ila 10'? arasinda
degisen Rayleigh sayist i¢in elde edilmistir. Isinim 1s1 transferinin geometri i¢inde akis alanlarinin 6zelliklerini
degistirdigi bulunmustur. Optik kalimhigin arttirilmasi, sabit bir Rayleigh sayisi i¢in birlesik 1s1 transferinde bir
azalmaya neden olurken ve 1sinimla birlikte diisiik optik kalinlikta maksimum 1s1 transferi elde edilmistir. t=0.2 ve 5

i¢in sirasiyla N_ut =87.796 ve 82.351 elde edilmistir (Ra=10°, PI=0.02 ve ®=0). Is1 transferi azalan Planck sayist ile
artar ve artan sagilma albedo ile azalir. PI=0.001 ve 10 i¢in sirasiyla N_ut =445.837 ve 68.100 bulunmustur (Ra=10°,

1=1 ve »=0). Aktif duvarlar siyah, yalitilmis duvarlar yansitic1 oldugunda, Ra=10%°, PI=0.02, t=1 ve »=0 igin N_ut

=85.507 elde edilmistir.
Anahtar Kelimeler: Tiirbiilansli dogal tasinim, RANS, Isil 1s1mim, Izotropik sagilmali ortam, Kare geometri

NOMENCLATURE Cu constant in the k—e models

g acceleration due to gravity, [m/s?]
a absorption coefficient, [m?] I radiation intensity, [W/m?]
Cp specific heat capacity, [J/kg K] k turbulent kinetic energy, [m?/s?]



L enclosure height and weight, [m]

n refractive index

Nu Nusselt number,

P pressure, [Pa]

PI Planck number, [=(1/L)/(40T})]

Pr Prandtl number, [=v/«a]

q heat flux, [W/m?]

r position vector

Ra Rayleigh number, [=gA(T, -T.)L*/ (va)]

S direction vector

s' scattering direction vector

S modulus of the mean rate-of-strain tensor

Sij mean rate of strain tensor

t time, [s]

T temperature, [K]

Te temperature of cold wall, [K]

Th temperature of hot wall, [K]

To reference temperature, [= (T, +T.)/2 , K]

u, v horizontal and vertical velocity components,
[m/s]

U dimensionless horizontal velocity
components, [=u/(aeRa”? / L)]

Vv dimensionless vertical velocity components,
[=v/(aRa" I L)]

X, Y cartesian coordinates, [m]

XY dimensional coordinates, [X=x/L, Y=y/L]

Greek letters

a thermal diffusivity, [m/s?]

p coefficient of thermal expansion, [1/K]

A thermal conductivity, [W/mK]

5; Kronecker delta

AT temperature difference, [= (T, -T,), K]

&, wall emissivity

€ dissipation rate of k, [m? / s%]

dimensionless temperature,

=T-T) /(T -T)l

6, reference temperature ratio,
[: To /(rh _Tc)]
14 kinematic viscosity, [m?/s]
1) scattering albedo, [= o,/ (a+0o,)]
u dynamic viscosity, [kg/m s]
4, turbulent eddy viscosity, [kg/m s]
Iy density, [kg/m?]
o Stefan Boltzmann constant, [W/m2K*]
o, scattering coefficient, [m™]
o, turbulent Prandtl number
T optical thickness, [=(a+o;)L]
) phase function
Q! solid angle
Subscripts
c convection, cold
h hot
ij elemental directions (i, j = 1 and 2

corresponding to the x and y directions)

r radiation

t total

w wall

wl,w2 right wall, left wall, bottom wall, top wall
w3,w4

Abbreviations

DOM Discrete Ordinates Method

DNS Direct Numerical Simulation

LES Large Eddy Simulation

LBM Lattice Boltzmann Method

P1 Spherical Harmonics Method
PRESTO Pressure Staggering Option
RANS Reynolds Averaged Navier Stokes
RNG Renormalization Group

RTE Radiative Transfer Equation

INTRODUCTION

Analysis of natural convection and radiation in
participating media is an important process in various
engineering systems such as the design of furnaces, heat
exchangers, cooling of electronic devices and nuclear
reactors, spacecraft, thermal insulation, heat buildings,
the metallurgy and solar capture, and so on. In these and
similar engineering applications, radiation can strongly
interact with convection. The variation of flow and
temperature distribution is directly influenced by the
radiation effects. In fact, the effects on the flow and heat
transfer of parameters as Rayleigh number, Planck
number, wall emissivity and the scattering albedo are
present in several engineering applications in industry.

Studies on the interaction of radiation and laminar
natural convection heat transfer began in the 80's.
Lauriat (1982) studied a two-dimensional vertical
cavities of different optical thickness, whereas P
(Spherical Harmonics Method) gray gas method was
used for various formulation and analyzed non-gray gas
radiation characterized by the radiation band structure.
Also Desrayaud and Lauriat (1985) extended the study
of a fluid layer of the vertical wall. Webb and Viskanta
(1987) examined the rate of internal radiative heating on
the natural convective motion in a vertical rectangular
enclosure irradiated from the side wall. Fusegi and
Farouk (1989) studied numerically the interactions of
laminar and turbulent natural convection and gray gas
radiation in a differentially heated square enclosure and
used P1 approximation method for solving the radiative
transfer equation (RTE). The numerical investigation of
interactions of natural convection and radiation in a
square enclosure was performed by Yucel et al. (1989).
They used Discrete Ordinates Method (DOM) to solve
the RTE. Also these same authors analyzed the changes
in the buoyant flow patterns and temperature
distributions due to the presence of radiation in inclined
or heat generating enclosures (Yucel et al., 1994). In the
same trend Draoui et al. (1991) used the P; method to
analyze the effects of radiation and natural convection
on the heat transfer process in a square enclosure. Tan
and Howell (1991) studied the combined radiation and
laminar natural convection in a two-dimensional



participating square medium numerically. They found
that the radiation destroyed the symmetry of the flow
structure and temperature field.

These mentioned studies have been dealt with different
solution methods in the last decade. Mezrhab et al.
(2008) performed the numerical study of double-
diffusion convection coupled to radiation in a square
cavity filled with absorbing, emitting and non-scattering
gray gas. They modeled the RTE by the DOM method.
Mondal and Mishra (2009) analyzed the simulation of
natural convection in the presence of thermal radiation
using the lattice Boltzmann method (LBM). In this
study, they investigated the effects of the extinction
coefficient and the scattering, albedo on flow field and
temperature distribution. Moufekkir et al. (2012) studied
numerically the laminar natural convection and thermal
radiation in an isotropic scattering medium within a
heated square cavity using a hybrid thermal lattice
Boltzmann method. They later investigated the effect of
the inclination angle of enclosure on heat transfer in the
similar problem (Moufekkir et al, 2012).

Coupled turbulence natural convection and radiation in
differentially heated cavity was investigated by many
researches. In general, turbulent flows have been
investigated using three numerical approximation
techniques: Direct Numerical Simulation (DNS), Large
Eddy Simulation (LES) and RANS. Using the DNS
turbulence method, combined turbulence natural
convection and radiation in a 2D and 3D enclosures are
considered in the literature (Salat et al., 2004; Xin et al.,
2004; Sergent et al., 2013; Soucasse et al., 2014;
Czarnota and Wagner, 2016). Commonly, there are
many studies considering the interaction of turbulence
models and thermal radiation at low Rayleigh number in
LES method (Capdevila et al., 2011; Capdevila et al.,
2012; Ibrahim et al., 2013).

Among RANS models, the standard k—e model has been
adopted by many authors. Mesyngier and Farouk (1996)
examined the combined turbulent natural convection
and radiation in a 2D differentially heated square cavity
filled with a single participating gas or a homogeneous
mixture of two participating gases along with a non-
participating gas. The interaction of surface radiation
with turbulent natural convection of a transparent
medium in 2D square and tall enclosures was analyzed
by Velusamy et al. (2001). In this study, the enclosure
isolated from the horizontal walls heated from the
vertical walls was changed to Ra 10°-10'? and aspect
ratio 1-200. Sharma et al. (2007) investigated the
interaction of surface radiation with turbulent natural
convection of a transparent medium in a rectangular
enclosure heated from below and cooled from the other
three walls with the Rayleigh number varying from 108
to 102 and the aspect ratio changing from 0.5 to 2.0.
The same authors analyzed the same geometry with the
inclination angle varying between 0°-90° and Rayleigh
numbers from 108 to 10* (Sharma et al., 2008). Shati et
al. (2012) presented the effect of turbulence natural
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convection with and without the interaction of surface
radiation in 2D square and rectangular enclosures, using
the renormalization group (RNG) k—e model. Xaman et
al. (2008) studied numerically the combined heat
transfer (laminar and turbulent natural convection,
surface thermal radiation and conduction) in a square
cavity with a glass wall. Wu and Lie (2015) numerically
investigated turbulent natural convection with and
without radiation transfer in 2D and 3D air-filled
differentially heated cavities using various RANS
models. They compared two equation eddy-viscosity
models which are the standard k- model, RNG k—¢
model, the realizable k—& model, the standard k-
model and the shear-stress transport (SST) k—» model.
The numerical analysis of conjugate turbulent natural
convection combined with the surface thermal radiation
in an enclosure has been carried out by Miroshnichenko
et al. (2015), Sheremet and Miroshnichenko (2015).

The scattering albedo, the Planck number and the
surface emissivity effects for participating and
isotropically scattering media were rarely studied in
detail for high Rayleigh number. Since these parameter
effects find their use in several industrial processes for
various ranges, the objective of the present study is to
simulate turbulence natural convection in a two
dimensional square enclosure in the presence of thermal
radiation. Also, the performance of the realizable k—¢
turbulence model and DOM method are investigated in
natural convection with radiation in an enclosure for the
effect of various influencing parameters such as the
Rayleigh number, the Planck number, the scattering
albedo and the surface emissivity.

GOVERNING EQUATIONS

The geometry of a two-dimensional square enclosure is
shown in Fig. 1. The physical model consists of a gray,
absorbing, emitting, and isotropically scattering fluid in
a square enclosure surrounded by the walls. Two
horizontal walls are insulated, and two vertical
isothermal walls are kept at temperatures, Th=1000K
and T.=500K, respectively. The cavity is filled with a
Newtonian fluid of Pr=0.71. All physical properties in
the system are assumed to be constant for T, reference
temperature, expect for the density. The radiating fluid
is assumed to be incompressible; viscous dissipation is
neglected.

The continuity and unsteady Reynolds-averaged Navier
Stokes and energy equations (in tensor notation) for the
buoyancy-excited turbulent air flow within the
enclosure can be written as follows with Boussinesq
assumption:
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where x; and x; are the Cartesian coordinates in the i and
j directions, t is the time, P is the pressure, T is the time
averaged temperature, To is the reference temperature, u;
and u; are the time averaged velocity components in the

i and j directions, U{ and uj are the corresponding

unstable velocity components in the i and j directions,
pis the fluid density, A is the thermal conductivity, ¢, is
the specific heat capacity, and g is the dynamic
viscosity.

adiabatic

jg

L
X, u adiabatic

L "

Figure 1. Schematic geometry of the problem.

The Reynolds stresses (—pujuj ) and the turbulence heat

fluxes (FT’) need to be modeled in order to solve Eq

(1) and (3). The Reynolds stresses are modeled through

the Boussinesq approximation as:

Bui au] 2

_+_ PR —
joo%

PG (4)

OX 3

where s is the turbulent eddy viscosity, k is the
turbulent Kinetic energy, & is the Kronecker delta
(0; =0 ifi# ] and &; =1if i=j). The turbulent eddy
viscosity is obtained by

—pmw{

2
pe,k

My = 5)
&

In this study, two equations the realizable k-& model is
considered. The difference between the realizable k-
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&£ model and the standard and RNG k-& models is that C,
is no longer constant:

1

Cu= 4.04+J§cos¢(ku*/5) ©
where

U*:m Qi = Oy — 2z,

Qij :(_Zij —Zgijka)k

¢:%cos‘1(\/_6w), w2 s s (7)

ij i)

_L

ou; 6ui]
ij= T
2

(a_x, OX;

(_2i,- is the mean rate of rotation tensor viewed in a
rotating reference frame with the angular velocity @, .
Also g« is discretized by using Eq. (13).
—_ oT

Ui'T, = ——‘ut

— 8
por 0% ©

where o is the turbulent Prandtl number.

The turbulent kinetic energy (k), is as follows assuming

incompressible flow and no source terms:
a(pk) , (pky)

ot OX;

(2

ok
— — |+ G, +G, — pe
8XJ- ]GXJJ k b~ P
where Gy represents the production of turbulent kinetic

energy, which is common to all k-¢ turbulence models
and is given by

9)
H

Ok

1

OX;

G, =—uju] (10)
The term Gy, represents the generation of turbulent
kinetic energy because of buoyant forces when the
system is under a gravitational field, and it is calculated
as follows:

i oT
G, =09 —/——
b ﬂgl Prt OXi
where Pr= 0.85 is the Prandtl number for energy and g
is the thermal expansion coefficient, which is calculated
as follows:
1(0
B= __(_p]
p\aT Jp
Turbulent dissipation rate (¢), is as follows assuming
incompressible flow and no source terms:

a(p8)+a(P8UJ)_i[{ﬂ+ﬂj§_fj

ot oxX:  OX;

2

k+«/;

(1)

(12)

j (13)
+pCSe—pC,

where,



C = max{OAB,L}, n=sX,
n+5 &
u (14)
S=/25;S;j.  Ca, =tanh u—:

and oy and o, are the turbulent Prandtl numbers for k

and &, respectively. The constants used in the realizable
k-& model are as follows:
o=l o,=12, C, =144, C,=19 (15)

The local divergence of radiative flux V-q, in the
energy equation is related to the local intensities by:

V-q, :a[mﬂb(r)—j I(r,Q)dQ] (16)
Ar

To obtain the radiation intensity field and V-q,, it is

necessary to solve the RTE.

The DOM model solves the radiative transfer equation
over a finite number of solid angles, each associated
with a vector direction s in the global Cartesian system
(x, y). The DOM model does not perform ray tracing.
Instead, the RTE is transformed into as many transport
equations as there are solid angles with direction s. The
solution method is the same as that used for the
momentum and energy equations. The RTE in the
direction s can be written as follows:
V-(I(r,s)s)+(a+o,)I(r,s)=

4z

o, o (17)
+E£ I(r,s)®(s-s)dQ

4
oT,
an2 — 0

T

where, r is position vector, s is direction vector, s’ is
scattering direction vector, s is path length, a is
absorbing coefficient, n is refractive index, o,is
scattering coefficient, & is Stefan-Boltzmann constant,

| is radiation intensity, ® is phase function and ' is
solid angle.

The boundary conditions are as follows:

u; =0, atall walls
T=T,, 0<y<L andx=0

(18)
T=T,, 0<y<L andx=L

. +0, =0, at the adiabatic wall (top and bottom)

The radiative heat flux on boundary surfaces (gr) can be
expressed as;

q =&, (7r|b (r,) —'[n_sko 1(r,,s")|n-s| dQ) (19)

and the radiative boundary condition for diffusely
reflecting surfaces in Eq. (19) is

1- Ew J
T n-s'<0

where n is the outward normal at the boundary.

I(r,,s)=¢,l,(r,)+ I(r,,s)|n-sdQ  (20)

The total wall heat flux is calculated as

0: =qc tq, (21)
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where ¢.and ¢, are the convective and radiative heat
flux at wall, calculated as

and q, J'I(n-s)|WdQ

Ax

qc = (22)

on

The total Nusselt number at the walls are calculated
from the convective and radiative Nusselt number as
q.L q.L

Nu, =Nu, + Nu, = +
A(Th _Tc) A’(Th _Tc)

(23)

The mean Nusselt number Nu at the wall is the line
averaged value of Nu.

NUMERICAL SOLUTION

In this study, Fluent (2011) was used to numerically
simulate the existing problem. The unsteady continuity,
RANS and energy equations are discretized by
employing finite volume and the resulting equations are
iteratively solved. The computational domain is divided
non uniform finite volumes using structured cells. A
second order time implicit scheme is adopted to apply
solution. The PRESTO (Pressure Staggering Option)
scheme is employed for pressure term while The second
order upwind scheme is adopted for the others. Further,
the pressure velocity coupling is implemented based on
SIMPLE algorithm. For the radiation transfer, the DOM
is used. The angular resolution is 4x6. The two-layer
model (Enhanced Wall Treatment model) is used to
achieve near wall modeling approach. Additionally, the
thermal effects and the full buoyancy effect options in
the related turbulence models were activated. The
convergence criteria imposed to all of the equation was
105, The time-dependent approach is used to obtain the
steady-state solution. To determine the time step size,

the criteria, At ~ L/ (4/gBATL) as, recommended by
Fluent (2011).

For the validation of the problem, the turbulence natural
convection of COg;radiation interaction in square
enclosure has been solved Rayleigh values of 108,
10° and 10%°. This problem was studied numerically by
Fusegi and Farouk (1989), Mesyngier and Farouk
(1996). In all cases, the enclosure was considered to be
filled with CO- at atmospheric pressure. The reference
temperature Tois 555 K, and the wall temperatures
are Tc= 277.5 K and T = 832.5 K. The corresponding
Pl for these cases is 0.0046, 0.0021 and 0.001,
while t varies from 0.1443 to 0.191. Figure 2 shows
mean total Nusselt numbers as a function of Ra for the
above conditions. The numerical solution depicts very
good agreement those of published results.
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Figure 2. Comparison of P1, DOM (S4) and present work for
mean Nusselt number as a function of Ra.

A second validation problem is the turbulence natural
convection of air surface radiation interaction in a
square enclosure at Rayleigh number of 1.5x10° The
comparisons of numerically obtained mean Nusselt
numbers relative to experimental measurement and
numerical are given in Table 1. According to the
experimental result, the maximum relative error is
6.31%.

Table 1. Comparison of mean convective Nusselt number for
Ra=1.5x10° and t=0.

Models Error relative to

Nu, .
Experimental
Data
Experiment 54
(Salat et al., 2004)
SST k-o
(Wu and Lei, 2015) 56.18 4.04
Present Work 5741 6.31

(Realizable k-g)

Table 2. Comparison of mean total, radiative and convection
Nusselt number on hot wall various grid sizes for Ra=10°,
P1=0.02, ®=0 and &w1= &w2= &w3= swa=1.

Nu, Nu, Nu, Grid
56.588  26.801  29.787  100x100
1=02 56454 26786  29.668  200x200
56.448 26786 29.662  400x400

Table 2 presents the mean convection, radiation and
total Nusselt numbers for different grid values for
Ra=10°, PI=0.02 and ®»=0. Variation in the number of
grid points from 200x200 with stretching ratio 1.05 to
400x400 with stretching ratio 1.05 affects the mean
total, radiative and convection Nusselt number by less
than 0.01%, 0.0% and 0.02%, respectively. Numerical
accuracy was further checked by refining the grid so

that wall y* <<1 in computations. Turbulence solution
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of the mesh is given in Fig.3. The grid size of 400400
cells is therefore chosen for all cases studies (Fig. 3).

Figure 3. Unstructured grid system for enclosure.
RESULTS AND DISCUSSION

The differentially heated square enclosure and filled
with an isotropic scattering medium as illustrated in Fig.
1. In this study, the Prandtl number was fixed at
Pr=0.71, the other parameters such as Rayleigh humber,
Planck number, the scattering albedo and wall emisivity
were varied in order to quantify their effects on the heat
transfer and the fluid flow in the enclosure. The Planck
number expresses the relationship between heat transfer
by conduction and radiation. The reference temperature
ratio 0o is considered equal to 1.5 and the ratio To/Th is
fixed at 0.5, under the Boussinesq approximation. This
approximation is accurate as long as changes in actual
density are small; specifically, the Boussinesq
approximation is valid when ,B(T —T0)<<1 (Fluent,

2011).
Optical Thickness and Rayleigh Number Effects

In Figure 4, the isotherms (left) and the streamlines
(right) are depicted at Ra=10%, PI=0.02 and =0 for
various the optical thicknesses (t=0.2, 1 and 5). In case
of 1=0 (surface radiation), the isotherms and the
streamlines exhibit nearly centro symmetric structure
that are characterized by the formation of extremely thin
boundary layers along the isothermal walls and a
thermally stratified. As the optical thickness increases
with the presence of radiation, the centrosymmetric of
the streamline deteriorates, but there is no change in the
thermally stratified in the isotherms. Indeed, the optical
thickness increase slightly changes the temperatures
distribution.
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Figure 4. 1sotherms (left) and streamlines (right) at Ra=10%°, PI1=0.02, »=0, for sw1= &wo= swa= cws=1.

Figure 5 shows the temperature profiles along the
respective horizontal and vertical mid-planes. Thermal
radiation causes the temperature to rise slightly. While
the optical thickness increases, the temperature profiles
become similar. Large temperature gradients are
observed near the hot and cold walls. In addition, an
increase in temperature indicates that the medium
participates more and the radiation effect is stronger and
the convection effect is weakened. In the case no
radiation, the wvertical and horizontal gradients of
temperature are much lower than those of the other. In
the presence of both transparent and participating
medium, the fluid heats up very quickly when it
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approaches the hot wall, and cools down very quickly
when it approaches the cold wall.

Figure 6 displays the vertical and horizontal velocity
profile along the respective horizontal and vertical mid-
planes. The horizontal velocity gradients vary
considerably in the region near the insulated horizontal
plates by the radiation. Similarly, the vertical velocity
gradients show a sharp change in the region near the
thermally active walls. At the same time the flow in the
enclosure is almost stagnant, forming a distinct core
region and boundary layer structures is located in
regions adjacent to the hot and cold walls.



T
0
0

-0.2 0.4

1 --+--1=0
044 —e— =02
1 —*— 1=1.0
02—+ —*— 1=50
D o_ﬁ*—ﬁ—‘h-ﬁ-——w—— =-=F ——*—ﬁ—#‘vg
-0.2 4
4
-0.4
J
-016 T I T l T I T I T
1} 0.2 0.4 0.6 0.8 1
X

Figure 5. Temperature distribution at X=0.5 mid-plane (left) and Y=0.5 mid-plane (right) for Ra=10°, PI=0.02, »=0,
&m= sw2= &w3= &ws=1.
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Figure 6. Horizontal velocity at X=0.5 mid-plane (left) and vertical velocity Y=0.5 mid-plane (right) for Ra=10%, PI=0.02,
®=0, &w1= sw2= &ws= ews=1.

Figure 7 depicts the variation of the mean total Nusselt
number (Nu, ) for various optical thicknesses and for

different the Rayleigh numbers. In both surface
radiation (t=0) and thermal radiation (t=0.2,1,5), the

N_ut increases with increasing Rayleigh number and

decreases with increasing optical thickness. With
increasing Rayleigh number, the buoyancy forces will
increasingly play a major role in heat transfer across the
enclosure. With increasing optical thickness, the
radiative flux exchanged between the enclosure walls
decreases slightly. Therefore, the maximum of heat
transfer is achieved at low optical thickness.

The variations of the mean total and radiative Nusselt
numbers as functions of Rayleigh number, the scattering
albedo and the optical thickness are shown in Table 3.
When the optical thickness and scattering albedo are
constant, the mean total and radiative Nusselt numbers
increase with the Rayleigh number. Besides, when the
scattering albedo and the Rayleigh number remain
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constant, N_ut and N_ur decrease as the optical
thickness increases.

300
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Ra
Figure 7. Mean total Nusselt number versus Rayleigh number
for various optical thicknesses with PI1=0.02, ®=0 and

1= w2= &ws= swa=1.



Table 3. Variation of the mean total, radiative and convection Nusselt number according to scattering albedo for different values
of Rayleigh number and optical thicknesses (&w1= &we= sws= &wa=1).

10° 10%° 101 102
N, 56.448 87.79 150.797 280,376
©=0 m 26.786 27.472 28.040 28.423
N, 56.439 87.508 150.706 280.266
=02 =05 m 26.231 26.883 27.435 19.994
No, 56.441 87.711 150,611 280,116
©=1.0 T 25.550 26.186 26.733 27.120
N, 52.141 83.807 147.062 277,042
©=0 m 24.894 25.303 26.073 26.591
No, 51.540 83.230 146.595 276372
=0 =05 m 22,615 23.480 24.160 24.603
N, 50.854 82.390 145 581 275.267
©=1.0 m 19.628 20.318 20.920 21.346
N, 50.429 82.351 146.137 276,525
©=0 T 22.238 23.811 24.913 25.629
No, 48.303 80.415 144.259 274.402
=50 =05 m 19.573 20.799 21.652 22.207
N, 42,510 74.442 137.979 267.923
©=1.0 10.010 10570 11.053 11.441

Nu

r

Planck Number Effects

The effect of the Planck number in presence of radiation
is applied for Ra=10%°, =0 and t=1. The radiation will
dominate when the Planck number is low. Figure 8
illustrates the effect of Planck number on isothermal
contours (top) and the streamlines (bottom). For
P1=0.001, the radiation is dominant heat transfer mode
and significantly changes the temperature profile
throughout the enclosure, the isotherms patterns are
concentrated on the hot and cold wall. The streamlines
have a circular shape and presents a single vortex. For
P1=0.1 and 100, the isothermal contours are similar and
the streamlines display nearly centro-symmetric
structure.

Figure 9 shows the Planck number affects the
temperature distribution in horizontal and vertical mid-
planes. At Pl = 0.001, the radiative transfer is the
dominant mode and the temperature inside the enclosure
is higher. PI = 0.1 and 100 temperature distributions are
similar. The temperature gradient is more evident in the
hot and cold walls.

Figure 10 illustrates the effect of the Planck number on
the horizontal and vertical velocity profile along the
respective horizontal and vertical mid-planes. When
Planck number decreases, the horizontal and vertical

215

velocity magnitude increases. The decrease in the
number of Planck indicates that it increases the gradient
of temperature and velocity across the active walls and
generates a non-stagnant flow enclosure. The radiation
effect is stronger and the convection effect is weakened.

In Table 4, for Ra=10%, t=1 and »=0, the mean total,
radiative and convection Nusselt numbers change is
seen in different Pl numbers. For t=1, the mean total
and radiative Nusselt numbers decrease with increasing
the Planck number, however, the mean convection
Nusselt number increases with increasing Planck
number.
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Figure 8. Isotherms (top) and streamlines (bottom) and at Ra=10%°, t=1, =0, &w1= &w2= &w3= &ws=1 and for various Pl numbers.
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Figure 9. Temperature distribution at X=0.5 mid-plane (left) and Y=0.5 mid-plane (right) for Ra=101°, t=1,
®=0, &am= aw2= sws= sw=1.

Effects of Scattering Albedo Parameter

Table 4. Variation of the mean total, radiative and convection To investigate the effect of scattering albedo on flow

Nusselt number at various P number for Ra=10%, =1, field and temperature distribution for three values of
00, 6= s Gu= Gwe=l. scattering albedo coefficient (w=0, 0.5 and 1), the

PI Nu, Nu, Nu, following parameter are fixed, namely, Ra=10%
0.0005 830.640 800.616 30.024 PI=0.02 for t=1. Figure 11 displays the effect of the
0.001 445,837 413.304 32.533 scattering albedo on isotherms and streamlines. The
0.1 71.088 5.195 65.892 effect of scattering albedo on streamlines is limited and
10 68.100 0.052 68.048 the flow field in the core enclosure expands slightly.
100 68.090 0.005 68.085 However, for w=1, the streamlines is similar to t=0

profiles. Additionally, as the scattering albedo increases,
the effect of radiative transfer decreases, and the
isotherms profiles are very similar.
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Figure 10. Horizontal velocity at X=0.5 mid-plane (left) and vertical velocity Y=0.5 mid-plane (right) for Ra=10°, 1=1,
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Figure 11. Albedo effect on isotherms (top) and streamlines (bottom) at Ra=10%°, PI=0.02 =1, &w1= &w2= &w3= &ws=L1.

Figure 12 displays the dimensionless temperature
profiles in the horizontal and the vertical mid-plane for
three values of scattering albedo. The temperature
profiles seem to be less affected by variations in
scattering albedo. When the environment is completely
absorbent (w=0), the temperature is somewhat higher
than the others.

Figure 13 depicts the effect of scattering albedo on the
horizontal and vertical velocity profile along the
respective horizontal and vertical mid-planes. As the
scattering albedo increases, the vertical velocity profile
remains to be similar. The horizontal velocity
magnitude is listed as ®=0, 0.5 and 1, respectively.
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Effects of Wall Emissivities

The effect of wall emissivity on total heat transfer is
investigated for Ra=10%°, PI=0.02, t=1 and ®»=0, while
the wall emissivity can take the values 0, 0.1, 0.5 and 1.
Table 5 shows the impact of the wall emissivity in the
presence of thermal radiation. For the hot wall (right
wall), the increase of wall emissivity leads to the
increase of mean total Nusselt number. Additionally, the
same trend can be seen for top wall emissivity.
However, for cold wall (left wall), the increasing of wall
emissivity leads to slightly the decrease of mean total
Nusselt number, and there is also the same trend for
bottom wall emissivity. Decreasing the emissivity of the
hot wall reduces the radiation Nusselt number
considerably. Actually, the wall emissivity effects
significantly the heat transfer in the enclosure. When the



hot and cold walls are black and the insulated walls are
reflected, the maximum heat transfer is obtained.

1 0.6
7 1 —©— w=0
0 8 _ 0.4 - —_— (1):05
. 1 —*— 0=1
1 0.2
0.6 ]
> - @ OJF
0.4 1
i 0.2
)
02 -O'HJ
0 -0.6 — —
0.4 -0.2 0 02 0.4 0 0.2 04 0.6 0.8
0

Figure 12. Temperature distribution at X=0.5 mid-plane (left) and Y=0.5 mid-plane (right) for Ra=10%°, P1=0.02,
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Figure 13. Horizontal velocity at X=0.5 midplane (left) and vertical velocity Y=0.5 midplane (right) for Ra=10%, P1=0.02,
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Table 5. Variation of the mean total, radiative and convection Nusselt number for various wall emissivities.

Wall emissivity

bottom right top left NU, NU, NUg
0.1 1 1 1 84.830 24.291 60.538
0.5 1 1 1 84.325 24.855 59.470
1 0.1 1 1 70.968 2.758 68.210
1 0.5 1 1 76.936 13.280 63.655
1 1 0.1 1 76.271 22.471 53.800
1 1 0.5 1 79.803 23.804 55.998
1 1 1 0.1 84.403 25.729 58.674
1 1 1 0.5 84.094 25.494 58.600
0 1 0 1 85.507 24.586 60.921
1 1 1 1 83.807 25.303 58.504
0 0 0 0 66.165 0 66.165
CONCLUSION absorbing, emitting and isotropically scattering medium.

The discrete ordinates method is used for radiative
transfer calculations. Studies have been carried out for a
wide range of influencing parameters such as Rayleigh
number, the wall emissivity, the Planck number, optical
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An investigation has been performed on interactions
turbulent natural convective and radiative heat transfer
within a differentially heated enclosure with a gray and



thickness and the scattering albedo. The effects of these
parameters on flow and heat transfer are encountered in
various engineering applications. The effects of the
parameters discussed on turbulent natural convection
and radiation flow and heat transfer are summarized
below.

According to surface radiation, thermal radiation alters
the characteristics of flow fields in the enclosure under
the thermal boundary conditions considered.

The increase in the Rayleigh number causes an increase
in the heat transfer in enclosure. On the other hand,
increasing the optical thickness reasons a decrease in the
heat transfer for a fixed Rayleigh number and the
maximum of heat transfer is occurred for low optical
thickness with the presence of thermal radiation.

Nu, =87.796 and 82.351 is obtained for t=0.2 and 5,
respectively (Ra=10%°, P1=0.02 and ®=0).

For P1<0.001, the isotherm lines and the streamlines are
considerably altered in enclosure and velocities are
intensified by the presence of radiation. The heat
transfer increases with decreasing the Planck number.

Nu, =445.837 and 68.10 is found for P1=0.001 and 10,
respectively (Ra=10%°, 1=1 and ®=0).

The albedo effect on the temperature and velocity
distribution is quite limited in the enclosure and
radiation effect decreases with the increase of scattering
albedo.

For a fixed optical thickness and the Planck number, the
decrease in the hot wall emissivity leads to decrease in
the heat transfer in enclosure. Especially, radiative heat
transfer in hot wall decreases significantly. When the
hot and cold walls are black and the adiabatic walls are

reflected, the maximum heat transfer (N_ut =85.507) is
obtained for Ra=10%, P1=0.02, t=1 and »=0.
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Abstract: In this paper, the thermal comfort of a container with PCM walls has been investigated numerically for a hot
summer day in Rio de Janeiro. Four different cases have been investigated. These cases are: (i) container made by
Polyurethane plates, which is the reference solution, (ii) RT 22 HC plates, (iii) RT 25 HC plates and (iv) RT 28 HC
plates. Analyses have been performed for 10 hours from 08:00 to 18:00 h, and dimensionless numerical results for all
investigated cases have been presented. Nondimensional governing equations have been solved by COMSOL
Multiphysics finite element modeling and simulation software. Results show that although thermal conductivity of
polyurethane is one-eighth of that of PCM, the container with PCM walls present considerably better performance. It
has been observed that the average value of the dimensionless temperature inside the container is equal to its initial
value at the end of the investigation time for the cases of RT 22 HC and RT 25 HC are used. On the other hand, this
value shows increments of 0.1235 (2.35°C) and 0.7710 (14.65°C) respect to initial temperature, respectively for the
cases of RT 28 HC and polyurethane are used at the end of that time.

Keywords: Phase change material, Buoyancy, Thermal comfort, Container

SICAK BiR YAZ GUNUNDE FDM DUVARLI KONTEYNERIN ISIL DAVRANISININ
INCELENMESI

Ozet: Bu calismada, FDM duvarh konteynerin 1s11 konforu Rio de Janeiro’da sicak bir yaz giinii sartlarinda niimerik
olarak incelenmistir. (i) Poliliretan plakalardan (referans olarak incelenen durum), (ii) RT 22 HC, (iii) RT 25 HC ve (iv)
RT 28 HC plakalarindan olmak tizere dort farkli durum incelenmistir. Analizler saat 08:00’dan saat 18:00’a kadar olmak
tizere 10 saat igin yapilmis ve boyutsuz niimerik sonuglar incelenen her durum igin COMSOL Multiphysics sonlu
elemanlar modelleme ve simiilasyon yazilimiyla elde edilerek sunulmustur. Politiretanin 1s1l iletkenligi FDM’nin 1s1l
iletkenliginin sekizde biri olmasina ragmen, FDM duvarli konteynerin daha iyi performans gosterdigi gorilmiistiir.
Analiz zamani sonunda konteyner icindeki boyutsuz ortalama sicaklik degerinin RT 22 HC ve RT 25 HC’nin
kullanildigi durumlarda baslangic degerine esit oldugu goriilmiistiir. Diger yandan, RT 28 HC ve poliliretanin
kullanildigi durumlarda bu degerin, s6z konusu siire sonunda baglangi¢ sicakligina gore sirasiyla 0.1235 (2.35°C) ve
0.7710 (14.65°C) artig gosterdigi sonucuna ulasilmastir.

Anahtar kelimeler: Faz degistiren malzeme, Kaldirma kuvveti, Isil konfor, Konteyner

NOMENCLATURE Nu,: Nusselt number [N, = toutz]

kg
i: Unit normal vector
n: Length in the normal direction

Pr: Prandtl number [Pr = Z—f]
r

A”: Dimensionless area
Bi: Biot number
c: Specific heat [J/kgK]

C: Heat capacity [J/K]

cp: Specific heat at constant pressure [J/kgK]

g: Gravitational acceleration [m/s?]

H: Height of the container [m]

ho.:: Convection coefficient outside the container
[W/m? K]

k: Thermal conductivity [W/mK]

L: Width of the container [m]

L, Length of the square enclosure [m]

L,: Length of the container along the z-axis [m]

p: Pressure [Pa]

R?: Coefficient of determination

Re;: Reynolds number [Re;, = "]V/Lz]
f

3 -
Ra: Rayleigh number [Rq = 28 T1=To)

Wil

Ste: Stefan number [Ste = Cl(Tl—Ts)]
Ah

S*: Dimensionless length in the horizontal direction

T: Temperature [°C]

Ty : Maximum value of the outside air temperature [°C]
Ti: Liquefication temperature [°C]
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T,.:: Air temperature outside of the container
T,cr: Reference temperature (Minimum temperature in
the domain of air) [°C]

Ts: Solidification temperature [°C]

t: Time [s]

tm: Thickness of the container walls [m]

u: Velocity along with the x-axis [m/s]

V: Velocity vector [m/s]

V™ max: Maximum value of the dimensionless velocity
v: Velocity with along the y-axis [m/s]

w: Velocity with along the z-axis [m/s]

X, Y, z: Horizontal, vertical and perpendicular
coordinates [m]

Greek Symbols

a: Thermal diffusivity [m?/s]

B : Melt fraction

Br: Thermal expansion coefficient of air [K™]
Ah: Latent heat [J/kg]

p: Density [kg/m®]

w: Dynamic viscosity [kg/ms]

y: Kinematic viscosity [m?/s]

6: Dimensionless temperature used in the validation
Subscript

0: Initial

ave: Average

B: Bottom

c: Cold

ap: Apparent

f: Fluid

h: Hot

I: Liquid phase

max: Maximum

min: Minimum

s: Solid-phase

PCM: Phase change material

pol: Polyurethane

S: Side

T: Top

Superscript

*: Shows the dimensionless quantities
Abbreviations

PCM: Phase change material

INTRODUCTION

Phase change materials (PCMs) have been used in many
engineering fields such as thermal protection of foods
and electronic devices, thermal storage of solar energy,
cooling of engines, thermal comfort in vehicles, medical
applications and spacecraft thermal systems (Zalba et al.,
2003; Rubitherm, 2019a; Shobo et al., 2018). Most of the
PCMs used in industry are impure substances. Although
in the case of pure substance phase change occurs at a
constant temperature, small temperature variation could
be observed during the phase change of impure
substances. When PCM reaches its solidification
temperature, Ts, melting starts, and the phase change
continues by absorbing more heat from its surroundings
until it reaches to the liquefication temperature, T,. On the
other hand, PCMs make a heating effect by releasing heat
they stored when they are solidifying.
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There are many studies about building applications of
PCMs. Alvare et al. (2013) proposed new designs for the
PCM cooling unit, improving the utilization factor,
increasing the convective heat transfer coefficient, and
the contact area between PCM and air. Beltran et al.
(2019) conducted a study on the selection of PCM for
building wallboards and roofs. In their study, they used
multicriteria decision methods on a reference house
designed in Ecuador with 36 m? in space. According to
their results, the best PCMs were n-Octadecane and
BioPCM-Q29. Cheng et al. (2015) used heat conduction-
enhanced shape-stabilized PCM (HCE-SSPCM) with an
underfloor heating system. They charged this system
with electricity at night when electricity is cheap. They
obtained the result that the energy efficiency of the
heating system can be improved, and the thickness of the
thermal insulation material can be reduced by enhancing
the thermal conductivity of PCM. They also showed that
when thermal conductivity is smaller than 1 W/mK, this
improving effect is not obvious. Chou et al. (2013)
proposed a new design for metal sheet roofing structure
in order to absorb more heat by solar radiation during the
day in their experimental and numerical study. They
obtained the result that this new design can reduce the
heat flow through the roof significantly. Derradji et al.
(2017) used TRNSYS 17 software to compare the
thermal behavior of an office in Algeria having
conventional walls with another office whose walls
incorporated with PCM. According to their results, the
use of PCM into walls not only increased the office
temperature by 3 to 4°C in the winter period but also
decreased it by 7°C the in summer period. Elargo et al.
(2017) made an experimental and numerical study on the
thermal performance of PCM integrated into a roof space
in Italy. They showed that the heat peak load is reduced
between 13% to 59% depending on the type of PCM.
Gracia et al. (2013) experimentally investigated the
thermal performance of the ventilated facade with PCM
in its air cavity. They performed their tests on two
identical cubicles in Spain, and one of them has a
ventilated facade. They made different systems for night
free cooling applications, cold storage units, and
overheating protection systems by using gates at the
different openings of the channel. They obtained the
result that the most promising one for reducing the
cooling load of the cubicle is the night free cooling
application. Kharbouch et al. (2017) applied an
optimization method by coupling the Genopt
optimization tool and EnergyPlus building simulation
tool to minimize the heating and cooling load of an air-
conditioned house with PCMs in north Moroccan. They
presented the optimum parameters for the orientation of
the house, PCM layer thickness, rate of glazing area,
glazing window type, air infiltration rate, solar
absorptance coefficient of the outside surface of the
external wall, and PCM melting temperature. According
to their study, the optimum value of the PCM melting
temperature is 20°C. Meng et al. (2017) made an
experimental and numerical study on the concept of a
composite PCM room consisting of two PCMs with
different melting temperatures. They performed their



analysis in winter and summer conditions and obtained
the results that the temperature drop of the PCM room
was about 4.28-7.7°C during the summer day, the
temperature rise of that was about 6.93-9.48°C during the
winter day when comparing to an ordinary room. Stritih
et al. (2018) performed an analysis of the composite wall
filled with different PCMs by using TRNSYS software.
They showed that the walls with PCMs could reduce the
energy usage of the building. Xia et al. (2017)
numerically investigated the heat transfer of the PCM
wall by using the sensible heat capacity method. They
concluded the result that the melting temperature of the
PCM should be close to the indoor air temperature to
reduce the heat transfer from the PCM wall to the room.
They also showed that the latent heat of the PCM has not
a significant effect on the inner surface heat flux. Hichem
et al. (2013) made an experimental and numerical study
on the thermal behavior of brick, some of whose square
holes were filled with PCM. According to their results,
using brick with PCM in this way not only reduces the
temperature of the inner wall up to 3.8°C but also the
entering heat flux up to 82.1%. Ye et al. (2017)
experimentally and numerically investigated the thermal
performance of PCM panels for building applications.
They found that the optimum thickness of the PCM panel
is about 8-10mm. They also underlined that
CaCl2.6H20/expanded graphite panels exhibit better
thermal performance than that of RT27/expanded
graphite panels. Wang et al. (2013) numerically
investigated the thermal performance of the ultrathin
envelope integrated with PCM in Chengdu, China. They
suggested that the thermal conductivity coefficient of
PCM should be small, its latent heat should be high,
phase transition temperature range should be narrow, and
the PCM should be located at the inner side for better
performance. Li et al. (2019) made a numerical study on
the thermal performance of the Trombe wall integrated
with double layers of PCM in Wuhan. They concluded
that the PCM Trombe wall causes a lower indoor
temperature in summer and reduces indoor temperature
fluctuations in winter.

On the other hand, energy saving is an important factor
for living units. Arce et al. (2020) have simulated the
effects of three PCM configurations in the structure of a
container, considering the ambient conditions of three
cities in the USA and three cities in Spain. These cities
are Abiline, Albuquerque, Barstow, Cordoba, Tenerife,
and Yuma. Moreover, the influence of carbon nanofibers
and boron nitride particles inside the PCM material was
investigated, since these materials enhance the heat
transfer. The results have shown that 23% of energy
savings can be reached by using PCM materials. In
addition, the suited case with carbon nanofibers was
better than the ones with boron nitride in relation to
energy saving. Park et al. (2019) were devoted to
investigating the temporary modular housing for use in
disasters and containers. Simulations were performed in
order to evaluate the heating/cooling and photovoltaic
energy generation. Eight types of modular houses were
studied, and the thermal analyses of heating and cooling
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loads have considered the following places: Bangkok,
Dacca, Chengdu, Ulsan, and Sapporo. The results have
shown that airtightness is a serious problem, which must
be overcome to satisfy the standards and it has a relevant
influence on the heating and cooling loads. Udosen et al.
(2019) have simulated the heat transfer in a container
house with high-density polyethylene-PCM capsules in
the structure. The transient one-dimensional numerical
model was implemented in MATLAB, adopting explicit
first-order finite difference and the effective heat
capacity methods. The results have indicated that the
proposed approach can reduce the indoor temperature of
the container up to 10.2°C. Nevertheless, better results
can be reached if fans were placed in strategic locations
to improve the airflow inside the house and remove the
hot air from the container. Hu et al. (2020) have
investigated the PCM applied in a ventilated window.
The experiments have employed paraffin wax 50% with
fiberboard, and fans were used to control the forced
convection. Experiments with a reference window
without PCM was also performed in order to evaluate the
PCM efficiency. The results have shown that the PCM,
exploring the heating process, can increase the inlet air
temperature by 2.0°C, while in self-cooling mode can
reduce the glass surface temperature by an average of
0.8°C.

This study presents the effects of the three types of
convenient PCM container walls on thermal comfort for
the climatic conditions of Rio de Janeiro. In this study,
for that purpose, the thermal comfort of a container with
PCMs for a hot summer day in Rio de Janeiro has been
investigated numerically. The model consisting of
governing equations for air and PCM has been proposed,
and corresponding governing equations have been
solved. Nondimensionalized governing equations have
been solved by COMSOL Multiphysics finite element
modeling and simulation software, and thermal
performances of three different PCMs have been
presented. This study not only shows the preference of
convenient PCM materials to the usual isolation
materials like polyurethane due to the latent heat of
PCMs but also enables comparison between PCMs by
considering the thermal comfort of a container during a
hot summer day in Rio de Janeiro.

MATERIAL AND METHOD
Problem and Proposed Mathematical Model

In this study container designed with PCM walls was
investigated to prevent the container from the hot outside
air. The container, a closed enclosure, has a canopy above
to prevent solar radiation, and it is subjected to airflow in
the z-direction, as shown in Fig.1. The effect of the
implementation of three types of PCM embedded wall
and polyurethane wall on the indoor air temperature of
the container have been investigated. Analyses have been
performed for two-dimensional axial symmetric
conditions, as seen in Fig. 2.
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Geometric dimensions and thermophysical properties

i i i Table 2 Th hysical i
of the related materials are given in Table 1 and Table able ermophysical properties

. . . . = 1.184 kg/m? engel and Cimbala, 2005
2, respectively. The thermophysical properties of air ‘C)f — 1007 J?k K Egengel and Cimbala 2005;
are taken at 25°C, and assumed to be constant. The kpf—_o 02551\/%/ " (Cengel and Cimbala’ 2008)
thermophysical properties of investigated PCMs are f = m Geng - i
given in Table 3. pr = 0.00001849 (Cengel and Cimbala, 2005)
kg/ms
- . Pr = 0.7296 (Cengel and Cimbala, 2005)
— Table 1 Geometric dimensions Prot = 30 kg/m? (BING. 2019)
m — . —
H = 2.4638 m (8 feet 1 inch) (Ulloa et al., 2017) Cpo = 1500 J/kg K (BING, 2019)
L = 2.4384 m (8 feet) (Ulloa et al., 2017) kpor = 0.025 W/m K (BING, 2019)
L,=6m

Table 3 Thermophysical properties of PCMs (Rubitherm, 2019b)
PCM Ts Ti Cs=Cl Ps P ks = ki Ah
(°C) | C) | (IkgK) | (kg/m?) | (kg/m®) | (WImK) | (kJ/kg)

RT 28 HC 27 29 2000 880 770 0.2 220

RT 25 HC 22 26 2000 880 770 0.2 200

RT 22 HC 20 23 2000 760 700 0.2 160
Natural convection causes fluid motion inside the aT @)
container. Initial and boundary conditions for the study — =0
have been presented in equations (1)-(7). Solar ay y=0
radiation has been neglected due to the canopy above Uonwais =0 Vlonwaus =0 3)
the container. Its effect is also small v_vhen comparing aT aT Inside boundary  (4)
heat transfer due to forced convection outside the kp—=k;— condition
container. The face of the container, which is in contact on on
with the ground, is assumed to be adiabatic. 0T  OQutside (5)

howe (T — Toue) = —k

i9n  boundary
Tlieo =T (1) i refers to PCM condition
or polyurethane
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Symmetry
condition for the
energy equation

(6)

Symmetry
condition

for momentum
equations

U]

Assumptions:

- The bottom surface of the container is adiabatic.

- Thermophysical properties are constant.

- Thermal radiation is neglected because of the canopy.
- Natural convection within the liquid phase of the
PCM is neglected.

When modeling phase change of PCM, especially for
the case of thin geometries, neglecting natural
convection effects is a practical assumption in literature
like the study of Cheng et al. (2015) and Xia et al.
(2017).

The continuity, momentum, and energy equations for
air, which governs the transport phenomena inside the
container are given below (equations (8)-(11)).

Ju v
ox

2 _g (®)

ou du du

Pr (E+ua+v@)

2 (2 2)

ax  T\oxz T ay?
dv

dv dv
Pr (E + ua + v@)
B (22
ay  T\axz T ay?
+prgBr(T = Tref)
oT

(aT+ N aT)
Preer\ae "% ox T Yoy

0°T 9°T
=k\a oy

where pg, ¢, f, ks, 4y and Br are density, specific heat
at constant pressure, thermal conductivity, dynamic
viscosity, and thermal expansion coefficient of air,
respectively. T, is the minimum temperature in the
domain of air.

©)

(10)

(11)

The reference solution is for polyurethane. Governing
equations for PCM plates and polyurethane plates are
given below (equations (12)-(15)).

aT 02T 09°T
keew |55z + 37

Cpem ap ot = (12)
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CPCM ap

PsCs T<T; (13)
d
pPCMAh£ + 0.5p5¢cs +0.5p,c; T4 <T<T,
picy T=T,
0 T<Ts
=% crer (14)
ﬁ - Tl _ Ts s l
1 T=T
aT 02T 92T
PpotCpol E = kpol (W + a—yz) (15)

where Ah is the latent heat, 8 is the melt fraction, T;
and T, are solidification and liquefication temperatures,
respectively. The subscript “‘S’” shows the solid phase,
and the subscript “‘I’” shows the liquid phase of PCM.
It can be easily seen from equations (12) and (13) that
apparent heat capacity method has been applied for the
phase change of PCM.

Governing equations have been nondimensionalized by
using the following dimensionless variables (equations

(16)).

*_x *_y
Y71 )
u a_f v —a,_f * pz
3 T Pry (16)
oYt . TI=To
12 T Ty =T,
T, —T, T, —T
Ts*= N 0 Tl*= 1 0

where Ty (41°C) is the maximum value of the outside
air temperature for the investigated time and T, is the
initial temperature. The initial temperature for the
container was selected as 22°C, which is the comfort
condition. As the minimum value of the outside air
temperature was 23°C, in order not to have minus
values for the nondimensional results, we obtained
nondimensional energy equations by using initial air
temperature value instead of minimum value of the
outside air temperature.

Nondimensional forms of initial and boundary
conditions for the study are presented in equations (17)-
(23).

I'lico = 0 (17)
T*
oy =0 (18)
y*=0
U on waus = 0 Y |onwaus = 0 19)
aT*  k; oT" Inside boundary 20)
on* k_fan* condition
houel (T* =T, )  Outside 21)
k . boundary
_ _kioT condition
ks dn*



i shows PCM or
polyurethane

oT*
ox*

Symmetry
condition  for
energy equation

(22)

x*=0

Symmetry
condition
momentum
equations

(23)

for

Nondimensional forms of the governing equations are
given below (equations (24)-(32)).
For air:

ou*  ov*

ox* ay*

Ju* N

at*

(24)

(25)

+ RaPr(T" — Tyef")
,oT”
v 6}/*
0T N 0%T*
- ax*z ay*z

(26)

aT”

L
o ¢

dx* @7

+

where Ra is the Rayleigh number, and Pr is the Prandtl
number. They are also given below.

a4 = Q.BTL3(TH —T)

(28)
XYy
14
pr=-"L (29)
Ay
For PCM and polyurethane plates:
aT*  k o%T*  9%T*
Cocmap 777 = L 7+ 2 (30)
at* ke \ox~ ay*
Cpcm ap*
Bl T <1y
Prcs
psAh 5P ooy (31)
_ [T =T)prer Prcy
+0.5 2%
PrCr
kA T T
PrCs
ppolcpol @ _ kpol azT* + 62T* (32)
prf 61‘* kf ax*z ay*Z
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It can be easily seen that the buoyancy force term
RaPr(T* —T,;") plays an important role in the
natural convection of air inside the container. Apparent
heat capacity method is also obvious in the
dimensionless form of the energy equation of PCM.

Solution Method and Mesh Dependency Analysis

In this study, the thermal performance of the container
has been investigated for the outside air temperature
from 08:00 to 18:00 h on 02.02.2019 in Rio de Janeiro.
In other words, thermal performances of PCMs for the
time interval, including the hottest time, have been
investigated in Rio de Janeiro. Necessary temperature
data have been taken from the reference (Internet,
2019). Dimensionless form for the outside air
temperature has been obtained, as seen in Fig. 3.
Because nondimensional forms of the governing
equations have been solved numerically by using
COMSOL Multiphysics finite element modeling and
simulation  software. The function for the
dimensionless air temperature has been obtained by
Sigma Plot, presented by equation (33), and used in the
analysis due to equation (21). It has been observed that
the corresponding maximum discrepancy value for
dimensional outside temperature is % 4.61. This also
corresponds to the temperature difference of 1.43°C.

1.2

—— Tout"

104 | — —

Fit curve

0.8 4

0.6 1

Tout”

0.4 4

0.2

L.

0.0 " . . .

0.00 0.06 0.08 010 0.12
t*

Fig. 3 Dimensionless form of the outside air temperature

0.02 0.04 0.14

Tpue' = 0.0318 R2=09752 (33)

+1.0127 (1 - e_27-6841t*)

For the calculation of the convection heat transfer
coefficient h,,, for the outside of the container, we
assumed that wind is blowing with a speed of 5 m/s (w)
along with the container, which is 6 m (L;) in length.
Thermophysical properties of air for the calculation of
h,.: Was taken constant at the mean temperature of the
outside air, which is 35.67°C, for the investigated time
interval. The correlation given in equation (34), which
can easily be obtained from the local Nusselt number
correlation (Cengel, 2011), has been used for the
turbulent external flow outside the container and h,,,;
found as 15.37 W/m?K. The value of the h,,, is also
used in equation (21) to get the solution of
nondimensional governing equations.



Nu,, = 0.0385Re, *8pr1/3 (34)

Mesh dependency analysis was also carried out. The
average value of the dimensionless air temperature
inside the container depending on dimensionless time
was obtained for different number of mesh elements, as
seen in Fig. 4. On the other hand, it was observed that
the program could not be able to give reasonable results
for a mesh with less number of elements than 10633.
Mesh with 47742 number of elements was selected by
considering the analysis time and accuracy.

0.14
——— 160924 number of elements
0.12 4 ] 47742 number of elements
——-v-—- 27613 number of elements
< 0.10 4 | — & — 10633 number of elements 4
=
. 008
—~|< 0.06 -
Il
L8 004+
0.02 -
0.00 ¢
0.00

t*= (apt) /12
Fig. 4 Dimensionless value of the average temperature of
the air for the case of RT 28 HC for different mesh types

Validation of the Code

The code used for the model for fluid inside the
container was tested, and results, when steady-state
conditions have been reached, are presented in Table 4
for validation. According to this reference model, a
square enclosure with a cylinder on its center is
considered, as shown in Fig. 5a. The surfaces of the
enclosure and cylinder have a constant temperature.
Average values of the Nusselt number at the top (Nuy),
bottom (Nug) and side walls (Nug) are calculated
according to equation (35).

a0

Nu=— ,
on*lyau

1
Nu = f Nu dS* (35)
0

where 6 is dimensionless temperature, n* and S* are
the dimensionless length in the normal and horizontal
directions to the wall, respectively. On the other hand,
validation of code for the fluid has also been performed
by comparing numeric results with the time-wise
variation of Nusselt numbers due to the problem given

in Fig. 5b. In this figure, the square body in the center
of the enclosure has the mean temperature of the cold
and hot wall temperatures. Time-wise comparisons of
the average Nusselt number at the hot bottom wall have
been presented in Figs. 6, 7, and 8, respectively for
Ra=10% Ra=10%, and Ra=10°.

Te

g
l g
Te Te

Ly »
« -
Fig. 5a A square enclosure with a cylinder on its center (for
validation with the study of Kim et al. (2008))
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Fig. 5b A square enclosure with a square body on its center
(for validation with the study of Ha et al. (2002))
Although the study of Kim et al. (2008) is time-
dependent, flow, and thermal fields reach the steady-
state conditions. Because of that reason, Table 4 shows
the data at the time when steady-state conditions have
been reached. It is expected that reason for the small
differences between the results obtained from the
numeric code in this study and the results of the study
of Kim et al. (2008) is due to the difference of mesh
and numeric method used. On the other hand, the
variations of the average Nusselt numbers at the hot
bottom wall are highly compatible with the study of Ha
et al. (2002), as shown in Figs. 6, 7, and 8.

Y

Table 4 Validation of the model for the fluid code

Ra Nug Nug Nug Nug Nuy Nuy
(Kim et al. 2008) (Kim et al. 2008) (Kim et al. 2008)
103 1.5839 1.6947 1.5437 1.6098 1.6261 1.6826
104 1.5677 1.7267 1.2444 1.2931 2.0741 2.1822
10° 2.0571 2.0745 0.4740 0.4780 5.2243 5.4554
108 3.6131 3.6646 0.4415 0.3774 10.1355 11.055
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Fig. 6 Time-dependent comparison of the average Nusselt 01 0z 03 04
number at the hot bottom wall for Ra=10* t*
Fig. 8 Time-dependent comparison of the average Nusselt
number at the hot bottom wall for Ra=108

7
—e— Current Results The code for PCM was also tested for the case of RT
6 o Haetal. (2002) 28 HC by using analytical results for freezing in a
corner given in the literature as shown in Fig. 9
5 | (Rathjen and Jiji, 1971). The code for phase change is
o the same both for the solidification and melting
= process. A square enclosure with 1m length has been
41 R considered. It is full of RT 28 HC, which is initially at
305K, and while its two adjacent walls are at a constant
3 temperature of 285K, other walls are isothermal.
Corresponding results have been obtained at three
2 ‘ ‘ r ‘ different times. It has been observed that the analytical
0.0 0.2 0.4 0.6 0.8 1.0 and numerical solidification fronts are almost the same.

£ Dimensional results convenient with the analytical
ones have been presented in Fig. 9 for the validation of
the PCM code. Because dimensionless equations of
terms in the work of Rathjen and Jiji (1971) and this
study are different. On the other hand, corresponding
dimensionless time values calculated according to
equation (16) for a square enclosure with 1 m length
have also been given in this figure.

Fig. 7 Time-dependent comparison of the average Nusselt
number at the hot bottom wall for Ra=10°

1.0 - -y |
——e—— Analytical results at129.8 h (#*=10)
0o Analytical results at 259.6 h (#*=20)
0.8 - : ————— Analytical results at 389.5 h (+*=30)
—-—v-—--  Numerical results for 7 at129.8 h (#*=10)
: — —#& —  Numerical results for 7 at 259.6 h (£*=20)
0.6 - — —m— — Numerical results for T at 389.5 h (#*=30)
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&
>
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0.0 T T T T
0.0 0.2 04 0.6 0.8 1.0
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Fig. 9 Validation of the PCM code for the case of RT 28 HC
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RESULTS AND DISCUSSION

The dimensionless average temperature values of the
air inside the container have been obtained for all the
investigated cases, as shown in Fig. 10. It has been
observed that the dimensionless average temperature is
equal to its initial value for the cases of RT 22 HC and
RT 25 HC at the end of the investigation time. On the
other hand, this value shows increments of 0.1235 and
0.7710 respect to its initial value, respectively for the
cases of RT 28 HC and polyurethane at the end of that
time. Corresponding temperature differences with
respect to initial or comfort temperature are 2.35°C and
14.65°C, respectively, for the cases of RT 28 HC and
polyurethane. One can conclude that the case of RT 28

HC shows better performance when comparing the
reference case of polyurethane. The main reason for
using PCM is to utilize its latent heat. This causes heat
absorption inside the walls and makes the indoor
temperature of the container not to rise as in the cases
of RT 22 HC and RT 25 HC, or it shows little increment
as in the case of RT 28 HC. As there is no heat
absorption effect for the polyurethane walls, the
average temperature inside the container continues to
rise due to the outside hot air. It can be concluded that
the usage of PCM reduces the temperature rise within
the container; as a result, the need for air conditioning
and energy consumption will be reduced by using
convenient PCM on the container walls.

1.0
——— RT 22HC
........ o« RT25HC
, 0981 |_—e_- Rr28HC e
fé - Polyurethane e
=~ 06 o
S—— P
A A
— < v
T o
2 @
R i
02 - B
i &
.4 ,,,__rf-v”"f
/'/ —_—— """-'rd—
00 - gp o= X" o o |

0.00 0.02 0.04

Fig. 10 Average temperature values inside the container (T~

The places of the melting zone inside the upper,
bottom, and sidewalls of the container have been
presented in Fig. 11 for all the investigated PCM walls.
Red places show the mushy zone. It has been shown
that melting starts first for the case of RT 22 HC as its
solidification temperature has the lowest value. On the
other hand, for the conditions given in this study, the
thickness of the mushy zone decreases as the melting
temperature of the PCM increases.

Although RT 28 HC has the highest latent heat value,
RT 22 HC and RT 25 HC give better performance as
their solidification temperatures have lower values,
which are close to the initial temperature. The initial

0.06

0.08 0.10 0.12 0.14
t* = (ast)/L?
= =L, Ty = 41°C, T = 22°C)
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temperature for the container was selected as 22°C, and
it is greater than the solidification temperature Ts of the
RT 22 HC. This means although RT 22 HC is in the
form of mushy at the beginning of the process, it shows
better cooling performance. In other words, initially,
walls with RT 22 HC are mushy and walls with RT 25
HC are about to melt. This means that the heat
absorption effect is active. But in the case of walls with
RT 28 HC heat absorption effect will be active later.
Secondly, as seen in Fig. 11, mushy zone, which
absorbs heat, is thinner for the case of RT 28 HC than
other cases. These are the reasons why RT 22 HC and
RT 25 HC give better performance.
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Fig. 11 Melting of the PCM inside the container walls

Table 5 shows the average temperature values of the
container parts in dimensionless form for the four
investigated cases. Dimensionless average temperature
values of Ty, for each part have been calculated by the

dimensionless integral of %f . T*dA". As it has been

shown from Table 5, the upper and side parts of the
container are almost at the same temperature for the
cases of RT 22 HC, RT 25 HC and RT 28 HC. Side
parts are generally slightly warmer than upper parts.

But for the case of polyurethane walls, the upper part
of the container is warmer than side part. According to
the results presented in Table 5, one can conclude that
RT 25 HC shows better performance by absorbing
more heat for the given conditions. The coolest part of
the container is the bottom part due to adiabatic
condition on this surface. Accordingly, it has been
observed that the bottom part of the container is at the
initial temperature during the investigation time for the
cases of RT 22 HC and RT 25 HC.

Table 5 Average values of dimensionless temperatures of the container parts

t* RT 22 HC RT 22 HC RT 22 HC RT 25 HC RT 25 HC RT 25 HC
Upper part | Bottom part Side part Upper part Bottom part Side part
T:we T:we T:we T:we T:er T:we
0.03 0.020 0 0.021 0.004 0 0.004
0.06 0.074 0 0.078 0.025 0 0.026
0.09 0.136 0 0.142 0.046 0 0.048
0.12 0.193 0 0.202 0.073 0 0.075
t* RT 28 HC RT 28 HC RT 28 HC Polyurethane | Polyurethane | Polyurethane
Upper part | Bottom part Side part Upper part Bottom part Side part
T;ve T;ve T;ve T:lve T;ve T;Ve
0.03 0.078 0 0.080 0.322 0.007 0.305
0.06 0.126 0 0.127 0.632 0.052 0.575
0.09 0.173 0.002 0.174 0.826 0.129 0.752
0.12 0.213 0.003 0.214 0.934 0.217 0.860

During melting process of PCMs inside the walls,
Stefan number values for each investigated PCM,
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which are the ratio of sensible heat to the latent heat,
have been presented in Table 6.



Table 6. Stefan numbers for the PCM walls

PCM type Ste = (T, —Ty)
te=———>

RT 22 HC 0.03750

RT 25 HC 0.04000

RT 28 HC 0.01818

The temperature and velocity simulations for all the
investigated cases are presented in Figs. 12-15. It has
been observed that maximum velocity values inside the
container increase with time for the cases of RT 22 HC
and RT 25 HC. In the case of RT 22 HC, the direction
of the airflow inside the container can change. Vortexes
take place at the beginning in the case of RT 25 HC,
and then clockwise rotation takes place. The direction
of the airflow is governed by the buoyancy term of
RaPr(T* — T,ef") given in equation (26). ;" is the
dimensionless form of the minimum temperature in the
domain of air. The investigated phenomenon is time
dependent. The term RaPr(T* — T,.;") also changes
with time on every point of the domain of air. This
governs the flow direction. Although it seems there is
no temperature difference in the domain of air for the
cases of RT 22 HC and RT 25 HC, very little
temperature differences in the domain cause the flow to
be taken place. T, is approximately zero for the
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cases of PCM walls. This means minimum air
temperature is equal to the initial temperature. But in
the case of polyurethane walls T,..* has the value of
0.0129, 0.0804, 0.1699 and 0.263 respectively for
dimensionless time values of 0.03, 0.06, 0.09 and 0.12.
In the cases of RT 22 HC and RT 25 HC, there is no
temperature rise has been observed inside the domain
of air. In the case of RT 28 HC, the temperature slightly
increases with time. As the bottom part of the container
is adiabatic, places close to the bottom part in the
domain of air are the coldest places. Although
polyurethane is used as an isolation material due to its
low thermal conductivity value, the temperature inside
the container increases rapidly according to other cases
in the case of polyurethane walls are used. This
presents the fact that making use of the heat sink
property of phase change materials for the container
walls heals the comfort of the living space. The
maximum and minimum values of Rayleigh numbers
with the maximum value of dimensionless velocity
have been presented in Figs. 12-15. It has also been
shown in Figs. 12-15 that, generally, circulation gains
strength as a result of velocity magnitude increases
with the Rayleigh number. This can easily be seen from
Fig.15, where the variation of the maximum Rayleigh
number is greater.
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Fig. 12 The velocity and temperature simulations inside the container for RT 22 HC
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Fig. 13 The velocity and temperature simulations inside the container for RT 25 HC
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Fig. 14 The velocity and temperature simulations inside the container for RT 28 HC
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Fig. 15 The velocity and temperature simulations inside the container for polyurethane

Biot numbers have been calculated for the upper and
side parts of the container. These parts are also in
contact with the hot outside air, and as a result, the
temperature gradients inside these parts are greater.
Equations (36) and (37) have been used for the
calculation of Biot numbers, respectively, for the upper
and side parts of the container. As it is well known from
the definition of the Biot number, the following
equations show the rate of convection on the body to
the conduction inside the body. Because convection on
the body is equal to the conduction of fluid on the
surface of the body.

Variation of the Biot numbers for the investigated cases
are presented in Table 7. It can easily be observed from
this table that heat absorption due to the phase change
of PCM causes the Biot humbers to decrease. In other
words, Biot number values are zero for the cases of RT
22 HC and RT 25 HC and approximately zero for the
case of RT 28 HC. On the other hand, Biot numbers for
the polyurethane parts increase with time. It has also

been observed from Table 7 that Biot number decreases
after melting starts and plays an important role to show
the heat absorption effect for the case of RT 28 HC.

Biupper
1 aT* )
T o 7w dS” th,
k (S fs ay surf g::le cgntact (36)
— f with inside air
k pcMor ( 1, oT* d )
el A th
Polyurethane \ § fs ay Surfc‘l)cne coentact
with outside air
Biside
1. aT* (37)
* * dS ) th
k (S fs ax surfclzjcne coentact
— f with inside air
k  pcum 1 oT*
Polyure?l:ane (S* fs* ax das* ) on the

surface contact
with outside air

Table 7 Variation of Biot numbers for the upper and side parts of the container

Container Part t'=0.03 | t"=006 | t"'=0.09 | t"'=0.12
Upper PCM (RT 22 HC) 0 0 0 0
Side PCM (RT 22 HC) 0 0 0 0
Upper PCM (RT 25 HC) 0 0 0 0
Side PCM (RT 25 HC) 0 0 0 0
Upper PCM (RT 28 HC) 0.001 0.001 0 0
Side PCM (RT 28 HC) 0.001 0.003 0.002 0.002
Upper Polyurethane 0.064 0.101 0.128 0.152
Side Polyurethane 0.217 0.336 0.414 0.485

CONCLUSION

In this study, the thermal comfort of the container has
been investigated for three different types of PCMs and
polyurethane walls for the hot summer day in Rio de

Janeiro. Numeric analyses for 10 hours show that the
best cooling effect due to the melting of PCM has been
observed for the cases of RT 22 HC and RT 25 HC.
Although RT 28 HC has the highest latent heat, the
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temperature of the air inside the container slightly
increases for that case as its solidification temperature
is not close to the initial temperature, unlike other
investigated PCMs. It has also been observed that
although the thermal conductivity value of
polyurethane is much lower than these of investigated
PCMs, using isolation materials like polyurethane does
not ensure thermal comfort like PCMs. It has been
concluded from this study that making use of the heat
absorption ability of PCMs during melting presents
considerably better performance on the thermal
comfort inside the living area.

In this study, the superiority of using convenient PCMs
for the thermal comfort of the container has been
demonstrated. On the other hand, this study presents
dimensionless process of phenomena with phase
change of PCMs on the container walls and natural
convection  inside the  container.  Because
nondimensionalization is a practical and useful
approach.

This study also shows that utilizing the convenient
PCMs on the container or building walls will reduce the
energy consumption in the world where energy demand
increases continuously.
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Abstract: Natural convection of ethylene glycol (EG) and water mixture based Al,O3; nanofluids between vertical
concentric circular cylinders heated from the inner wall and cooled from the outer wall was investigated numerically
in this study. The computations were carried for the Rayleigh numbers of 104, 10°, 10°, and 107, nanoparticle volume
fractions of 0%, 4% and 8%, ethylene glycol (EG) to water volume ratios of 0:100 %, 50:50%, and 100:0%, the
radius ratios of 2, 3 and 4, and aspect ratios of 0.5, 1, and 2. The Brinkman model was used to predict the viscosity
and the Yu and Choi model for the thermal conductivity of nanofluid. The results show that the average Nusselt
number shows a considerable increase with an increase in the Rayleigh number and radius ratio. The results also
show that the average Nusselt number shows a medium increase with increasing nanoparticle volume fraction and a
slight increase with increasing volume ratios of EG to water. Furthermore, the results show that the average Nusselt
number experiences first an increase then a decrease with an increase in the aspect ratio except for the low Ra
numbers. Finally, the average Nusselt number experiences a slight increase with the aspect ratio for the low Rayleigh
numbers.

Keywords: Natural convection, concentric cylinders, nanofluid, Al.Os, ethylene glycol, water, Rayleigh number,
Nusselt number.

DIK KONSANTRIK SILINDIRLER ARASINDAKI AL,O:-ETILEN GLIKOL VE SU KARISIM BAZLI
NANOAKISKANLARIN DOGAL KONVEKSiYONU

Ozet: Bu calismada i¢ duvardan 1sitilan ve dis duvardan sogutulan dikey es merkezli dairesel silindirler arasinda
etilen glikol (EG) ve su karisim bazli Al,O3 nanoakigkanlarin dogal konveksiyonu sayisal olarak incelenmistir.
Hesaplamalarda Rayleigh sayilar1 104, 10 108 ve 107, nanoparcacik hacim fraksiyonlar1 % 0,% 4 ve % 8, etilen
glikol (EG) - su hacim oranlar1 %0:100, % 50:50 ve % 100: 0, yarigap oranlar1 2, 3 ve 4 ve goriiniis oranlar1 0.5,1 ve
2 olarak alinmigtir. Nanoakigkanin termal iletkenligi i¢in Yu ve Choi modeli ve vikozitesi icinde Brinkman modeli
kullanilmistir. Sonuglar, ortalama Nusselt sayisinin Rayleigh sayisi ve yari¢ap oranindaki artisla nemli miktarlarda
arttigini gostermektedir. Sonuglar ayrica ortalama Nusselt sayisinin artan nanoparcacik hacim fraksiyonu ile orta
seviyede bir artis ve EG-su hacim orani artis1 ile kiiguk bir artis sergiledigini gdstermektedir. Sonuglar ayrica,
ortalama Nusselt sayisinin diisiik Ra sayilar1 disinda, goriiniis oranindaki artisla 6nce artmakta sonra bir azalma
gostermektedir. Son olarak, ortalama Nusselt sayisi diigiitk Rayleigh sayilari i¢in artan goriiniis oraniyla kigik bir
artig gostermektedir.

Anahtar Kelimeler: Dogal konveksiyon, konsentrik silindirler, nanoakiskan, Al,Os, etilen glikol, su, Rayleigh
sayis1, Nusselt sayist.

NOMENCLATURE Ro outer radius of the annulus (m)

T temperature (°C)
A aspect ratio Vp velocity in the r-direction (m s?)
Cp specific heat at constant pressure (J kgt K1) v, velocity in the z-direction (m s?)
g acceleration due to gravity (m s?) r coordinate in the radial direction (m)
k thermal conductivity (W m* K™ z coordinate in the axial direction (m)
H height (m) Greek symbols
Nu  Nusselt number o thermal diffusivity (m?s™)
P pressure (kg ms?) B thermal expansion coefficient (K™)
E; Egylgﬂqﬁuntﬁebrer ¢ solid volume fraction

Co R

Ri inner radius of the annulus (m) 5 i?/nnear?a:fig/:/sizzzlsti{;i%;n 5,1; )



P density (kg m®)
Subscripts

C cold

f fluid

H hot

nf nanofluid

S solid

Superscripts
* dimensional variable

INTRODUCTION

Natural convection in cavities has been the focus of
interest owing to engineering applications such as
energy transfer in buildings, heat exchangers, thermal
storage systems, cooling of electronic components and
solar collectors. One of the primary limitations in the
thermal performance of cavities is the low thermal
conductivity of conventional fluids. This limitation has
been overcome by the addition of nano-sized solid
particles with high thermal conductivity to base fluid.
The term nanofluid is used to designate this type of
mixtures. Keblinski et al. (2002) discussed four
different mechanisms for heat transfer enhancement
potential of nanofluids: Brownian motion, solid-like
liquid layering, the nature of heat transfer, and
clustering. They concluded that liquid layering is the
most important mechanism for the increase in thermal
conductivity.

There are many studies in the literature looking into the
effects of nanoparticle usage on natural, forced and
mixed convection heat transfer. However, the studies in
the literature are mostly for rectangular enclosures.
There are also some studies for other geometries such
as cylinders. Cianfrini et al. (2011) investigated
theoretically natural convection of nanofluids between
horizontal concentric cylinders. The results show that
heat transfer increases with increasing nanoparticle
volume fraction up to an optimal volume fraction and
excessive increase in the volume fraction may bring to
remarkable deteriorations in thermal performance with
respect to the reference pure base liquid. Abu-Nada et
al. (2008) studied the natural convection of nanofluids
in horizontal concentric annuli numerically. The results
show that the nano-sized solid particles with high
thermal conductivities result in a substantial
enhancement in heat transfer for the high Ra numbers
and high L/D ratio. On the other hand, the nano-sized
solid particles with low thermal conductivities cause a
reduction in heat transfer for the modest Ra numbers.
Yu et al. (2012) conducted a numerical study of
transient natural convection heat transfer of aqueous
nanofluids in a horizontal concentric annulus and
observed that the average Nu number takes gradually
lower values with increasing nanoparticle volume
fraction. Selimefendigil and Oztop (2017) examined
magneto-hydrodynamic  natural ~ convection  of
nanofluids in a partitioned horizontal annulus
numerically and observed that the average Nu number
increases as the partition thickness and the Ra number
increase and the Hartmann number decreases. They also
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observed that the effect of the partition thickness is
more noticeable in the conduction dominant regime
when the Ra number is low and the Ha number is high.
Haq et al. (2017) studied the magneto-hydrodynamic
flow of engine oil based carbon nanotubes between two
concentric cylinders. The results show that the
maximum value of velocity decreases through the
increase in the carbon nanotube volume fraction. The
results also show that the addition of carbon nanotubes
tremendously increases the temperature of the base
fluid. Increasing the Hartmann number lea-ds to an
increase in the velocity of nanofluid in the middle of the
channel. Hajimohammadi (2017) conducted a
theoretical study on flow and heat transfer
characteristics of metallic nanofluids in a cylindrical
domain by single-phase and two-phase models. The
results show that the influence of nano-sized solid
particles on the shear stress and heat transfer
augmentation attained by a single-phase model are
higher up to 3% as compared to those of the two-phase
model. Turkyilmazoglu (2015) investigated convective
heat transfer of nanofluids in circular concentric
cylinders under the influence of partial velocity slips on
the surfaces and concluded that the velocity slip causes
a substantial increase in heat transfer and its effect is
more noticeable when the nanoparticles are added into
the pure water. Togun et al. (2016) performed a
numerical simulation on flow and heat transfer of Al,O3
based nanofluid in co-axial cylinders having a sudden
expansion. Their results show that the separation areas
formed after the sudden expansions affect the heat
transfer substantially. Alawi et al. (2014) studied
natural convection heat transfer of nanofluids in a
horizontal concentric annulus between the outer
cylinder and inner flat-tube numerically and found that
the average Nusselt number increases with the hydraulic
radius ratio, orientation angles, and Rayleigh number.
Maghlany and Elazm (2016) conducted a numerical
investigation on mixed convection in an eccentric
horizontal annulus with a rotating inner cylinder and
concluded that the nanoparticle addition increases heat
transfer at mixed or natural convection dominant regime
and it has an opposite effect at forced convection
dominant regime. Dawood et al. (2017) performed a
numerical study on the mixed convection of several
nanofluids in an elliptic annulus. The results indicate
that the SiO»-EG nanofluid yields the highest Nu
number. The Nu number increases as the nanoparticle
fraction and the Re number get higher values; however,
it decreases as the nanoparticle diameter increases.
Sasmal (2017) simulated nanofluid flow and heat
transfer from an elliptic cylinder. The results indicate
that the average Nu number for CuO nanofluids with a
higher diameter increases with the increasing
nanoparticle volume fraction without depending on the
values of cylinder axis ratio and the Reynolds number,
whereas for CuO nanofluids with a lower diameter,
there is an optimum value of solid volume fraction and
the Nu number starts to decline with the further addition
of nanoparticles. Ozdemir and Ogiit (2019) studied fully
developed turbulent flow between horizontal concentric
pipes and concluded that the Nusselt number increases



with increasing Re number and ethylene glycol
concentration and decreases with an increase in the
radius ratio and inlet temperature. They also found that
the pumping power shows an increase with the Re
number, ethylene glycol concentration, nanoparticle
volume fraction and radius ratio and decreases with the
inlet temperature.

All aforementioned studies are on convective heat
transfer between horizontal concentric cylinders. There
are also few studies on convective heat transfer between
vertical cylinders. Oztuna et al. (2011) simulated
natural convection heat transfer of water-based CuO
nanofluid between vertical concentric cylinders for a
fixed height and outer diameter and concluded that the
heat transfer shows a substantial increase as the solid
volume fraction and Ra number increase.
Srinivasacharya and Shafeeurrahman (2017) studied
magneto-hydrodynamic mixed convection flow of
nanofluid between two vertical concentric cylinders and
found that when the Ha number increases, the
temperature attains higher values, whereas velocity
decreases. Wu et al. (2017) investigated mixed
convection of a dense suspension between two vertical
cylinders and concluded that the temperature difference
between the inner and the outer cylinders creates a layer
of low particle concentration near the inner cylinder.
Chen et al. (2016) performed numerical simulations on
the forced convection of a nanofluid in the gap between
concentric cylinders with a rotational spindle. The
results indicate that the heat flux increases 23% for the
volume fraction of 10%.and 20% when the angular
velocity of the spindle is changed from 5 rad/s to 25
rad/s.

A single fluid such as water, ethylene glycol, and
propylene glycol are usually used as a base fluid in a
nanofluid- mixture. However, the use of two-fluid
mixtures as a base fluid has some advantages over a
single fluid. For instance, two-fluid mixtures consisting
of water and glycol has a higher thermal conductivity
than pure glycol and a lower freezing temperature than
water (Cabaleiro et al., 2015). Therefore, glycol and
water mixture is a good alternative for some practical
applications such as antifreeze in vehicle engines or
transfer medium in solar heating systems (Heris et al.,
2014; Said et al. 2013).

From the literature given above, it can be seen that the
natural convection of nanofluid between vertical
concentric cylinders has not been studied for a wide
range of geometric parameters and base fluid of two-
fluid mixtures. In addition, the present study assumes
Al;O3 nanoparticle that exhibits several excellent
properties such as very good stability and chemical
inertness (Hinge et al., 2017).

In accordance with the previous discussion, natural
convection of EG and water mixture based nanofluids
between vertical concentric cylinders was investigated
in this study for a wide range of geometric and transport
parameters.
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ANALYSIS

The geometry and coordinate system are given in Fig.
1. The height of the vertical cylinders is H and it was
assumed constant. R; is the radius of the inner cylinder
and R, is the radius of the outer cylinder. The nanofluid
between the cylinders is heated and cooled by the
vertical walls. The horizontal walls are assumed to be
adiabatic. The nanofluid was assumed as an
incompressible Newtonian fluid, and flow was assumed
laminar. A single-phase approach was used to model the
fluid flow and heat transfer. As a result, the fluid
particles and nanoparticles were assumed to be in
thermal equilibrium and they flow at the same velocity.
The thermophysical properties were taken constant
except for density in the buoyancy force term. The
thermal radiation and viscous dissipation were assumed
to be negligible.

i adiabatic
Ro
Ty Tc | H
g J' !
i Ry
b z
T
adiabatic : ]

Figure 1. Geometry and the coordinate system.

The dimensionless variables used in the study are given

below:
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where v.*, v, * are the dimensional velocities in the r*
and z* directions, p* and T* are the dimensional
pressure and temperature, pso is the density of the fluid
at Tc, and o is the thermal diffusivity. Ri and R, are the
inner and outer radii of the annulus, and H is its height;
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the coefficient of thermal expansion. The Pr and Ra
numbers are defined as:
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where g is the gravitational acceleration and AT* is the
temperature difference.

The boundary conditions of the non-dimensional
equations can be expressed as:

vls=0,  v.|=0 (7
Tlr=ro =0 (8
Tlr=ri = 1 )
6_T = 6_T =0 (10)
0zl 0zl.—p

The nanofluid viscosity is mostly predicted using the
Brinkman (1952) model. This viscosity model given
below was also used in this study:

u

,
-9 (v

H nf B

where ¢ is the solid volume fraction. The nanofluid
thermal conductivity was predicted by the Yu and Choi
(2003) model, which takes into account the effect of
liquid layering on nanoparticles:

knp kg +2k/+2(ks—kf) 1+ 77)3 ¢
ke kgt 2kp(kg-kp) (I +m)3 ¢

(12)

where n is the ratio of the thickness of liquid layering
to the radius of a nanoparticle.

The other thermophysical properties of nanofluid were
expressed using the following relations (Xuan and
Roetzel, 2000):

pnﬂo:(1_¢)pﬂo+¢ps,o
(13)
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(pcp)nf: (1_¢)pfcpf+ ¢pscps
(14)
@B w=(-Pp o, (15)

The subscripts f, nf, and s represent the base fluid,
nanofluid and solid.

The local and average Nu numbers on the hot inner
wall were expressed as follows:

N keﬂaT/ (16)
=2
kp orl —pi
4
1k (0T
Nu, =-—— —_— 17
g ER (17)

0

RESULTS AND DISCUSSION

The computational results were obtained by a finite
element simulation software (Comsol Multiphysics) for
the Ra numbers of 10* to 107, for three different solid
volume fractions, 0%, 4%, and 8%, for three different
volume ratios of EG to water, 0:100%, 50:50%, 100:0
%, for the aspect ratios of 0.5, 1, and 2, and the radius
ratios of 2, 3, and 4. The finite element method was used
as it generally has higher accuracy (Jiajan, 2010; Fuchs
and Eguchi, 1988). The volumetric volume fraction was
limited to 8% as the Brinkman (1952) viscosity model
used in this study assumes that any flow disturbance
around one particle does not have interaction with that
of another and this interaction can not be ignored for the
concentrations >10% (Mitra and Chakraborty, 2011).
Al>,O3 was selected as the nanoparticle and the ratio of
the liquid layering thickness to the radius of a
nanoparticle (n) was taken fixed at 0.1. This value of n
yields a good agreement between model predictions and
experimental results. The thermophysical properties of
the fluids and Al,O3; nanoparticle are seen in Table 1.
err < 107° is chosen as convergence criteria for the
governing variables in the study, where err is the
relative error in the Euclidean norm defined as:

. 12
I E;
S v o
i=1 '

where E; the error, U; the dependent variable, and S the
scale factor.

Prior to the validation of the results, a study on the
mesh-dependency was carried out. As can be observed
from Table 2, the results of the average Nu number are
mesh-independent up to three figures after the decimal
point for the max element size of 0.05 in the
computational domain. Therefore, all computational
results were obtained for the aforementioned mesh size.



Table 1. Thermophysical properties.

Property  0:100% 50:50% 100:0% Al203
EG/W  EG/W EG/W

p(kg/m?3) 997.1 1071.1 1132 3970

Cp (I’/kg K) 4180 3300 2349 765

k(W/mK) 0.613 0.37 0.258 40

p(mPa/s)  0.891 3.39 15.1 -

ax10’ 1.47 1.046  0.97 131.7

(m?/s)

B(K?) 0.00021 0.00039 0.00057 0.000024

Pr 6.07 30.235 137.48 -

The results of the numerical model were validated by
comparing the results for the Pr=1 with the results of
Davis and Thomas (1969), which was obtained by a
finite difference method. The comparison seen in Table
3 shows that there is a good agreement between these
two results. The difference between the results can be
attributed to the relatively coarse mesh used in the study
of Davis and Thomas (1969).

Table 2. Mesh dependency for A=1, ¢$=0.08 and 50:50

EG/W.
Ra Max The number of NUa
Element size elements
0.07 77504 3.503
0.06 77682 3.502
104
0.05 77678 3.502
0.04 77752 3.502
0.07 77504 7.251
105 0.06 77682 7.252
0.05 77678 7.251
0.04 77752 7.252
0.07 77504 14.186
106 0.06 77682 14.185
0.05 77678 14.188
0.04 77752 14.188
0.07 77504 26.706
107 0.06 77682 26.705
0.05 77678 26.705
0.04 77752 26.704
Table 3. Validation of the numerical results.
Ro/Ri A | Davisand Thomas [29] | Nua
5 5 5.67 5.05
10 4.63 4.40
3 5 6.44 5.83
10 5.27 5.11
4 5 6.79 6.43
10 5.77 5.62

The flow and heat transfer between the concentric
cylinders were represented by streamlines and
isotherms for various values of the governing
parameters. The streamlines and isotherms were only
given for water-based nanofluid as the forms of
streamlines and isotherms are very similar for other
base fluids considered in this study. The streamlines (on
the left) and isotherms (on the right) between the
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concentric cylinders are seen in Figure 2 for the aspect
ratio of A=0.5. As can be seen that there is a unicellular
flow in the flow domain for all Rayleigh numbers. The
heat transfer for the low Rayleigh numbers is
conduction dominant. This is as a result of the nearly
parallel isotherms to the vertical walls. The heated wall
is shorter than the unheated wall that contributes
viscous forces and weakens convection currents. That is
the main reason for the conduction dominant heat
transfer. As can be observed, convection strengthens
with increasing Ra number and the flow regime evolves
to the boundary flow regime along the heated and hot
and cold wall. This is deduced from the increasing
steepness of isotherms near the hot and cold walls and
plateau formation in the core region of the cylindrical
annulus. The circulation center is shifted rightward with
increasing Ra number. As can be seen from Figure 2
that nanoparticle usage causes a decrease in the
convection intensity. This is a result of an increase in
the viscosity of the fluid with the addition of solid
nanoparticles to the base fluid. The nanoparticle
addition to the base fluid results in an increase in energy
transport from the hot wall to the fluid particles due to
the increase in the fluid thermal conductivity. As a
result, isotherms along the hot wall near the bottom wall
move away from the hot wall, isotherms along the hot
wall near the top wall get closer to the hot wall. The
streamlines and isotherms between the concentric
cylinders are seen in Figures 3 and 4 for the aspect ratios
of A=1 and 2. As can be seen, circulation intensity
shows an increase with the aspect ratio depending on
the positive influence of the bigger hot surface on heat
transfer. A decrease in circulation intensity with
nanoparticle addition is not seen for these aspect ratios
as a result of compensation of the positive influence of
thermal conductivity increase on the circulation
strength. As can be seen from Figure 3 that the flow
becomes multicellular in the core region for the high
values of the Rayleigh number for A=1. The elliptic
circulation cells become rectangular with an increase in
the Rayleigh number as a result of strengthening
circulation and the restriction of vertical and horizontal
walls on the flow.

The variation of the local Nu number on the hot inner
wall is seen in Figure 5 for various values of the Ra
number, nanoparticle volume fraction and aspect ratio.
The local Nusselt number first shows an increase and
gets its maximum value along the hot inner wall of the
cylinder. Then it shows first a fast decrease and then
almost a linear decrease. As it is approached the top
wall, the decrease in the local Nusselt number shows an
increase. The boundary layer is thinner and therefore
temperature gradient is higher near the bottom wall.
However, viscous forces are also higher near the bottom
wall. This has a negative influence on the temperature
gradient and therefore the local Nu number takes its
highest value at a certain distance from the bottom wall.
The local Nu number shows a faster decrease near the
top wall due to the limitation of the top wall on the
movement of fluid particles and higher viscous forces
near this wall. As can be observed from Figure 5a, the



local Nu number almost remains constant for the low
values of the Ra number. This justifies the conduction
dominant heat transfer deduced previously from
isotherms. It can also be observed that the local Nu
number shows a significant increase with increasing Ra
number depending on strengthening convection. The
addition of nanoparticles also results in an increase in
the local Nu number as a result of the positive effect of
higher thermal conductivity. The local Nu number
shows first an increase then a decrease with increasing
aspect ratio. The increase can be ascribed to the higher
hot surface area and the relative decrease in the viscous
forces. The decrease can be attributed to the significant
decrease in heat transfer in the upper part of the annulus
due to the decrease in the temperature gradient between
the hot wall and heated fluid particles along the hot
wall.

The average Nu number is given in Tables 4-6 for
various values of solid volume fraction, Ra number,
volume ratios of EG to water, and aspect ratio. As can
be observed from Tables 4-6 that the most effective
parameter on the average Nu number is Ra number and
its increase causes high increases in the average heat
transfer rate depending on the strengthening

convection. The average Nu number also experiences a
substantial increase with the nanoparticle addition. As
can also be observed from Tables 4-6 increasing the
volume ratio of EG to water also causes a slight increase
in the average Nu number depending on the increase in
the Prandtl number. The increase remains limited as
increasing the ratio of ethylene glycol to water also
causes a significant increase in the viscosity and
therefore a decrease in the flow strength. Increase in the
average Nu number with volume fraction of ethylene
glycol to water ratio takes higher values when the Ra
number increases. As can be observed from Tables 4-6
that the average Nu number experiences first an
increase and then a decrease with increasing aspect ratio
for the high values of the Ra number. The average Nu
number shows a steady increase with the aspect ratio for
the low Ra numbers. The variation of the average Nu
number with radius ratio is given in Tables 7-9. The
radius ratio is also a significant factor and the heat
transfer experiences a considerable increase with
increasing radius ratio. The influence of the radius ratio
increases slightly with increasing solid volume fraction.
Increasing radius ratio leads to a higher increase in the
heat transfer for the low Ra numbers and the high values
of the solid volume fraction.
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¢) Ra=10° , $=0.0
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d) Ra=10°, $=0.08

2

e) Ra=10¢ , $=0.0

f) Ra=10°, ¢=0.08

h) Ra=107 , $=0.08
Figure 2. Streamlines (on the left) and isotherms (on the right) for 0:100% EG/W-based nanofluid for A=0.5 and Ro/Ri=2.
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$=0.08

d) Ra=107 , $=0.0

Figure 3. Streamlines (on the left) and isotherms (on the right) for 0:100% EG/W-based nanofluid for A=1 and Ro/Ri=2.
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d) Ra=107, $=0.0 $=0.08

Figure 4. Streamlines (on the left) and isotherms (on the right) for 0:100% EG/W-based nanofluid for A=2 and Ro/Ri=2.
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Figure 5. Local Nusselt number of 50:50% EG/W for various values of Rayleigh number, solid volume fraction and aspect ratio
(Ro/Ri=2).

Table 4. Variation of the average Nusselt number for A=0.5 Table 6. Variation of the average Nusselt number for A=2 and

and Ro/RiZZ. Ro/Rizz.
Ra 0 0:100% | 50:50% | 100:0% Ra f 0:100% | 50:50% | 100:0%
EG/W EG/W EG/W EG/W EG/W EG/W
0.00 1.84 1.84 1.84 0.00 3.29 3.30 3.30
10* [T0.04 1.98 1.98 1.98 10* [T0.04 3.53 3.54 3.55
0.08 2.14 2.16 2.16 0.08 3.76 3.77 3.79
0.00 5.28 5.30 5.30 0.00 6.09 6.10 6.11
105 | 0.04 5.40 5.40 5.42 105 | 0.04 6.54 6.57 6.59
0.08 5.44 5.44 5.50 0.08 6.99 7.03 7.08
0.00 12.44 12.46 12.48 0.00 11.18 11.21 11.21
108 | 0.04 13.14 13.20 13.24 106 | 0.04 12.04 12.09 12.13
0.08 13.78 13.84 13.94 0.08 12.89 12.97 13.05
0.00 24.98 25.04 25.04 0.00 20.25 20.32 20.33
10" | 0.04 26.68 26.80 26.88 107 | 0.04 21.84 21.95 22.03
0.08 28.32 28.46 28.64 0.08 23.41 23.57 23.72

Table 5. Variation of the average Nusselt number for A=1 and

Table 7. Variation of the average Nusselt number for A=0.5

Ro/Ri=2. (water-based nanofluid).

Ra | o | Lo | S2one | 1020 Ra | ¢ | R/R=2 | R/R=3 | RolRi=4
0.00 3.14 3.15 3.15 0.00 1.84 2.29 2.68

10* [70.04 3.33 3.33 3.34 10* [T0.04 1.98 2.46 2.90
0.08 3.50 3.50 3.53 0.08 2.14 2.69 3.18
0.00 6.40 6.41 6.41 0.00 5.28 6.22 6.93

105 | 0.04 6.82 6.84 6.86 105 | 0.04 5.40 6.38 7.15
0.08 7.22 7.25 7.30 0.08 5.44 6.48 7.31
0.00 12.37 12.40 12.40 0.00 12.44 14.24 15.48

10 | 0.04 13.26 13.30 13.35 106 | 0.04 13.14 15.07 16.41
0.08 14.12 14.19 14.28 0.08 13.78 15.83 17.28
0.00 23.10 23.16 23.17 0.00 24.98 28.28 30.40

10 | 0.04 24.84 24.95 25.03 10" | 0.04 26.68 30.22 3251
0.08 26.55 26.70 26.87 0.08 28.32 32.10 34.55
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Table 8. Variation of the average Nusselt number for A=1
(water-based nanofluid).

Ra | RJ/Ri=2 | Ro/Ri=3 | Ro/Ri=4 | Ro/Ri=2
0.00 3.14 3.75 4.24
10* [ 0.04 3.33 3.99 453
0.08 3.50 4.21 4.81
0.00 6.40 7.41 8.16
105 | 0.04 6.82 7.92 8.74
0.08 7.22 8.41 9.31
0.00 12.37 14.10 15.27
106 | 0.04 13.26 15.13 16.41
0.08 14.12 16.13 17.53
0.00 23.10 26.10 28.01
10" | 0.04 24.84 28.08 30.14
0.08 26.55 30.02 32.25

Table 9. Variation of the average Nusselt number for A=2
(water-based nanofluid).

Ra d) Ro/Ri=2 Ro/Ri=3 Ro/Ri=4
0.00 3.29 3.91 4.41
10* [T0.04 3.53 421 4.76
0.08 3.76 4.49 5.10
0.00 6.09 7.06 7.78
105 | 0.04 6.54 7.60 8.40
0.08 6.99 8.15 9.03
0.00 11.18 1121 11.21
108 | 0.04 12.04 12.09 1213
0.08 12.89 12.97 13.05
0.00 20.25 22.90 24.60
10" [ 0.04 21.84 24.69 26.54
0.08 23.41 26.48 28.48
CONCLUSION

The laminar natural convection of Al,O3; nanofluids
between two vertical concentric cylinders was
investigated in this study for various values of the
Rayleigh number, solid volume fraction, ethylene glycol
to water volume ratio, aspect ratio, and radius ratio. The
concluding remarks are:

The average Nu number experiences a considerable
increase with increasing Ra number. The average Nu
number is also highly dependent on the radius ratio and
increases significantly with an increase in the radius
ratio. The effect of the radius ratio is more profound for
the low values of Ra nhumber and high values of the solid
volume fraction. The average Nu number displays an
increase with increasing nanoparticle volume fraction.
The increase in the average Nu number with the solid
volume fraction is lower for low vales of Ra number and
radius ratio. The dependence of the average Nusselt
number on the volume ratio of EG to water is
considerably low. The average Nu number experiences
first an increase and then a decrease with an increase in
the aspect ratio for the high values of the Ra number.
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The average Nu number shows a steady low increase
with the aspect ratio for the low values of the Ra number.
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Abstract: In this study, T56 turboprop engine was theoretically modelled for 75% load, 100% load, military (MIL)
mode, and Take-off mode conditions. For each load conditions, thermoeconomic analyses of T56 turboprop engine
were performed to allocate the unit costs of shaft work and thrust and to determine exergy destruction cost rates for
system equipment. In thermoeconomic analyses, Specific Exergy Costing (SPECO) and Modified Productive Structure
Analysis (MOPSA) methods were used. MOPSA method gave higher unit cost values for shaft work and thrust
compared to SPECO method. As a result, for Take-off mode, the unit cost of shaft work transferred to propeller was
determined to be 78.87 $/GJ in SPECO method, while this value was calculated to be 84.68 $/GJ with MOPSA method.
The unit cost of negentropy of T56 turboprop engine decreased with increasing in engine load and ranged from 14.98
$/GJ to 11.08 $/GJ. The exergy destruction cost rates obtained with MOPSA method for the system equipment were
considerably lower than the results obtained with SPECO method. For instance, in Take-off mode, exergy destruction
cost rate of combustion chamber was calculated to be 865.10 $/h in SPECO method, whereas it was calculated to be
247.94 $/h in MOPSA method. The exergoeconomic factor of overall system was determined to be 23.07% in SPECO
method, and 54.16% in MOPSA method for Take-off mode.

Keywords: Aircraft engine, Exergy analysis, Thermoeconomics, MOPSA, SPECO.

T56 TURBOPROP MOTORUNUN FARKLI YUK KOSULLARI ALTINDA
TERMOEKONOMIK ANALIZi

Ozet: Bu galismada, T56 turboprop motor %75, %100, askeri (MIL) ve kalkis (Take-off) yiik kosullar1 igin teorik
olarak modellenmistir. Her bir yiik kosulunda, saft isinin ve itme kuvvetinin birim maliyetlerinin ayriklastiriimasi ve
sistem ekipmanlarinin ekserji yikim maliyetlerinin belirlenmesi igin T56 turboprop motorun termoekonomik analizleri
gerceklestirilmigtir. Termoekonomik analizlerde, Specific Exergy Costing (SPECO) ve Modified Productive Structure
Analysis (MOPSA) metotlar1 kullanilmistir. MOPSA metodu saft isi ve itki kuvveti igin SPECO metoduna kiyasla daha
yuksek birim maliyetler vermektedir. Sonug olarak, kalkis modu i¢in, pervaneye iletilen saft isinin birim maliyeti
MOPSA metodu ile 84.68 $/GJ olarak hesaplanirken, SPECO metodunda 78.87 $/GJ olarak belirlenmistir. T56
turboprop motorun negentropi birim maliyeti motor yikinun artmasiyla azalmaktadir ve 14.98 $/GJ’den 11.08 $/GJ’e
kadar siralanmaktadir. Sistem ekipmanlar1 icin MOPSA metodu ile elde edilen ekserji yikimi1 maliyetleri SPECO
metodu ile elde edilen sonuglardan oldukea diisiiktiir. Ornegin, kalkis modu i¢in, yanma odasmin ekserji yikimi maliyeti
SPECO metodunda 865.10 $/h olarak hesaplanmistir, oysa bu deger MOPSA metodunda 247.94 $/h olarak
hesaplanmistir. Toplam sistemin ekserjoekonomik faktorii, kalkis modu i¢in, SPECO metodunda %23.07 ve MOPSA
metodunda %54.16 olarak belirlenmistir.

Anahtar Kelimler: Ugak motoru, Ekserji analizi, Termoekonomi, MOPSA, SPECO.

NOMENCLATURE F force [N]
g gravitational acceleration [m/s?]
A cross section area [m’] h specific enthalpy [kJ/kg]
c unit exergy cost [$/GJ] LHV lower heating value [kJ/kg]
Cp specific heat capacity [kJ/kgK] m mass flow rate [kg/s]
C exergy cost rate [$/h] P pressure [kPa]
Ex exergy rate [kKW] r relative cost difference [%]
f exergoeconomic factor [%] R gas constant [kJ/kgK]



S specific entropy [kJ/kgK]

S entropy rate [kJ/K]

T temperature [K]

\ velocity [m/s]

z height [m]

z hourly capital investment cost rate
[$/h]

Greek symbols
n
Y

isentropic efficiency [%]
exergy efficiency [%]

Abbreviations

AC air compressor

CcC combustion chamber
ED exhaust duct

GT gas turbine

GTMS gas turbine mechanical shaft
MIL military

MOPSA modified productive structure analysis
PR pressure ratio

RGB reduction gearbox
SPECO specific exergy costing
Subscripts

a air

boun boundary

BQ external cooling stream
D destruction

exh exhaust

F fuel

in inlet

KE kinetic exergy

M mechanical

out outlet

P product

S entropy

T thermal

W work

0 reference (dead) state

Superscripts

BQ external cooling stream
CHE chemical

KN kinetic

M mechanical

PT potential

T thermal

™ thermomechanical

INTRODUCTION

Air transportation is generally a fast and time
advantageous transportation technique compared to road
and rail transportation, especially at long distances. The
widespread of air transportation directly affects the
social, cultural, political, and economical developments
of societies. Therefore, the developments in air
transportation are an important fact. The developments in
air transportationcan also be evaluated in the aspect of
economic and environmental. For this reason, the engines
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used in aircrafts an gain importance in the world. The
operation of aircraft engines should be inexpensive, and
this can also be provided with reduction of fuel
consumption and product costs.

Thermoeconomics is an engineering branch that
combines thermodynamics and economics.
Thermoeconomic analysis allows obtaining the cost
structures of thermal systems. It also allows to the cost
allocation of products for multi-product systems.
Designers/engineers can have information about the
component that is the most responsible for cost
ineffectiveness in any thermal system. By this way,
thermoeconomic analysis can also be used for aircraft
engines to understand their cost structures and to
minimize their production costs. In literature, there are
some studies related with thermoeconomic analysis of
aircraft engines. For instance, Balli et al. (2008) realized
exergetic and exergoeconomic analysis of a J69-T-25A
jet engine used on T-37B/C series military training
aircrafts. The exergy efficiency of jet engine was found
to be 34.84% and the unit exergy cost of exhaust gases
was obtained to be 70.956 $/GW. Balli and Hepbasli
(2014) studied exergoeconomic, sustainability and
environmental damage cost analyses of T56 turboprop
engine for different power load conditions. The exergy
destruction cost rate of overall system was calculated
774.96GJ/h, 947.24GJ/h, 985.85GJ/h and 1002.17GJ/h
for 75%, 100%, military and take-off load conditions,
respectively. In the calculation of exergy destruction
cost, the unit cost of fuel (c.) was used. Similarly, Balli

(2019) obtained that the exergoeconomic factor of a
GE90-115 high bypass turbofan engine was 70.23%
when the ¢ value was used. Turgut et al. (2009) studied
the exergoeconomic analysis of an aircraft turbofan
engine. In the calculation of exergy destruction cost rate,
both the unit cost of fuel (¢ ) and the unit cost of product

(c,) were used to show the limitation of exergy
destruction cost rate. Similarly, Altuntas et al. (2012)
used both the unit cost of fuel (c;) and the unit cost of

product (¢, ) to calculate the exergy destruction cost rate
of a piston-prop aircraft engines. They reported that the
maximum exergy destruction cost rate was observed in
taxiing. It was calculated to be 23.41 $/h at a fixed
production and to be 2.96 $/h at a fixed fuel.

Literature survey presented above revealed that the unit
cost of fuel (c;) or the unit cost of product (¢, ) have
been used in the calculation of exergy destruction cost
rate of aircraft engines. Modified Productive Structure
Analysis (MOPSA) method, which is one of the
thermoeconomic methods, allows assigning a separate
unit cost in the calculation of exergy destruction cost rate.
This unit cost is called as the unit cost of negentropy (Cs).
Some studies have performed on the comparison of the
usage of c. and cg values on the costing of exergy
destruction rate. Uysal (2020) reported that the usage of
C. on the costing of exergy destruction rate can give



higher exergy destruction cost rate for any system
equipment than that of overall system. This situation
looks like unacceptable. Similarly, Uysal et al. (2020)
reported that the usage of cg gives considerably lower

exergy destruction cost rate compared to the c.. This

situation directly affects the strategies to be developed to
obtain a cost-effective system. For instance, according to
the results obtained by Uysal et al. (2020), the usage of

Cs can lead to reducing the investment costs for any

equipment, while the usage of c. can lead to reducing

the exergy destruction cost rate for the same equipment.
Haydargil and Abusoglu (2018) reported that MOPSA
method investigates destructions more clearly compared
to Specific Exergy Costing (SPECO), Exergetic Cost
Theory (ECT) and Wonergy methods.

In the literature, MOPSA method has been applied to
several thermal systems such as natural gas-fired
electricity generating facility (Uysal, 2020), coal-fired
power plant (Uysal and Kurt, 2017), gas turbine power
plant (Kwak et al, 2003 and Bandpy and
Ebrahimian,2006) gas turbine cogeneration system (Kim
et al.,, 1998 and Kwak et al., 2004) biogas engine-
powered cogeneration system (Haydargil and Abusoglu,
2018), combined supercritical CO, regenerative and
organic Rankine cycle (Uysal et al., 2020), ocean thermal
energy conversion system (Jung et al., 2016), air-cooled
air conditioning system (Yoo et al., 2018), water-to-water
heat pump system (Aksu et al., 2019), ground-source heat
pump system (Kwak et al., 2014), geothermal district
heating system (Kecebas,2013), binary geothermal
power plant (Yilmaz, 2018), and fuel cells (Kwak et al.,
2004, Seo et al., 2019). According to the best knowledge
of authors, MOPSA method has not been applied to any
aircraft engine.

In this paper, T56 turboprop engine was theoretically
modelled for different load conditions (75% load, 100%
load, military, and take-off modes). MOPSA method was
applied to determine the product costs (shaft work for
propeller and thrust). Moreover, the exergy destruction

cost rate, relative cost difference, and exergoeconomic
factor values of system equipment were calculated for
each load conditions. At the same time, SPECO method
was applied to the system. The results obtained with both
MOPSA and SPECO methods were presented and
compared.

MATERIAL AND METHOD
System Description

In general, T56 turboprop engines are a single-shaft
turboprop engine with a 14-stage axial flow compressor
driven by a four-stage turbine. The gearbox has two
stages of gear reduction and features a propeller brake.
T56 turboprop engines are widely used in military
aircrafts (C-130A-H Hercules, E-2C/D Hawkeye, P-3C
Orion, C-2A Greyhound etc.) and in commercial aircrafts
(CV-580, CV-5800, L-100 Hercules, L-188 Electra, etc.)
(Balle, 2016). A schematic diagram of a T56 turboprop
engine is illustrated in Figure 1.

T56 turboprop engine consists of three main parts. These
are the power section assembly, the torque meter
assembly and the reduction gear assembly. The power
section consists of an axial flow compressor, a
combustion section, and a turbine. This section includes
fuel, ignition, and cooling air systems. The torque meter
assembly is located between the power section and the
reduction gear section. The purpose of this section is to
measure the shaft output of the power section and to
transmit it to the reduction gear section. The reduction
gear section changes the shaft speed from high rpm to
low rpm for efficient propeller operation. Atmospheric
air enters to air compressor (AC) and compressed air is
transferred to combustion chamber (CC). After
combustion process of fuel-air mixture in CC, exhaust
gases are transferred to gas turbine (GT). After shaft
work generation in GT, exhaust gases leaving from GT
enter to exhaust duct (ED). Velocity of exhaust gases is
increased in ED and exhaust gases are released to
atmosphere. Exhaust gases leaving from ED with high
velocity provide production of thrust. Some part of shaft

\
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GT ED

/
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Figure 1. A schematic diagram of T56 turboprop engine
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work generated in GT is used to drive AC and its
remaining part is transferred to reduction gearbox (RGB).
Shaft work in the exit of RGB is used to drive the
propeller.

Exergy Analysis

When nuclear, magnetism, electricity and surface tension
effects are ignored, total exergy rate for a flow of matter
through a system can be expressed as follows:

Ex = Ex™ +EX“"® + EX*™ + EX"" @)
where the superscripts TM, CHE, KN and PT denote
thermomechanical, chemical, kinetic, and potential
exergies, respectively. Thermomechanical exergy can be
expressed as follows:

Ex™ — m{h(T’P)_h(To’Po)

Ty [S(T’ P) _S(TO’ P )]}

Thermomechanical exergy can be divided into its thermal
and mechanical components. Thermal and mechanical
components of thermomechanical exergy can be
formulated as follows, respectively:

@

- . |h(T.P)=h(T,,P)
=X zm{—TO[s(T,P)—s(TO,P)]} @)
- h(Ty,P)—h(To.P,)
=0 {_To [S(Tov P) _S(TOv Po )]} “

For ideal gases, thermomechanical exergy can be
expressed as follows:

Cp {T -T,-T,In (lﬂ
™ : TO

=m
+RT, In[ij
pO

In Equation 5, the first and second terms on the right-
hand side express thermal and mechanical components of
thermomechanical exergy. In this study, chemical exergy
was taken into account in only combustion process. The
chemical exergy rate of liquid fuels (C,H,0,S) can be

calculated with following relation (Balli and Hepbasli,
2014):

Ex (%)

-, CHE
X 1.0401+0.01728Y +0.04322
m.LHV X X

(6)
+0.21962(1—2.0628Xj
X X

Kinetic and potential exergies can be given as follows,
respectively:
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The thrust produced by T56 turboprop engine can be
calculated with using momentum equation as follows:

F=m,V

out ~ out

-m,V, +A,P

in Yin out” out

~A,P

in’ in (9)
The kinetic exergy rate of the thrust produced by T56
turboprop engine can be expressed as follows (Balli and
Hepbasli, 2013):

VZ

exh

ExXV =m,_,
2000

(10)

Exergy balance and exergy efficiency equations of a
system can be written as follows, respectively:

Ex, = EX, —EX, (11)
_E% (12)
EX;

where the F, P and D subscripts denote fuel, product, and
destruction, respectively.

Thermoeconomic Analysis

There exist several methods for thermoeconomic analysis
of thermal systems. These methods are based on
completely different fundamentals and assumptions.
Among these methods, SPECO and MOPSA are well-
known and commonly used methods.

Specific Exergy Costing (SPECO)

SPECO method was introduced by Lazzaretto and
Tsatsaronis (2006). This method aims to calculate the
specific exergy cost of all states located in a system.
Equation 13 gives the general cost balance equation of
this method.

Z(Cout E).(out )k + CW,ka = Z(Cin Exin )k

) : (13)
+Cq'kEquk +Z,

With applying Equation 13 to each equipment of system,
an equation set with a number of equations equal to the
number of equipment is obtained. However, to be able to
determine the specific exergy cost of all states located in
the system, the number of equations should be equal to
the number of states located in the system. For this
reason, auxiliary equations are required. In SPECO
method, auxiliary equations are written with Fuel-
Product Rule. This rule is based on fuel and product
definitions of system equipment. According to the Fuel
Rule, the specific exergy cost of removed exergy from a
stream defined as fuel in the equipment should be equal



to the average specific cost at which the removed exergy
was supplied to the same stream in upstream
components. According to the Product Rule, when a
stream defined as product in the equipment is divided
into parts, each stream has the same specific exergy cost.
Fuel and Product definitions for the system equipment
considered in this study were given in Table 1.

Table 1. Fuel and product exergy equations for the system
equipment in SPECO method

Equipment Fuel Product
AC Ex,, —EX,, Ex, —EX,
cc EX, +EX,, EX,

GT (Ex, —EX)+(EX,, —EX, ) EX,

ED (EXs —EX)+(EXps —EXp,) | EXye

GTMS EX, EX,

RGB EX,; EX,,

For this study, cost balance and auxiliary equations
written with SPECO method were tabulated in Table 2.
With considering fuel and product definition, Equation
13 can also be rewritten as follows:

CF,kEXF,k + zk = CP,kEXP,k (14)
where c., and c,, values express the specific exergy
cost of fuel and product, respectively.

Modified Productive Structure Analysis (MOPSA)

Lozano and Valero (1993) proposed a method based on
productive structure of thermal systems. Design and
operation of thermal systems are strongly dependent on
their productive structure. This method allows to
disaggregate the system in productive and dissipative
units. Moreover, it allows to divide exergy stream into its
thermal, mechanical, and chemical components. Kim et
al. (1998) developed an exergy-based cost balance
equation with considering the method proposed by
Lozano and Valero (1993). This cost balance equation
was modified by Kwak et al. (2003) for the non-adiabatic
equipment to reflect the exergy losses due to heat transfer
and the resulting costs.

Thus, final version of method is called as Modified
Productive Structure Analysis (MOPSA) and the general

cost balance equation for this method can be given as
follows:

EX®c, + EX® ey, + (X EX] — D EX], )C;

(D ExY = D BN o + To (XS =2 8o )es (19)

. W
+Z, =Ex"c,,

MOPSA method is based on exergy costing without
flow-stream cost calculation. In this method,
thermomechanical exergy is divided into its thermal and
mechanical components and a unit cost is assigned for
these components. Moreover, a separate unit cost, which
is called as the unit cost of negentropy, is assigned for
exergy destruction term. With using Equation 15, an
equation set with a number of equations equal to the
number of equipment is obtained. For each equation,
productive cost of equipment is defined as unknown. To
be able to solve the equation set, the number of equations
should be equal to the number of unknowns. Therefore,
junctions are used when needed. Junctions are fictitious
equipment where homogeneous productions of two or
more equipment merge (Lozano and Valero, 1993). In
addition, a unit cost balance equation can be written for
system boundary. System boundary is responsible for
entropy generation of overall system. The equation set
obtained with MOPSA method for the system considered
in this study is presented in Table 3. The specific exergy
costs coloured as red in Table 3 are productive costs of
equipment. Fuel and product definitions of system
equipment show differences when the exergy streams are
divided into their thermal and mechanical components.
Table 4 represents fuel and product definitions for
divided exergy stream. These terms will be used in
MOPSA method.

Equation 15 can be rewritten as follows with considering
fuel and product definitions

CF‘kEXF,k + CS,kEXD,k + Zk = CP,kEXP,k (16)
where ¢, is the unit cost of negentropy. As can be seen
from Equations 14 and 16, the general cost balance
equation of MOPSA is including exergy destruction cost

rate, while that of SPECO has no information about
exergy destruction cost rate.

Table 2. Cost balance and auxiliary equations for the system equipment in SPECO method

Component Cost balance equation Auxiliary equation
AC C,+C,+2,.=C,+C, ¢, =0, ¢,=¢,=Cy,
cc C,,+C,+2 =C, c, =25.20$/GJ
GT C,+C,, +Z5 =C,+C,, +C, C4=Cs, Cpp =Cyg
ED C,3+Ci+Zep =C,, +C+Cye C5=Cq Cp5=Cyy

GTMS C + Zers = Cy Cg =Cy =Cyo =Cy
RGB Cpy+Zees =Cyy -




Thermoeconomic variables

Thermoeconomic variables are important parameters in
the thermoeconomic evaluation and optimization of
thermal systems. These variables may be ordered as:
exergy destruction cost, exergoeconomic factor and
relative cost difference.

In SPECO method, exergy destruction cost of any
thermal system is calculated with using the unit cost of

fuel (c.) of thermal system. However, MOPSA method

allows assigning the unit cost of negentropy (cg) for

exergy destruction. With considering these situations,
exergy destruction cost rate for SPECO and MOPSA
methods can be calculated as follows, respectively:

CD,k = CF,kEXD,k 7

CD,k = CS,kEXD,k (18)

Table 3. Cost balance equations for the system equipment in MOPSA method

Equipment Cost balance equation
AC (EX] —EX] )cr +(EX}" —EXY')Cyyy +(EXgegnc ) Cs + Zac = (EXSY —EXyy )y
cc EX, ¢y +(EX, —EX] ) Cyr +(EXY, —EX} )Gy +(EXgeg o0 ) Cs + Zoe =0
o (Exj, +EX] —EX;, —EX] e, +(EX}, + EX}! —EX}, —Ex!')c,,
+ ( EX gest o7 )Cs + ZGT = (EX\7N )Csvv
o (Exp,+EX] —EX), —EX] e +(EXS, + EXY' —EXY, —EXy')c,,
+ ( EXdest,ED )Cs + ZED = (EXKE )C4KE
GTMS (Exdesr,GTMEs ) Cs + ZGTMS = (EXX\)/ - E).(7W ) Cow
RGB (Exdest,RGB ) Cs + ZRGB = (Exg - EXEI ) Cow
Wolunc (EXY +Exyy —EXY +EX)y —EXYY )c,, —(EXY' )y
-Junction
—(Exyy —EXY" ) —(EXYy —EX}} )Cqyy =0
T-Junction | (EX, —EX] )¢, —(EXg, —EX] )¢,y =0
P-Junction | (Ex}" —EX}')c,, —(EX}' —EX}')c,, =0
Boundary | (EX{ +EXg, —EX] ey +(EXY +EXY, —EX)" )¢,y — EXSCyy + (EX g poun ) Cs + Zooun =0
Table 4. Fuel and product definitions for the system equipment in MOPSA method
Equipment Fuel Product
AC Ex,, — EX,, (Exg —ExX] )+(EX}' —EX})
cC Ex, +(EX, —Ex)") (Ex; —Ex,)
(Exg, +EX] —EX}, —EX]) .
GT <M .M .M <M X7
+(Ex2.2 +Ex, —EX;, —EX; )
o (Exg, +EX{ —EX}, —EX}) o
.M .M - M .M KE
+(Ex23 +Ex; —EX;, —EX;g )
GTMS EX, EX,,
RGB EX,, EX,,

Exergoeconomic factor can be defined as follows (Bejan,
1996):
__Z

Z +Cp
Exergoeconomic factor has a great importance to decide
that one should focus on reducing investment costs or

reducing exergy destruction to obtain cost-effective
thermal system.

(19)

k
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Relative cost difference can be expressed as follows
(Bejan, 1996):

Cp, —C

rk — P.k F.k (20)
CF,k

Relative cost difference expresses the relative increase in

the average cost per exergy unit between fuel and product

of the equipment (Bejan, 1996).



RESULTS AND DISCUSSIONS

In this study, thermoeconomic analysis of a T56
turboprop engine was performed. Four different load
conditions were considered: 75% load condition, 100%
load condition, military mode (MIL) and take-off mode.
T56 turboprop engine was modelled theoretically.
Exergy and thermoeconomic analyses of T56 turboprop
engine were performed for all load conditions. In
thermoeconomic analysis, Specific Exergy Costing
(SPECO) and Modified Productive Structure Analysis
(MOPSA) methods were used.

Operating parameters assumed in the theoretical
modelling of system were tabulated in Table 5.

The following assumptions were made in the modelling
of T56 turboprop engine:

e The system operates in steady-state and steady

flow.

Air and combustion gases behave like ideal gas.

The combustion reaction is complete.

JP-8 jet fuel is used as fuel.

LHV value of JP-8 jet fuel is assumed to be 42800

kJ/kg.

e The compressor and gas turbine are considered as
adiabatic.

e The kinetic exergies (except thrust) and potential
exergies are negligible.

e Chemical exergies are
combustion reaction.

e The velocity of air entering to the engine is assumed
to be zero.

e Environmental (dead-state) temperature and
pressure are assumed to be 298.15K and 93.6 kPa,
respectively.

considered in only

Table 5. Assumptions for main operating data of turboprop
engine (Balli and Hepbasli, 2013)

Parameter Value
T, (K) 298.15
P, (kPa) 93.6
ml (kg/s) 14.75
m,, (kgls) 1.475
PR () 9.45
P, (kPa) 95.35
Ps (kPa) 94.87
Mac 88%
Mot 90%
Mep 90%

Thermodynamic data obtained from theoretical model for
each load condition were tabulated in Table 6-9,
respectively.

Table 6. Thermodynamic data for the turboprop engine at 75% load condition

State Matter m (kg/s) T (K) P (kPa) | Ex" (GJ/h) | Ex™ (GJ/h) Ex (GJ/h)
0 Air - 298.15 93.60 - - -
1 Air 14.750 298.15 93.60 0.00 0.00 0.00
2 Air 14.750 594.8 884.50 5.07 10.31 15.37
2.1 Air 13.275 594.8 884.50 4.56 9.28 13.84
2.2 Cooling air 1.475 594.8 884.50 0.51 1.03 1.54
2.3 Cooling air 1.475 74497 95.35 0.86 0.01 0.87
24 Cooling air 1.475 744.13 94.87 0.86 0.01 0.87
3 Fuel 0.235 298.15 220.64 - - 38.67
4 Combustion gas 13.592 1156.2 858.00 25.56 9.36 34.92
5 Combustion gas 13.592 720.98 95.35 8.48 0.08 8.56
6 Combustion gas 13.592 720.16 94.87 8.46 0.06 8.51
7 Shaft power - - - - - 24.06
8 Shaft power - - - - - 23.58
9 Shaft power - - - - - 0.15
10 Shaft power - - - - - 23.19
11 Shaft power - - - - - 6.80
12 Shaft power - - - - - 6.67
(2.4+6) Kinetic exergy - - - - - 0.05




Table 7. Thermodynamic data for the turboprop engine at 100% load condition

State Matter m (kg/s) T (K) P (kPa) | Ex™ (GJ/h) | ExM (GJ/h) Ex (GJ/h)
0 Air - 298.15 93.60 - - -
1 Air 14.750 298.15 93.60 0.00 0.00 0.00
2 Air 14.750 594.80 884.50 5.07 10.31 15.37
2.1 Air 13.275 594.80 884.50 4.56 9.28 13.84
2.2 Cooling air 1.475 594.80 884.50 0.51 1.03 1.54
2.3 Cooling air 1.475 814.82 95.35 1.27 0.01 1.28
2.4 Cooling air 1.475 813.92 94.87 1.27 0.01 1.28
3 Fuel 0.294 298.15 220.64 - - 48.37
4 Combustion gas 13.569 1290.60 858.00 31.86 9.34 41.20
5 Combustion gas 13.569 814.82 95.35 11.72 0.08 11.80
6 Combustion gas 13.569 813.92 94.87 11.69 0.06 11.75
7 Shaft power - - - - - 26.45
8 Shaft power - - - - - 25.92
9 Shaft power - - - - - 0.15
10 Shaft power - - - - - 25,51
11 Shaft power - - - - - 9.12
12 Shaft power - - - - - 8.94
(2.4+6) Kinetic exergy - - - - - 0.06
Table 8. Thermodynamic data for the turboprop engine at MIL load condition
State Matter m (kg/s) | T (K) P (kPa) | ExT (GJ/h) | Ex™ (GJh) | Ex (GI/h)
0 Air - 298.15 93.60 - - -
1 Air 14.750 298.15 93.60 0.00 0.00 0.00
2 Air 14.750 594.80 884.50 5.07 10.31 15.37
2.1 Air 13.275 594.80 884.50 4.56 9.28 13.84
2.2 Cooling air 1.475 594.80 884.50 0.51 1.03 1.54
2.3 Cooling air 1.475 837.09 95.35 1.36 0.02 1.39
2.4 Cooling air 1.475 836.12 94.87 1.36 0.02 1.38
3 Fuel 0.309 298.15 220.64 - - 50.84
4 Combustion gas 13.584 1322.30 858.00 33.45 9.35 42.80
5 Combustion gas 13.584 837.09 95.35 12.56 0.08 12.64
6 Combustion gas 13.584 836.12 94.87 12.53 0.06 12.58
7 Shaft power - - - - - 27.05
8 Shaft power - - - - - 26.51
9 Shaft power - - - - - 0.15
10 Shaft power - - - - - 26.10
11 Shaft power - - - - - 9.71
12 Shaft power - - - - - 9.52
(2.4+6) Kinetic exergy - - - - - 0.06

According to Table 6-9, the net shaft power transferred
to propeller was obtained to be 6.67 GJ/h for 75% load,
8.94 GJ/h for 100% load, 9.52 GJ/h for MIL mode, and
9.80 GJ/h for Take-off load. In addition, the kinetic
exergy due to thrust was slightly increased with increase
in engine load. Table 10-13 present the results of exergy
balance of system equipment for each load condition,
respectively.

As expected, the highest exergy destruction rate was
observed for CC. The EX, value of CC was calculated

to be 17.59 GJ/h for 75% load, 21.01 GJ/h for 100% load
(20.95 GJ/h in MOPSA), 21.88 GJ/h for MIL mode
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(21.78 GJ/h in MOPSA), and 22.39 GJ/h for Take-off
mode. Similarly, the lowest exergy efficiency was
obtained for CC. According to the fuel and product
definition of SPECO, the exergy efficiency of CC was
calculated to be 66.50% for 75% load, 66.23% for 100%
load, 66.17% for MIL mode, and 66.08% for Take-off
mode. When fuel and product definitions for MOPSA
were used, the exergy efficiency of CC was obtained to
be 54.42% for 75% load, 56.63% for 100% load, 56.90%
for MIL mode, and 57.00% for Take-off mode.



Table 9. Thermodynamic data for the turboprop engine at Take-off load condition

State Matter m (kg/s) T (K) P (kPa) | Ex™ (GJ/h) | ExM (GJ/h) Ex (GJ/h)
0 Air - 298.15 93.60 - - -
1 Air 14.750 298.15 93.60 0.00 0.00 0.00
2 Air 14.750 594.80 884.50 5.07 10.31 15.37
2.1 Air 13.275 594.80 884.50 4.56 9.28 13.84
2.2 Cooling air 1.475 594.80 884.50 0.51 1.03 1.54
2.3 Cooling air 1.475 847.94 95.35 1.41 0.01 1.42
24 Cooling air 1.475 847.01 94.87 1.41 0.01 1.41
3 Fuel 0.317 298.15 220.64 - - 52.16
4 Combustion gas 13.592 1337.5 858.00 34.25 9.36 43.61
5 Combustion gas 13.592 847.94 95.35 12.99 0.08 13.06
6 Combustion gas 13.592 847.01 94.87 12.95 0.06 13.01
7 Shaft power - - - - 27.35
8 Shaft power - - - - 26.80
9 Shaft power - - - - 0.15
10 Shaft power - - - - 26.39
11 Shaft power - - - - 10.00
12 Shaft power - - - - 9.80
(2.4+6) Kinetic exergy - - - - 0.06
Table 10. Exergetic values of system equipment at 75% load condition
Equipment SPECO MOPSA
EX; EX; EX, v (%) EX; EX; Ex, v (%)
(GJ/n) (GJ/n) (GJ/nh) (GJ/nh) (GJ/nh) (GJ/h)
AC 16.39 15.37 1.02 93.77 16.39 15.37 1.02 93.77
CC 52.51 34.92 17.59 66.50 38.59 21.00 17.59 54.42
GT 27.03 24.06 2.97 89.01 27.03 24.06 2.97 89.01
ED 0.052 0.05 0.002 96.15 0.052 0.05 0.002 96.15
GTMS 24.06 23.19 0.87 96.38 24.06 23.19 0.87 96.38
RGB 6.80 6.67 0.13 98.08 6.80 6.67 0.13 98.08
Table 11. Exergetic values of system equipment at 100% load condition
Equipment SPECO MOPSA
EX, EX, EX, v (%) EX, EX, EX, v (%)
(GJ/n) (GJ/h) (GJ/n) (GJ/nh) (GJ/h) (GJ/h)
AC 16.39 15.37 1.02 93.77 16.39 15.37 1.02 93.77
CC 62.21 41.20 21.01 66.23 48.31 27.36 20.95 56.63
GT 29.66 26.45 3.21 89.17 29.66 26.45 3.21 89.17
ED 0.058 0.057 0.001 98.27 0.058 0.057 0.001 98.27
GTMS 26.45 25.51 0.94 96.45 26.45 25.51 0.94 96.45
RGB 9.12 8.94 0.18 98.03 9.12 8.94 0.18 98.03
Table 12. Exergetic values of system equipment at MIL load condition
Equipment SPECO MOPSA
EX, EX, EX, v (%) EX, EX, EX, v (%)
(GJ/h) (GJ/h) (GJ/h) (GJ/h) (GJ/h) (GJ/h)
AC 16.39 15.37 1.02 93.77 16.39 15.37 1.02 93.77
CcC 64.68 42.80 21.88 66.17 50.77 28.89 21.78 56.90
GT 30.31 27.05 3.26 89.24 30.31 27.05 3.26 89.24
ED 0.07 0.06 0.01 85.71 0.07 0.06 0.01 85.71
GTMS 27.05 26.10 0.95 96.49 27.05 26.10 0.95 96.49
RGB 9.71 9.52 0.19 98.04 9.71 9.52 0.19 98.04
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Table 13. Exergetic values of system equipment at Take-off load condition

Equipment SPECO MOPSA
EX, EX, EX, v (%) EX, EX, EX, v (%)
(GJ/h) (GJ/h) (GJ/h) (GJ/h) (GJ/h) (GJ/h)
AC 16.39 15.37 1.02 93.77 16.39 15.37 1.02 93.77
CcC 66 43.61 22.39 66.08 52.08 29.69 22.39 57.00
GT 30.67 27.35 3.32 89.18 30.67 27.35 3.32 89.18
ED 0.062 0.058 0.004 93.55 0.062 0.058 0.004 93.55
GTMS 27.35 26.39 0.96 96.49 27.35 26.39 0.96 96.49
RGB 10.00 9.80 0.20 98.00 10.00 9.80 0.20 98.00
Table 14. The correlations for hourly capital investment cost rates of system equipment
Equipment Correlation
. 25.65m, ;.
AC (Sahu et Z= —§[1+ exp(0.018T,, —26.4) |
al., 2017) (0.995—;“‘]
CcC (Sahu et Z _ 39'5ma,in Pout In ( Pout ]
al., 2017) (O'g_nAC) I:)in Pin
G'II' (Sahu et , _ 2663, In( P, j[H exp(0.036T, ~54.4)]
al., 2017) (092-1o7) - p in
ED adapted from Reference (Balli and Hepbasli, 2014)
GTMS adapted from Reference (Balli and Hepbasli, 2014)
RGB adapted from Reference (Balli and Hepbasli, 2014)

The correlations used to calculate hourly capital
investment cost of system equipment were tabulated in
Table 14. The results obtained with SPECO method for

specific exergy cost and cost flow rate of states located
in the system were given in Table 15

Table 15. The specific exergy cost and cost flow rates obtained with SPECO method for the system states

75% load 100% load MIL load Take-off load
Cc - Cc - Cc - Cc -
Stateno | (g/GJ) ($(,:h) ($/GJ) ($(,:h) ($/GJ) ($(/:h) ($/G) ($(,:h)
1 0 0 0 0 0 0 0 0
2 104.8 1372 92.29 1419 90.02 1384 89.27 1372
2.1 104.8 1451 | 92.29 1277 90.02 1246 | 89.27 1236
2.2 104.8 | 161.4 | 92.29 142.1 90.02 | 1386 | 8927 | 1375
2.3 104.8 | 91.18 | 92.29 118.1 90.02 | 1251 | g927 | 1268
2.4 104.8 | 91.18 | 92.29 118.1 90.67 | 1251 | g9.91 | 126.8
3 25.2 974.5 25.2 1219 25.2 1281 25.2 1314
4 69.55 | 2429 60.68 2500 59.14 | 2531 | 5857 | 2554
5 69.55 | 595.4 | 60.68 716.1 59.14 | 7475 | 5857 | 764.9
6 69.55 | 591.9 | 60.68 713 59.14 | 7439 | 5857 762
7 84.21 2026 72.98 1930 70.96 1920 70.3 1923
8 87.81 2071 76.07 1972 73.94 | 1960 | 73.24 1963
9 87.81 | 13.17 | 76.07 11.41 73.94 | 11.09 | 7324 | 10.99
10 87.81 2036 76.07 1941 73.94 | 1930 | 73.24 1933
11 87.81 | 597.1 | 76.07 693.8 73.94 | 7179 | 7324 | 7324
12 95.6 637.7 | 82.14 734.3 79.67 | 7585 | 78.87 | 772.9
KE 3942 | 19.71 338 19.26 3296 | 19.78 | 330.3 | 19.16
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According to the results obtained with SPECO, the
specific exergy cost of net shaft work transferred to
propeller was 95.6 $/GJ for 75% load, 82.14 $/GJ for
100% load, 79.67 $/GJ for MIL load, and 78.87 $/GJ for
Take-off mode. It was also said that the specific exergy
cost of net shaft work transferred to propeller decreased
with increase in engine load. The specific exergy cost of
thrust was determined to be 394.2 $/GJ for 75% load, 338
$/GJ for 100% load, 329.6 $/GJ for MIL load, and 330.3
$/GJ for Take-off mode.

The results obtained with MOPSA method for productive
costs were given in Table 16.

According to Table 16, the unit cost of net shaft work
transferred to propeller was decreased with increase in
engine load. The unit cost of net shaft work transferred to
propeller was calculated to be 98.88 $/GJ for 75% load,
87.45 $/GJ for 100% load, 85.42 $/GJ for MIL load, and
84.68 $/GJ for Take-off mode. Similarly, the unit cost of

thrust was determined to be 416.38 $/GJ for 75% load,
366.67 $/GJ for 100% load, 340.90 $/GJ for MIL load,
and 354.86 $/GJ for Take-off mode. The unit cost of
negentropy for the system was decreased with increasing
engine load. The unit cost of negentropy was calculated
to be 14.98 $/GJ for 75% load, 11.99 $/GJ for 100% load,
11.28 $/GJ for MIL load, and 11.08 $/GJ for Take-off
mode.

The results obtained with MOPSA for the unit cost of net
shaft work transferred to propeller were higher compared
to the results obtained with SPECO. It is due to that the
exergy destruction cost rate is taken into account in
MOPSA method, while it is not considered in SPECO
method.

The cost flow rates of turboprop engine for each load
condition considered in this study were given in Table
17-20, respectively. In addition, Figure 2 shows the
productive structure of system.

Table 16. The productive costs of system equipment obtained with MOPSA method

Parameter 75% load 100% load MIL Take-off
Couy 155.985 137.193 133.860 132.667
Cpr 33.414 35.256 35.607 35.689
Can 93.276 82.333 80.388 79.688

Caxe 416.378 366.670 340.896 354.861
Cow 3.258 1.180 0.675 0.569

Cow 283.134 210.364 197.572 191.784
Cw 98.881 87.447 85.415 84.677
c; 33.414 35.256 35.607 35.689
Cu 155.985 137.193 133.860 132.667
Cs 14.981 11.989 11.279 11.076

Table 17. The cost flow rates of T56 turboprop engine for 75% load condition.

Equipment 1 G, ¢/h) | Cr(@h) | C, @M | Ce ®h) | C, M) | Cpem) | 2 GM)
AC 0 —169.28 —1607.72 0 1620.46 —15.20 171.75
CcC 974.41 —701.63 —13.14 0 0 —263.44 3.80
GT 0 558.68 1607.32 0 —2243.99 —44.45 122.44
ED 0 0.92 3.78 —20.91 0 —0.02 16.23
GTMS 0 0 0 0 2.85 —12.99 10.14
RGB 0 0 0 0 —38.52 —2.04 40.56
Boundary 0 311.31 9.75 0 —659.21 338.14 0
Overall System 974.41 0 0 —20.91 —1318.41 0 364.91
Table 18. The cost flow rates of T56 turboprop engine for 100% load condition.
Equipment C, sy | Crem) | €y | Ceem | C, ) | Cyem | £ OGN
AC 0 —178.62 — 1414.04 0 1433.07 —12.17 171.75
CcC 1219.05 —962.41 —8.65 0 0 —251.94 3.95
GT 0 682.82 1410.72 0 —2177.43 —38.40 122.29
ED 0 1.20 3.32 —20.73 0 —0.02 16.23
GTMS 0 0 0 0 1.11 —11.25 10.14
RGB 0 0 0 0 — 38.37 —2.19 40.56
Boundary 0 457.02 8.64 0 — 781.62 315.96 0
Overall System 1219.05 0 0 —20.73 —1563.23 0 364.92
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Table 19. The cost flow rates of T56 turboprop engine for MIL mode.

Equipment C, ($/h) C, ($/h) C, M) | Ce@h) | C, @M | C, @¢m | £ GM
AC 0 —180.39 —1379.68 0 1399.78 —11.45 171.75
CcC 1281.24 —1028.81 —9.75 0 0 — 246.75 4.07
GT 0 713.36 1375.74 0 —2174.87 —36.74 122.51
ED 0 1.43 3.25 —20.87 0 —0.04 16.23
GTMS 0 0 0 0 0.65 —10.79 10.14
RGB 0 0 0 0 —38.37 —219 40.56
Boundary 0 494.41 10.45 0 —812.81 307.95 0
Overall System 1281.24 0 0 —20.87 —1625.63 0 365.25

The cost flow rate of shaft work transferred to propeller
increases with increase in load condition. The cost flow
rate of shaft work generated by the system is calculated
to be 1318.41 $/h, 1563.23 $/h, 1625.63 $/h and
1659.17 $/h for 75% load, 100% load, MIL and Take-
off modes, respectively. Similarly, the cost flow rate of
thrust is found to be 20.91 $/h, 20.73 $/h, 20.87 $/h and
20.75 $/h for all load conditions considered in this
study, respectively. Tables 21-24 show the results of
thermoeconomic variables obtained with using both
SPECO and MOPSA methods. According to each
method, CC was the most responsible equipment for
exergy destruction cost rate at each engine load. For
SPECO method, exergy destruction cost rate of CC was
obtained to be 812.4 $/h for 75% load, 843.1 $/h for

100% load, 854.8 $/h for MIL load, and 865.1 $/h for
Take-off load. In MOPSA method, these values were
determined to be 263.44 $/h for 75% load, 251.94 $/h
for 100% load, 246.75 $/h for MIL mode, and 247.94
$/h for Take-off mode.

In SPECO method, exergy destruction cost rate of
overall system was determined to be 1195.96 $/h for
75% load, 1198.73 $/h for 100% load, 1205.49 $/h for
MIL load, and 1216.93 $/h for Take-off load.
According to the results obtained with MOPSA, exergy
destruction cost rate of overall system was found to be
338.14 $/h for 75% load, 315.96 $/h for 100% load,
307.95 $/h for MIL mode, and 308.85 $/h for Take-off
mode.

Table 20. The cost flow rates of T56 turboprop engine for Take-off mode.

Equipment C, $) | C; ($/h) C,Mm) | Cc ®m) | C, M) | C, (sm) | 2 GM
AC 0 —180.81 —1367.38 1387.69 —11.24 171.75
cC 1314.42 — 1059.66 —10.97 0 —247.94 4.16
GT 0 726.77 1366.77 0 —2179.48 —36.73 122.67
ED 0 1.34 3.22 —20.75 0 —0.04 16.23
GTMS 0 0 0 0 0.55 —10.69 10.14
RGB 0 0 0 0 —38.35 —221 40.56
Boundary 0 512.37 8.37 0 —829.59 308.85 0
Overall System 1314.42 0 0 —20.75 —1659.17 0 365.51
Table 21. Thermoeconomic variables of system equipment for 75% load conditions
SPECO (9) MOPSA (M) S M S M S M
Component | °* Ce Cr Co C |z ($/) Cow | Cox | T K@) f f,
($/GJ) | ($/GJ) | ($/GJ) | ($/GJ) | (3/GY) @h | @m) | (%) %) | (%)
AC 87.81 | 104.8 | 98.88 | 115.63 | 14.98 | 171.75| 89.56 | 15.20 | 19.36 | 16.94 | 65.73 | 91.87
CcC 46.18 | 69.55 | 24.91 | 33.41 | 1498 | 3.80 | 812.4 |263.44|50.61| 34.12 | 0.46 | 1.42
GT 70.43 | 84.21 | 80.11 | 93.28 | 14.98 | 122.44 | 209.2 | 44.45 |19.57 | 16.44 | 36.92 | 73.37
ED 66.88 | 394.2 | 88.63 | 416.38 | 14.98 | 16.23 | 0.1338 | 0.02 |489.4|369.80|99.18 | 99.88
GTMS 84.21 | 87.81 | 93.28 | 96.65 | 14.98 | 10.14 | 73.26 | 12.99 | 4.27 | 3.61 |12.16 | 43.84
RGB 87.81 | 95.6 | 91.33 | 98.88 | 1498 | 4056 | 1141 | 2.04 | 8.87 | 8.27 |78.04|95.21
Overall | 25.20 - 25.20 - 1498 | 364.91 | 1195.96 | 338.14 | - - 23.38 | 51.90
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Figure 2. Productive structure of T56 turboprop engine
Table 22. Thermoeconomic variables of system equipment for 100% load conditions
SPECO (S) MOPSA (M) S M S M S M
Component | G Ce G & |2 ($/h) CD,k CD,k fe | )] T fu
($/GJ) | ($/GJ) | ($/GJ) | ($/GJ) | ($/GJ) ($/h) @h | (%) (%) | (%)
AC 76.07 | 92.29 | 87.45 | 103.59 | 11.99 |171.75| 7759 | 12.17 |21.33 | 18.46 | 68.88 | 93.38
cC 40.13 | 60.68 | 24.53 | 35.26 | 11.99 | 3.80 843.1 |251.94|51.23| 43.74 | 0.47 | 1.54
GT 60.96 | 72.98 | 70.59 | 82.33 | 11.99 | 122.44 | 195.7 | 38.40 | 19.72 | 16.63 | 38.46 | 76.10
ED 52.31 | 338 | 80.87 | 366.67 | 11.99 | 16.23 |0.05231| 0.02 546 | 353.41|99.68 | 99.88
GTMS 72.98 | 76.07 | 82.33 | 85.32 | 11.99 | 10.14 68.6 11.25 | 423 | 3.63 |12.88|47.41
RGB 76.07 | 82.14 | 8151 | 87.45 | 11.99 | 40.56 | 13.69 219 | 7.98 | 7.29 |74.76 | 94.88
Overall 25.20 - 25.20 - 11.99 | 364.91 | 1198.73 | 315.96 - - 23.33 | 53.59
Table 23. Thermoeconomic variables of system equipment for MIL mode
Component | ¢, | ¢, | ¢ | ¢ | ¢ [ZOGM ¢ | &, |k @) K (%) |f ©0)|f (%)
($/GJ) | ($/GJ) | ($/GJ) | ($/GJ) | ($/GJ) ($/h) ($/h)
AC 73.94 | 90.02 | 85.42 | 10147 | 11.28 | 171.75| 75.41 | 11.45 | 21.75| 18.79 | 69.49 | 93.75
CcC 39.07 | 59.14 | 25.04 | 35.61 | 11.28 | 3.80 854.8 |246.75|51.36 | 42.21 | 0.47 | 1.62
GT 59.29 | 70.96 | 68.91 | 80.39 | 11.28 | 122.44 | 193.3 | 36.74 | 19.69 | 16.66 | 38.79 | 76.93
ED 50.69 | 329.6 | 60.91 | 340.90 | 11.28 | 16.23 | 0.5069 | 0.04 |550.3 | 459.68 | 96.97 | 99.75
GTMS 70.96 | 73.94 | 80.39 | 83.29 | 11.28 | 10.14 | 67.42 | 10.79 | 418 | 3.61 |13.07 | 48.45
RGB 73.94 | 79.67 | 79.79 | 85.42 | 11.28 | 40.56 | 14.05 219 | 7.76 | 7.06 | 74.28 | 94.88
Overall 25.20 - 25.20 - 11.28 | 364.91 | 1205.49 | 307.95 - - 23.24 | 54.23
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Table 24. Thermoeconomic variables of system equipment for Take-off mode

SPECO (S) MOPSA (M) S M S M S M

Component CF CP CF CP CS Z ($/h) CD,k CD,k rk (%) I"k (%) fk fk
($/GJ) | ($/GJ) | ($/GI) | ($/GY) | ($/GY) ($/h) ($/h) %) | (%)
AC 73.24 | 89.27 | 84.68 | 100.74 | 11.08 | 171.75| 747 11.24 | 21.89 | 18.97 | 69.69 | 93.86
cC 38.64 | 58.57 | 25.03 | 35.69 | 11.08 | 3.80 865.1 | 247.94| 5159 | 4259 | 048 | 1.65
GT 58.69 | 70.3 | 68.26 | 79.69 | 11.08 | 122.44 | 194.8 | 36.73 | 19.78 | 16.74 | 38.63 | 76.96
ED 47.23 | 330.3 | 70.84 | 354.86 | 11.08 | 16.23 | 0.1889 | 0.04 |599.40 | 400.93 | 98.85 | 99.75
GTMS 70.3 | 73.24 | 79.69 | 82,57 | 11.08 | 10.14 | 67.49 | 10.69 | 4.18 3.61 | 13.06 | 48.68
RGB 73.24 | 78.87 | 79.15 | 84.68 | 11.08 | 40.56 | 14.65 2.21 7.69 6.99 | 73.47|94.83
Overall 25.20 - 25.20 - 11.08 | 364.91 | 1216.93 | 308.85 - - 23.07 | 54.16

When exergoeconomic factor was considered, both CONCLUSION

methods lead to the same modification strategy for all
system equipment except GT. In SPECO method,
exergoeconomic factor values obtained for GT was
36.92% for 75% load, 38.46% for 100% load, 38.79% for
MIL mode, and 38.63% for Take-off mode. This means
that one should focus on reducing exergy destruction cost
rate of GT to obtain a cost-effective system. However, in
MOPSA method, exergoeconomic factor of GT was
calculated to be 73.37% for 75% load, 76.10% for 100%
load, 76.93% for MIL mode, and 76.96% for Take-off
mode. According to the results obtained with MOPSA
method, one should focus on reducing the capital
investment cost of GT for a cost-effective system.
Exergoeconomic factor of overall system was determined
to be 23.38% for 75% load, 23.33% for 100% load,
23.24% for MIL mode, and 23.07% for Take-off mode in
SPECO method. In MOPSA method, exergoeconomic
factor of overall system was calculated to be 51.90% for
75% load, 53.59% for 100% load, 54.23% for MIL mode,
and 54.16% for Take-off mode.

SPECO and MOPSA methods gave different results for
exergy destruction cost rates due to that they were based
on different approaches to calculate the exergy
destruction cost rate. The exergy destruction cost rates
obtained with MOPSA were considerably lower
compared the results obtained with SPECO. It is due to
that the ¢, values were lower than the ¢, values. The

differences on exergy destruction cost rates directly
affect the exergoeconomic factor values. Although the
same facts to develop modification strategies were
obtained for each method, some differences could be
observed. For instance, in this study, both methods
proposed exactly opposite strategy for GT. SPECO
proposed to reduce the exergy destruction cost rate to
obtain cost-effective system, while MOPSA proposed to
reduce the investment cost rate for the same equipment.
According to the results obtained by Uysal (2020) and
Uysal et al. (2020), the results obtained for exergy
destruction cost rate obtained with MOPSA are more
trustable compared to the results obtained by SPECO.
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In this study, T56 turboprop engine was theoretically
modelled for 75% load, 100% load, MIL mode, and
Take-off mode conditions. Thermoeconomic analyses of
T56 turboprop engine were performed with using
SPECO and MOPSA methods.

The unit costs of shaft work transferred to propeller and
thrust were higher in MOPSA method compared to the
results obtained with SPECO method. It is due to that
exergy destruction costs were considering in general cost
balance equation of MOPSA method. However, the
general cost balance equation of SPECO method has no
information for exergy destruction cost rates.

MOPSA method gave lower values for exergy
destruction cost rate of system equipment compared to
SPECO method. This was due to that the unit cost of
negentropy value of system was lower than the unit cost
of fuel of system equipment. This differences in results
can lead designers/engineers to develop exactly opposite
strategies. For this reason, further studies can be
performed on costing of exergy destruction. Such studies
will also be helpful for theoretical unification of the
different methodologies of thermoeconomic analysis.
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Ozet: Karayolu ulastirma sektorii icin emisyon regiilasyonlarinin giderek sikilasmasi, igten yanmali motorlarda yeni
emisyon azaltma tekniklerinin uygulanmasini zorunlu kilmaktadir. Egzoz emisyonlarinin azaltilabilmesi i¢in yanma
sonrasinda veya yanma sirasinda birtakim onlemler alinmasi gerekmektedir. Diisiik sicaklik yanma g¢evrimleri hem
diistik emisyon seviyeleri hem de yiiksek enerji doniigiim orani saglamalar1 nedeniyle popiiler bir aragtirma konusudur.
Reaktif kontrollii sikistirma ile ateslemeli (RCCI) yanma modu diger diisiik sicaklik yanma modlarina gére yanma
fazinin daha kontrol edilebilir olmast ve daha genis bir ¢alisma aralig1 sunabilmesi bakimindan avantajlidirlar. Ancak
RCCI modunda motorun her c¢aligma sartinda en yiiksek verimi saglayabilmesi i¢in direkt enjeksiyon piiskiirtme
baslangicinin anlik olarak kontrol edilmesi gerekir. Bu ¢alismada sikigtirma orani 9,2 olan direkt enjeksiyonlu bir
benzin motoru RCCI modda calistirilarak, pliskiirtme baslangici yanma fazinin (KAS50) anlik degisimine gore kontrol
edilmis ve farkl giris sicakliklari igin piiskiirtme avans haritasi ile ¢alisma haritalari elde edilmistir. En genis ¢alisma
aralig1 80°C giris sicakliginda saglanmigtir. Minimum 6zgiil yakit tiiketimi 232,3 g/kWh olarak dl¢iilmiistiir. Kullanilan
motorun sikistirma orani ¢cok diisiik olmasina ragmen 6zgiil yakit tiiketimi degerlerinin oldukg¢a diisiik olmas1 yanma
faz1 kontroliiniin basarili oldugunun bir gostergesidir..

Anahtar Kelimler: Disiik sicaklik yanmasi, RCCI, yanma fazi, motor kontrolii.

CONTROL OF COMBUSTION PHASE WITH DIRECT INJECTION TIMING FOR
DIFFERENT INLET TEMPERATURES IN AN RCCI ENGINE

Abstract: The increasingly stringent emission regulations for the road transport sector require the implementation of
new emission reduction techniques for internal combustion engines. In order to reduce exhaust emissions, some
precautions must be taken after or during combustion. Low temperature combustion cycles are a popular research
subject because they provide both low emission levels and high energy conversion rate. Reactive controlled
compression ignition (RCCI) combustion mode is advantageous in that the combustion phase is more controllable and
offers a wider operating range than other low temperature combustion modes. However, in RCCI mode, the start of the
direct injection must be controlled instantaneously in order to ensure the highest efficiency in every operating condition.
In this study, a direct injection gasoline engine with a compression ratio of 9,2 was operated in RCCI mode, and the
start of the direct injection was controlled according to the instantaneous change of the combustion phase (KA50) and
the injection advance map and operation maps were obtained for different inlet air temperatures. The widest operating
range was achieved at an inlet temperature of 80 °C. The minimum specific fuel consumption was measured as 232,3
o/kWh. Although the compression ratio of the engine used is very low, the specific fuel consumption values are quite
low, which is an indication of successful combustion phase control

Keywords: Low temperature combustion, RCCI, combustion phase, engine control

KISALTMALAR °KA Krank ag1s1 derecesi
LTC Diistik sicaklikta yanma
UONs  Ust 6li noktadan sonra MPRR  Maksimum basing artis orant
UONG  Ust 6lii noktadan 6nce RON Aragtirma oktan sayist
AON6  Alt 6lu noktadan dnce UON Ust 6lu nokta
KAS50 Toplam 1sinin %50’sinin agiga ¢iktigr krank ovYT Ozgiil yakit tiiketimi
agist
RCCI Reaktif kontrollii sikigtirma ile ateslemeli SEMBOLLER
yanma
PR On karisim orani A Is1 transferi yiizey alan1 [m?]
EGR Egzoz gazi resirkiilasyonu A Lambda

IMEP  Indike ortalama efektif basing [bar]



dQ  Isidagilimi

dé  Krank agis1 degisimi

h, Is1 tasimm katsayis1 [W/m?C]
n Motor hiz1 [rpm]

n, Politropik Us

P Silindir basinci [bar]

T, Silindir i¢i gaz sicakligi [°C]
T, Silindir duvar sicakligi [°C]
\Y Silindir hacmi [m?]

GiRisS

Glinlimiizde ulastirma ve tasimacilik sektoriinde

karayolu ulagimi yaygin bir sekilde kullanilmaktadir.
Artan c¢evre kirliligi ve yiiksek yakit maliyetlerine
ragmen, bu sektorde giic ihtiyacinin biiyiik bir kism
halen icten yanmali motorlarla karsilanmaktadir
(Ardebili, 2020). Emisyon regiilasyonlarindaki baskilara
ragmen elektrikli veya hibrit tasitlar pazarda
yayginlasma konusunda sikint1 yasamaktadirlar. Batarya
problemleri, yiuksek maliyet, sarj siiresi, sarj istasyonu
yetersizligi ve iilke altyapilarinin mevcut durumu gibi
bir¢ok neden elektrikli tagitlara gegisi zorlastirmaktadir
(Solmaz ve Kocakulak, 2018; Solmaz ve Kocakulak
2020). Bu nedenle kisa vadede igten yanmali motorlarin
populerligini korumaya devam edecegi 6ngoriilebilir.

Icten yanmali motorlar yiiksek giic yogunluguna sahip
olduklarindan birgok alanda tercih edilmektedirler.
Ancak ¢evreci endigelerin yani sira petrol kaynaklarinin
orta vadede tiikkenecegi konusunda olusan ortak algi,
icten yanmali motorlarda bir yandan emisyonlarin
azaltilmasin zorunlu kilarken, diger yandan verimlilik
artisinin - da  saglanmast gerektigini gdstermektedir
(Ardebili ve ark., 2018; Kocakulak ve Solmaz, 2019).
Buji ile ateslemeli motorlar uygun c¢aligma sartlar
saglandiginda katalitik konvertdr ve direkt enjeksiyonlu
benzin motorlarinda ilave olarak bir azot oksit (NOx)
tutucu bir filtre kullanimiyla egzoz emisyonlari istenilen
seviyede tutulabilmektedir. Ancak buji ile ateslemeli
motorlarin en bilyiik dezavantaji diigiikk enerji doniisim
verimlilikleridir. Buji ile ateslemeli motorlarda vuruntu
nedeniyle  sikistirma  oram1  istenildigi = kadar
arttirllamadigindan termik verim sikistirma ile ateslemeli
motorlara gore daha diisiik mertebelerde kalmaktadir
(Celikten ve ark., 2015). Agir hizmet sektoriinde
sikistirma ile ateslemeli motorlarin tercih edilme nedeni
de sahip olduklar1 yiiksek termik verimleridir. Sikigtirma
ile ateslemeli motorlar i¢in en biiylik handikap yiiksek
miktarda NOx ve is emisyonu salinimlaridir (Ardebili ve
ark., 2020; Celik ve ark., 2016; Solmaz ve ark., 2016).
Daha da 6nemlisi yanma sirasinda bu iki emisyonun es
zamanli olarak azaltilabilmesinin miimkiin degildir ve
yanma sonrasi emisyon azaltma teknikleri oldukca
pahalidir. Bu nedenle diinya iizerinde birgok ulke
oncelikli olarak binek ara¢ sinifinda dizel motor
kullanimini durduracagini agiklamistir.

Geleneksel yanma metotlarinda goriilen bu sorunlardan
dolay1 arastirmalar alternatif yanma modlar1 {lizerinde
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yogunlasmustir. Icten yanmali motorlar icin bu amaca
yonelik olarak diisiik sicaklik yanma ¢evrimi adi verilen
farkl yanma modlar1 lizerinde caligmalar
gerceklestirilmistir. Homojen dolgulu sikistirma ile
ateslemeli (HCCI) yanma, 6n karigimli sikistirma ile
ateslemeli (PCI) yanma ve reaktif kontrollii sikistirma ile
ateslemeli (RCCI) yanma iizerinde ¢alisilan alternatif
yanma modlarmdandir (Uyumaz 2020). HCCI yanmasi
ilk olarak Onishi ve arkadaglari tarafindan 1979 yilinda
tanitilmigtir  (Onishi ve ark., 1979). HCCI yanma
modunda hava ve yakit buji ile ateslemeli motorlarda
oldugu gibi homojen olarak hazirlanir ancak karigimin
tutusturulmasi buji ile degil sikistirma ile ateslemeli
motorlarda oldugu gibi kendi kendine gergeklesir. Bu
yanma modlarinda sikistirma ile ateslemeli motorlarda
oldugu gibi yiiksek sikistirma oranina ihtiyag
duydugundan termik verimleri yiiksektir. Karisim
homojen sekilde hazirlandigindan is emisyonu problemi
bulunmamaktadir. Bununla birlikte benzinli motorlarla
kiyaslandiginda olduk¢a fakir karisim oranlart ile
calistiklarindan yanma sirasinda sicaklik artigi azalir ve
NOx emisyonu da gérilmez (Solmaz, 2020; Calam,
2019a; Polat, 2020). Yanma sicakliklarinin diisiik olmasi
sogutma suyuna kaybedilen 1s1 miktarii  da
azaltacagindan motorun verimi daha da yiikselecektir.
Ancak bu yanma modlarindaki en biiyiik sorun yanma
baslangic1 ve yanma fazinin kontrol edilememesidir.
Bununla birlikte yanma sicakliklarinin diisiik olmasit HC
ve CO emisyonlarini arttirmaktadir. Yanma, yakitin
ozellikleri ve silindir i¢i sicaklia bagl olarak kendi
kendine bagladigindan, her ¢evrimde yanma baglangici
ve yanma hiz1 farklilik géstermektedir. Bu durum bazen
yanmanin istenilenden ¢ok 6nceye bazen de ¢ok sonraya
kaymasina neden olmaktadir ve bunun sonucu olarak
siddetli vuruntu, termik verimde azalma gibi sorunlar
ortaya cikmaktadir. Ayrica yiiksek yiiklerde artan
vuruntu ve diisiik yiiklerde goriilen tekleme sorunu
nedeniyle HCCI yanma moduyla motorun ¢alisma araligi
da olduke¢a kisithh kalmaktadir. Yanma fazinin kontrol
edilememesi ve ¢alisma araliginin darligit HCCI motorun
onuindeki en buyik engel olarak goriilmektedir (Halis ve
ark.,, 2018; Calam 2020a). Bu problemlerin
giderilebilmesi i¢in ¢ok sayida arastirma yapilmistir.
Dahili ve harici egzoz gaz geri doniisiimii uygulamasi
(EGR), alternatif yakit kullanimi (Calam ve ark., 2020b),
girdap orani (Christensen ve ark., 2002), sikistirma
oraninin  degistirilmesi  (Calam ve ark., 2019a;
Haraldsson ve ark., 2002), enjeksiyon zamanlamasi ve
basinci (Sjoberg ve ark., 2002; Helmantel ve ark., 2004),
kam zamanlamas1 (Polat ve ark., 2019, Johansson ve ark.,
2009 ) ve giris hava sicakliginin degistirilmesi (Lida ve
ark. 2003, Calam ve Icingiir, 2019b) gibi pek ¢ok
uygulama denemis ancak istenilen seviyede bir iyilesme
saglanamamustir.

RCCI yanma modu HCCI yanma modunda gorilen
sorunlarin  ¢oziimiine imkan saglayabilmek adina
gelistirilmigtir. Reitz ve ark. (Reitz ve ark., 2013)
tarafindan 2013 yilinda patenti alman RCCI yanma
modunda ¢ift yakit ve katmanli yakit enjeksiyonu
stratejisi ayn1 anda uygulanmaktadir. RCCI modunda
karisimin hazirlanabilmesi i¢in disiik reaktiviteli yakat,



genellikle yiiksek uguculuga sahip ve oktan sayisi yiiksek
olan bir yakit, port yakit enjeksiyonu ile emme
manifolduna puskdrtalir. Silindir icerisinde hava ile
karigan yakit piston tarafindan sikigtirilmaya baslanir ve
piston iist 6lii noktaya (UON) dogru ilerlerken belirli bir
krank acisinda diisiik reaktiviteli yakit ve hava
karigiminin iizerine yiiksek rektiviteli yakit piiskiirtiiliir.
Kendi kendine tutusma Ozellikleri iyi olan yiiksek
reaktiviteli yakit direkt enjeksiyon sistemi ile ylksek
basingta silindire piiskiirtiildiigiinden daha kolay atomize
olur ve bu durum diisiik is olusumu i¢in homojen hava
yakit karisimi  olusturulabilmesine imkan  verir.
Yanmanin baslangici yiiksek reaktiviteli yakitin silindire
plskiirtiiliip karismasindan hemen sonra basladigindan
yanma baslangici yiiksek reaktiviteli yakitin piiskiirtme
baglangici ile kontrol edilebilmektedir. Yanma baglangici
diistik reaktiviteli yakit ile kontrol edilirken yanma hizi
ve 151 yayilimi yiiksek reaktiviteli yakitin 6zellikleri ile
kontrol edilmektedir. Boylece olusturulan homojen
karisim sayesinde is emisyonlarmi sifira indirmekte,
diisiik yanma sicakligit NOX olusumunu engellemekte ve
kontrolli yanma sayesinde daha yiiksek termik verim ve

daha genis c¢alisma arahigi elde edilebilmektedir
(Kokjohn ve ark., 2009).
Diisiik sicaklik ¢evrimleri ile ilgili ¢aligmalarin

bir¢ogunda dizel yakit1 veya benzin yakit1 kullanilmustir.
Her iki yakitin da kendine goére avantaj ve dezavantaji
bulunmaktadir. Benzin yilksek ucuculuk o&zelligi
sayesinde diisiik basingl piiskiirtme sistemi kullanilsa
bile kolayca homojen karisim olusturabilme yetenegine
sahiptir. Ancak kendi kendine tutugma yetenegi kotii
oldugundan  ozellikle  diisiik  yliklerde  yanma
baslatilamamaktadir. Aksine dizel yakitinin kendi
kendine tutugsma ozellikleri olduk¢a iyidir. Fakat bu
Ozellik  yuksek  yiklerde yanma  kontrolind
zorlagtirmaktadir (Liu ve ark., 2008, Kokjohn ve ark.,
2009). Kokjohn, her iki yakitin bu eksikliklerini dikkate
alarak gergeklestirdigi c¢aligmayla RCCI fikrinin
dogmasina zemin olusturmustur (Kokjohn ve ark., 2009).
Bu ¢alismada karigim teskili benzin port enjeksiyon ile,
dizel yakit1 ise emme supabi kapandiktan sonra direkt
enjeksiyon sistemi ile piskirtilerek elde edilmistir.
Uygun yakit reaktivitesi elde edildiginde sadece benzin
ya da dizel kullaninmina gore ¢ok daha disiik yakit
tiketimi degerlerinin elde edilebildigi ve ¢alisma
araliginin ¢ok daha genisletilebildigi tespit edilmistir.
Ayrica bu strateji ile US 2010 agir hizmet sinifi emisyon
regiilasyonlarmin egzozda higbir ilave sisteme ihtiyac
duyulmadan saglanabildigi ve bu sirada %50 termik
verime ulasilabildigi ifade edilmistir. Kokjohn ve ark.
(Kokjohn ve ark., 2011) tarafindan gerceklestirilen diger
bir caligmada hem hafif hem de agir hizmet tipi motorda
RCCI yanma modu denenmigtirr. RCCI yanma
gerceklestirilen her iki motor tipinde de NOx emisyonlar1
0,05 g/kWh ve is emisyonlar1 0,01 g/lkWh degerlerinin
altinda kalirken indike motor verimi % 50’nin iizerine
¢ikmigtir. Hanson ve ark. (Hanson ve ark., 2011) diisiik
yiiklerde yakit ozelliklerinin RCCI yanmasi iizerine
etkilerini incelemek amaciyla bir calisma
gerceklestirilmigtir. Bu ¢alismada hem ¢ift yakat stratejisi
hem de tek yakit olarak benzin ve tutusma iyilestirici
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olarak 2-etilheksilnitrat katkisi kullamlmistir. Katki
ilavesiyle tek yakit olarak benzin kullanildiginda %54
seviyesinde indike termik verim elde edilirken US 20110
emisyon normlarinin karsilanabildigi tespit edilmistir.
Tek yakit konsepti iizerine gergeklestirilen diger bir
calismada setan arttirici katki maddesi di-tersiyerbiditil
peroksit direkt enjeksiyonla piiskiirtiilen benzine katki
maddesi olarak ilave edilmistir. Benzine hacimsel olarak
yapilan %1,75 katki maddesi ilavesiyle benzinin dizele
yakin tutugma Ozelligi sergiledigi belirtilmistir.
Calismada indike termik verimin %57 seviyesine ulastig1
ve emisyon standartlarimin  karsilanabildigi ifade
edilmistir. Direkt enjeksiyonda tek ve ¢ift yakit
enjeksiyonu stratejisi uygulanan bir diger ¢aligmada
enjeksiyon zamanlamasinin RCCI yanmasima etkisi
incelenmistir. Bu ¢aligmada port enjeksiyonda izooktan
ve direkt enjeksiyonda ise n-heptan referans yakitlari
kullanilmistir.  Direkt  enjeksiyon zamanlamasinin
normalden erken yapilmasi karigimin daha homojen
olmasina ve yanmanin HCCI yanmasina yaklagmasina
neden oldugu belirtilmistir. Enjeksiyonun daha geg
yapilmasi ise yanmanin dizel yanmasina dogru
kaymasina yol ag¢tigi ifade edilmistir. Direkt
enjeksiyonun tek kademe yerine cift kademeli olarak
yapilmasinin ise termik verimde %]1°lik bir artiga imkan
saglamakla birlikte, CO ve HC emisyonlarini azalttigi
belirlenmistir (Splitter ve ark., 2011). Uyumaz ve ark.
(Uyumaz ve ark., 2016) tarafindan gercgeklestirilen bir
calismada hava fazlalik katsayisindaki degisimin RCCI
yanmas1 iizerindeki etkisi incelenmistir. Caligsmada
izooktan ve n-heptan referans yakitlari kullanilirken
testler %40 6n karigim oraninda gergeklestirilmistir.
Silindire gonderilen yakit miktar1 arttikga yanma
baslangicinin geciktigi belirtilmistir. Bu durumun daha
fazla yakitin buharlagmasi sonucu silindir sicakligini
diisiirmesinden kaynaklandig1 ifade edilmistir. Hava
fazlalik katsayisi arttikca yakit tiikketiminin azaldigi ve
termik verimin arttig1 tespit edilmistir. Hava fazlalik
katsayist 2,65 de ¢evrimsel farkliliklarin %5,91 oldugu,
daha fakir karisimlarda g¢evrimsel farkliliklarin hizla

artarak %10’un iizerine c¢iktig1 tespit edilmistir.
Gergeklestirilen  diger bir c¢alismada enjeksiyon
zamanlamasinin  RCCI  yanmas1 iizerine etkileri

incelenmistir (Uyumaz ve Solmaz, 2016). izooktan ve n-
heptan kullanilan ¢aligmada n-heptan direkt enjeksiyonla
yedi farkli enjeksiyon zamanlamasi kullanilarak silindire
puskiirtiilmiigtiir. Maksimum indike termik verimin

direkt  enjeksiyonun ~ UON’dan  80°  &nce
gerceklestirildiginde  %42,47 olarak elde edildigi
belirlenmistir.

Literatiirdeki  c¢aligmalar  incelendiginde  ¢esitli

parametrelerin RCCI yanma karakteristikleri ve motor
verimlerine etkilerinin incelendigi goriilmektedir. Bu
calismada emme havasi girig sicakliginin RCCI yanmast
iizerindeki etkileri parametrik olarak incelenirken ayni
zamanda 6zgl yakat tiikketimi haritalar1 ¢ikartilarak hem
RCCI ¢aligma araliginin nasil degistigi hem de motorun
RCCI modunda en verimli c¢alisma bdolgeleri
belirlenmistir. Motoru RCCI modda optimum verimle
calistirabilmek i¢in direkt enjeksiyon piiskiirtme
baslangici KAS50 acist dikkate alinarak her c¢alisma



noktasi i¢in degistirilmis ve bdylece piiskiirtme avansi
haritalar1 da elde edilebilmistir.

DENEY DUZENEGI VE YONTEM

Deneyler dort silindirli direkt enjeksiyon sistemine sahip
bir GM Ecotec buji ile ateslemeli motorunda referans
yakitlar  izooktan =~ ve  n-heptan  kullanilarak
gerceklestirilmistir. Deney motoruna ait teknik 6zellikler
Tablo 1°’de goriilmektedir. Deneylerde kullanilan
referans yakitlarin  Ozellikleri ise daha Onceki
caligmalarda verilmistir (Arora, 2016; Halis ve ark.,
2018; Calam ve Igingiir, 2019c). Motorun RCCI
modunda  ¢alistirilabilmesi  igin  motorun emme
manifolduna daha sonradan montaji gergeklestirilen
sekiz adet port tipi diisiik basing yakit enjektoriinden dort
adedi kullanilmistir. Port tipi yakit enjektdrlerinden
diistik reaktiviteli izooktan yakiti emme manifolduna
puiskiirtiilmistiir. Yiiksek reaktiviteli yakit n-heptan ise
motorun orijinal donanimi olan direkt yakit enjektorleri
ile dogrudan silindir igerisine piiskiirttilmiisttir. Port tipi
yakit enjeksiyonunda piiskiirtme basinct 3 bar iken,
direkt yakit enjeksiyonu 100 bar basincinda
gerceklestirilmistir. Deney motorunun RCCI modda
calistirilabilmesi i¢in motorun orijinal kontrol iinitesi
devre dis1 birakilarak motor {izerindeki tim isleticiler
dSPACE markasina ait olan MicroAutobox mikroiglemci
birimi ile RapidPro siiriicii birimi kullanilarak kontrol
edilmigtir.

Haberlesme ve motor kontroliiniin sematik bir goriintimii
Sekil 1’de verilmistir. Gelistirilen Simulink modeli ile
motor Tlizerindeki isleticiler ger¢ek zamanli olarak
kontrol edilebilmektedir. MicroAutobox I
Matlab/Simulink Uzerinden programlanabilen 900 MHz
hiza sahip, analog giris ve ¢ikislari ile sensorlerden gelen
bilgileri anlik toplayarak gercek =zamanli kontrol
yapmaya imkan sunan bir islemci igermektedir. RapidPro
ise kullanict arayiiziinden gerceklestirilen girdiler
dogrultusunda MicroAutobox’in hesaplayarak kendisine
gonderdigi sinyaller dogrultusunda {izerinde bulunan
stiriciiler vasitastyla motor {izerindeki isleticileri
calistirabilmektedir. Motor Kkontrolii i¢in hazirlanan
Simulink modeli islemci {izerine gomiilerek, dASPACE
kontrol arayiiziinden yakit miktari, 6n karigim orani (PR),
gaz kelebegi konumu, EGR valfi konumu, atesleme
sistemi, emme havasi giris sicaklig1 ve basinci ile yiiksek
basing pompasi ¢ikis basinci gibi motor yonetimine etki
eden parametreler anlik olarak kontrol edilebilir hale
getirilmistir.
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Sekil 1. Haberlesme ve motor kontroliiniin sematik gésterimi

Tablo 1. Caligma yapilan motorun teknik zellikleri

Model GM Ecotec 2.0L GDI
Turbo DOHC
Silindir Cap1 x Strok [mm] 86 x 86
Silindir Sayisi 4
Silindir Hacmi [cc] 1998
Sikigtirma Orani [mm] 9,2:1
Maksimum Motor Giici 164
[kW @5300 d/d]
Maksimum Motor Torku 353
[Nm @2400 d/d]
Emme Supap1 Agilist :
[°KA UONG] 25,5/-24,5
Emme Supap1 Kapanmasi :
[°KA AON©] 2/-48
Egzoz Supap1 Acilisi :
[°KA AON©] 36/-14
Egzoz Supap1 Kapanmasi :
[°KA UONG] 22)-28

Tablo 1°de teknik 6zellikleri verilen deney motoru 460
HP giicinde AC bir dinamometreye baglanmigtir ve
motora ilk hareket dinamometre tarafindan verilmistir.
Emme havast giris sicakligt emme manifoldu ile gaz
kelebegi arasina konumlandirilan elektrikli bir 1sitict ile
degistirilmistir. Bu  1sitictnin - kontrolii  dSPACE
tizerinden yapilmistir. Yakit tiiketimi hem PFI hem de DI
enjektorlerin  agik kalma siirelerine bagli olarak
puskiirttiikleri yakit miktarlar1 %0,1 dogrulukta 6lgiim
yapabilen coriolis tip Micro Motion 1700 yakit
debimetresi ile kiitlesel olarak Sl¢iilmiistiir. Elde edilen
dogru denklemleri Simulink modeline gomilmistiir.
Boylece kullanici ara yiiziinden piiskiirtiillmesi istenen
yakit miktart ve istenen O6n karisim orami girildiginde,
enjektorlerin  agik  kalma siireleri  MicroAutobox
tarafindan hesaplanmustir. Tlgili motorda yakit miktarinin
ayarlanmas1 ve enjektdr kontrolii ile ilgili daha detayli
aciklama Halis ve ark. tarafindan 2018 yilinda
yayimmlanan bir c¢alismada sunulmustur (Halis ve ark.,
2018).

Silindir i¢i basincin  Odl¢lilmesinde 20,3  pC/bar
hassasiyetindeki PCB marka 115A04 model basing
sensoril kullanilmustir. Elde edilen basing voltaj sinyali
sarj amplifikatorii ile yikseltilerek yanma analiz
sistemine 1°KA ¢oziiniirliikte bir enkoder kullanilarak
kaydedilmistir. Egzoz gaz sicakliklar1 egzoz manifoldu



lizerinde egzoz valfinden yaklasik 5 cm uzakta kalacak
sekilde yerlestirilen K tipi termokupllarla dl¢iilmiistiir.
Lambda degerinin 6l¢iimiinde BOSCH LSU 4.9 genis
bantli lambda sensorii kullanilmistir.

Deneyler 40, 60, 80 ve 100 °C olmak tizere dort farkli
emme havast giris sicakliginda gergeklestirilmistir.
Deney yakiti olarak izooktan ve nheptan referans
yakitlar1  kullanilmistir.  Diisiik  reaktiviteye sahip
izooktan port yakit enjeksiyon sisteminden, yiiksek
reaktiviteli nheptan ise direkt enjeksiyon sisteminden
piiskiirtiilmiistiir. On karisim oram tiim deneylerde %20
(PR20) olarak sabit tutulmustur. Bu oran silindire siiriilen
enerjinin %20 sinin porttan geri kalan kisminin da direkt
enjeksiyonla silindire gonderildigini ifade etmektedir.
Deney diizeneginin sematik goriinimii  Sekil 2’de
verilmistir. Deneylere her giris sicakliginda da 800 rpm
motor hizindan baglanilmis ve motorun tekleme
yapmadan ¢ikabildigi maksimum motor devrine kadar
veri toplanarak her giris sicaklig1 i¢in ¢alisma haritalari
elde edilmistir. Yiikke ve motor hizina bagl haritalarin
elde edilebilmesi i¢in hem motor hizinin hem de motor
yiikiiniin  degistirilmesi gerekmektedir. Bu ¢alisma
kapsaminda RCCI yanma modunun dogas1 geregi motor
yikkii  silindire  gonderilen  yakit miktart ile
degistirilmistir. Bu amagla her motor devri i¢in, motorun
tekleme yapmadan c¢alisabildigi ve miisaade edilen
vuruntu siirt araliginda kalan yiik bolgesi lambdanin
degistirilmesi suretiyle taranmustir. Belirli bir motor
devrinde lambda motor vuruntu sinirina gelene kadar

azaltilarak deneylere baslanilmistir. Lambda degeri
kademeli bir sekilde arttirilarak bir motor devri igin
motor tekleme sinirina gelene kadar yaklasik 4-5 farkli
lambda degerinde veri kaydedilmistir.

Diisiik sicaklik yanma ¢evrimlerinde yanma baglangici,
yanma hizi ve siiresi kimyasal kinetiklere, motorun
sikistirma oranina, icerde birakilan art gaz miktaria ve
giris havasi sicakligina dogrudan baglhdir. Bu ¢alisma
kapsaminda kullanilan motor buji ile ateslemeli direkt
enjeksiyonlu bir motor oldugundan sikistirma orani 9,2
gibi yakitin kendi kendine tutusmasina ¢ok da imkan
vermeyecek bir degerdir. RCCI yanma modunda yakitin
kendi kendine tutugmasi beklenildiginden diigiik
sikistirma oranini telafi edecek bazi onlemler alinmasi
gerekmektedir. Bu calisma kapsaminda yakitin kendi
kendine tutusmasini saglayabilmek amaciyla emme
havasinin 1sitilmasina ilave olarak, tiim test sartlarinda
egzoz supabi iist 6lii noktadan 22 derece daha once
kapatilarak silindir icerisinde yiiksek sicaklikta art gaz
kalmasi saglanmustir.

Silindir i¢i 1s1 dagilimi termodinamigin kapali sistemler
icin  verilen birinci  kanunundan  yararlanilarak
hesaplanmistir. Sekil 3’te yanma odasina ¢izilen kapali
sistem sinirlart ve bu sinirlar boyunca gerceklesen is ve
1s1 gegisleri goriilmektedir.
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Sekil 2. Deney diizeneginin sematik gosterimi
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Sekil 3. Yanma odasi kapali sistemi

Supaplar ve segmanlardan meydana gelen kiitle kagaklari
ihmal edildiginde sistem kapali sistem olarak ele
alinabilir. Bu durumda sistemde yanma sonucu bir miktar
1s1 agiga ¢ikmakta, silindir duvarlarindan sogutma
suyuna bir miktar 1s1 gegisi olmakta ve sistem piston
iizerinde sinir isi gergeklestirmektedir. Termodinamigin
birinci yasasinin kapali sistemler icin verilen seklinden,

dQ— oW —dQ, =dU )

elde edilir. Burada dQ ve dQ, sirasiyla yakitin yanmasi

sonucu a¢iga ¢ikan 1s1 miktarini ve silindir duvarlarindan
transfer edilen 1s1 miktarini ifade etmektedir. I¢ enerji ve
is terimleri yerine yazilip esitlik tekrar diizenlendiginde,

dQ =mc,dT + pdV +dQ, 2

olarak yazilabilir. ideal gaz kanununun tiirevinden,

dT = inp L pdV 3)
mR mR
elde edilir. Son ifade esitlik 2’de yerine yazilarak,
1 1
dQ =mc, (—Vdp +— pdv ) +pdV +dQ, 4)
mR mR
elde edilir. Bu esitlik tekrar diizenlendiginde,
dQ=—% vdp+|1+—> |pdv +dQ, )
C, —C, ¢, —C,

bulunur. Son esitlikte 6zgiil 1silarin orani, politropik iis
n, kullanilarak,

1

" pav +
n -1

C C

dQ = (6)

1VdP +dQ,

belirlenir. Son esitlik yanma odasinda yakitin yanmasi
sonucu agiga ¢ikan 1s1  miktarmin  hesabinda
kullanilmaktadir. Agiga ¢ikan 1s1 miktarini krank agisi
bagina hesaplayabilmek i¢in esitlik,

d_Q: nc d_V+ 1 Vd_P_’_d&
40 n-1 do n -1 do do

()
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seklinde diizenlenebilir. Son esitlik silindir igerisindeki
1s1 dagilim oraninin hesabinda kullanilmaktadir. Esitlikte

aQ,

d - T
£ net 181 dagilimi oranint, ise silindir duvarimdan

transfer edilen 1s1y1 ifade etmektedir. Silindir duvarindan
transfer edilen 1s1 miktari,
1

dQ, 1

= 8
d¢ 6n &

th(Tg —Td)

esitligi kullanilarak hesaplanmistir. Son esitlikte yer alan
181 tagiim katsayist h, modifiye edilmis Woschni

esitligi ile hesaplanmistir (Chang ve ark., 2004).

Deneysel 6l¢iimlerdeki belirsizliklerin tanimlanabilmesi
icin  deneysel veriler Uzerinde hata analizi
gerceklestirilmigtir. Hata analizi i¢in kareleri toplaminin
karekokii metodu kullanilmistir (Taylor ve Kuyatt,
1994). Olgiilen ve hesaplanan bazi degerlerle ilgili
belirsizlik araliklar1 Tablo 2°de goriilmektedir.

Diisiik sicaklik yanma g¢evrimlerinin tamaminda oldugu
gibi, RCCI yanma moduyla calisan bir igten yanmali
motorun ¢alisma aralig1 vuruntu ve tekleme bolgeleriyle
siirlandirilmaktadir. Yiksek vuruntu motor
parcalarinda asir1 1s1l gerilmeler ile mekanik arizalara
sebep olurken, tekleme motorun diizenli calisma ve
diizenli gii¢ ¢ikis1 verebilme yetenegini azaltmaktadir ve
bazi1 durumlarda motorun stop etmesine de neden olabilir.
Silindir basincinda derece basina 8-10 barlik bir artig
orani asirt vuruntu olarak tanmimlanmakta ve igten
yanmali motorlarin bu seviyede bir vuruntudan zarar
gorecegi belirtilmektedir. Sekil 4 (a)’da gosterildigi gibi
silindir basincinin tiirevinin alinmasiyla basing artig orant
belirlenebilir. Bu egrinin maksimum degeri ilgili
¢evrimdeki maksimum basing artis oranint (MPRR)
vermektedir. Deneylerde tekleme ise indike ortalama
basing degerlerinin (IMEP) ardisik yiiz ¢evrimdeki
degisimleri dikkate alinarak belirlenmistir. Sekil 4 (b)’de
ardisik yiiz ¢evrimdeki IMEP degerleri goriilmektedir.
Bu degerler kullanilarak hesaplanan standart sapmanin
ortalama IMEP degerine oranlanmasiyla bulunan
varyans katsayisinin  (COVimep) %10’u asmasi
durumunda motorda asir1 tekleme ve stop etme durumlari
meydana gelmektedir (Cinar ve ark., 2016; Heywood,
1988; Yilmaz, 2019 ). Silindire siiriilen toplam enerjinin
%10 ve %90’ min agiga c¢iktig1 krank agilar1 sirasiyla
yanma baslangici (KA10) ve yanma sonu (KA90) olarak
tanimlanmaktadir. Bu iki krank agisinin fark: ise krank
ac1s1 cinsinden yanma siiresini ifade etmektedir. Yanma
faz1 olarak da ifade edilen, silindire siiriilen yakitin
yarisinin ~ yandigi  krank agisi  KAS0  seklinde
tanimlanmakta ve motor verimi {izerinde onemli bir
etkisi bulunmaktadir (Solmaz, 2015; Yilmaz, 2019;
Calam, 2020c). Silindir i¢in yanma agisindan onemli
bilgiler ihtiva eden bu degerler Sekil 4 (c)’de goriilen
kiimiilatif 1s1 dagiliminin normalize edilmesiyle elde
edilen egri lizerinden kolaylikla belirlenebilmektedir.



50 —— T T 7
6
40 -
©
£ 301 e
g 3
& 20+ a
m
= H1
£ 19 Lo
=
04 -1
2

100 -80 -60 -40 20 0 20 40 60 80 100
Krank Agisi (derece)

Basing Artis Orani (bar/derece)

1201 ©
C
< 100
X
L=}
S 80+
(S 60
2 401
= 4 Paskdrtme 1 4
2 baslangici \
= P
@ N
-20 -

8 544, . -
~ - - - - ‘l .l
8ﬂ52-“‘ y u Il... u .l‘.
@ ] w . =g o "
© - L] - L L] e ']
95’0_ e ’-.ll.‘ll T
i = L] .l - [ ]
4 LI |
ﬁ 4,8 . - - . - B
g 4,6 ‘a L]
]
@ 4.4 N
% 4214p)..." VCQVimep=100 (V)'imeplrlmep
x T T T T T
2 0 20 40 60 80 100
Cevrim Sayisi
Tl =
F10 E
0,9 o
: ©
1 KA90 08 A
L 07 &
: F06 =
0,5 %
L04 E
o3 2
0,2 ﬂ‘)
+0,1 =
0,0 g
01 ©
b4

-50-40-30-20-10 0 10 20 30 40 50 60 70 80

Krank Agisi (derece)

Sekil 4. Bazi yanma parametrelerinin belirlenmesine yonelik 6rnekler

Tablo 2. Olgiilen ve hesaplanan degerlerdeki belirsizlikler

—_— - Belirsizlik araligi
Parametre Olgilim araligt () &

Min. | Maks. | Min. Maks.
Lambda [-] 1,0 3,96 0,01 0,04
Is1 dagilim orami
[Jouleg/°KA] -1,61 | 84,03 0,05 1,88
KA50 [°KA] -10 20 1 1
Yanma sdiresi
[°KA] 8 29 1 1
IMEP [kPa] 259,3| 798,1 3,4 6,8
Motor torku [Nm] | 24,8 | 71,2 0,2 0,7
OYT [g/kwh] 232,2 | 365,2 2,7 5,8
COVIMEP [%] 1,21 | 942 | 0,01 0,09
MPRR [kPa/CAD] | 84,9 | 1609,4 1,9 36,1

DENEY SONUCLARI VE DEGERLENDIiRME

Calisma kapsaminda RCCI bir motorda farkli emme
havast giris sicakliklart i¢in motorun ¢aligabildigi tiim
devir ve yik sartlarinda maksimum = verimi
saglayabilmesi i¢in direkt enjeksiyon piiskiirtme
baglangicinin optimize edilmesi hedeflenmistir. Motor
verimliligi ile yanma fazi arasinda dogrudan bir iligki
bulunmakta ve RCCI modunda yanma fazi1 direkt
enjeksiyon plskiirtme baglangiciyla degisim
gostermektedir. Bu nedenle sonu¢ ve degerlendirme
bolumiinde ilk olarak sabit bir motor devrinde ve emme
havasi giris sicakliginda farkli hava fazlalik katsayilari
icin direkt enjeksiyon piiskiirtme baslangici ile KAS50
arasindaki iligki agiklanmistir. Daha sonra motorun farkli
sicakliklart i¢in yiik ve hiz bakimindan ¢alisma araliklart
sunulmus ve optimize edilmis KAS50 degerleri icin
motorun direkt enjeksiyon piiskiirtme avansi haritasi
sunulmustur. Son béliimde ise optimum piiskiirtme avans
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degerleri kullanilarak elde edilen 6zgiil yakit tiiketimi
haritalarina yer verilmistir.

' KA50 (°KA UONs)

22 -1,969
g 0,8672
€ 204 ’
3 3,703
% 18
= 6,539
2
S 164 9,375
x
T 14
3 1,4 12,21
L PR20
g 121 1000 rpm 1505
T T, =40°C

1'0_12211 . L 1 =

20 30 40 50 60 70 80 90 100

Direkt Enjeksiyon Piiskiirtme Baslangici (KA UON®)
Sekil 5. Direkt enjeksiyon zamanlamasmin yanma fazi
Uzerindeki etkisi

Daha once belirtildigi tizere HCCI yanma modunun en
biiylik handikaplarindan birisi yanma fazinin kontrol
edilememesidir. Bu nedenle motorda ya asirt vuruntu ya
da tekleme problemi gérilmektedir. Her iki durumda da
motorun termik verimi énemli 6l¢iide azalmaktadir. Icten
yanmali motorlardan maksimum termik verimin
alinabilmesi i¢in KAS50 degerinin UONs 7-10 °KA
araliginda olmasi gerekmektedir (Heywood, 1988). Bu
soruna bir ¢ézlim olabilmesi amaciyla gelistirilen RCCI
yanma modunda silindir icerisine direkt olarak
puskdrtllen ylksek reaktiviteli yakitin piiskiirtme
zamanlamasi yanma fazini1 daha kontrol edilebilir hale
getirmektedir. Sekil 5’te 1000 rpm motor hizi ve 40 °C
emme havasi giris sicaklifinda, PR20 i¢in KAS50
degerinin direkt enjeksiyon piiskiirtme agisina ve hava



fazlalik katsayisina bagli degisimini gostermektedir.
Sekil 5 incelendiginde KAS50 agisinin piiskiirtme agisina
bagli olarak biiyiik 6l¢iide degistigi ancak hava fazlalik
katsayis1  degisiminden ¢ok fazla etkilenmedigi
goriilmektedir. Grafikte goriildiigli iizere, belirtilen test
sartlar1 icin en uygun piiskiirtme agistnin UON’den 25-
35 derece oOnce araligindadir. Ancak buradan
anlasilabilecegi gibi, her farkli giris havasi sicakligi, 6n
karisim orani ve motor hizi ig¢in uygun piiskiirtme agisi
da degisecektir. Bu durumda fakl test sartlari igin direkt
enjeksiyon piiskiirtme zamanlamasinin sabit tutulmasi
gercek motor performansinin goriilememesine neden
olacaktir. Ancak optimum motor performansinin
belirlenmesi igin her test sartinda farkli piiskiirtme agilari
icin data toplanip bunlarin islenerek en uygunlarinin
belirlenmesi ise ¢ok fazla is ylikii anlamina gelmektedir.
Bu ikilemi ortadan kaldirabilmek igin, bu c¢alismada
KAS50 degerine gore bir veri toplama sistemi
gelistirilmistir. Deneyler sirasinda kullanilan basing
Olciim sistemi KAS50 degerini gercek zamanli olarak
kullanici ara yiiziine aktarabilmektedir. Bir test sirasinda
on karigim orani, motor hizi, giris sicakligi ve lambda
belirlendikten sonra en uygun veri i¢in KA50 degeri
UONs 7-10 °KA araligina denk gelecek sekilde
piiskiirtme agis1 degistirilerek tiim veriler alinmistir. Bu
sayede calisma neticesinde motora ait uygun piiskiirtme
agis1 haritasi elde edilmistir.
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Sekil 6. Emme havasi sicakliginin RCCI motorun ¢alisma

araligina etkisi

Diisiik sicaklik yanma ¢evrimlerinde motorun calisma
araligt ~ vuruntu  ve  tekleme  limitleri  ile
simirlandirilmaktadir. Diisiik yiiklerde silindire surilen
yakit miktar1 azaldigindan ortalama cevrim sicakligi
oldukg¢a diismektedir. Bu durumda art gazlarin ve silindir
duvarlarinin da sicaklig1 giderek azalir. Bu nedenle takip
eden ¢evrimlerde yakitin kendi kendine tutusmasi
zorlagmakta ve teklemeler g6rilmektedir. Motor
yiikiiniin arttirilabilmesi igin sikigtirma ile ateslemeli
motorlarda oldugu gibi silindire gonderilen yakit miktari
arttirilir. Lambda giderek azalirken motor yiikii ve ayni
zamanda vuruntu miktar1 da artar. Silindirde gergeklesen
es zamanli yanma sonucu 1s1 dagilim oraninin ¢ok yiiksek
degerlere ulagmasi silindir igerisinde ani bir basing
ylikselmesine ve dolayisiyla vuruntuya neden olur. Sekil
6’da farkli emme havasi sicakliklarinin RCCI motorun
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caliyma araligina etkisi goriilmektedir. Deneylerde 6n
karigim orami ve giris sicakligr sabitlendikten sonra motor
hiz1 800 rpm’den itibaren 200 rpm araliklarla arttirilmigtir.
Her devirde yakit miktar1 tekleme sinirindan itibaren
vuruntu sinirina kadar arttirilarak motorun hem yiik hem
de devir aralig1 belirlenmistir. Goriildiigii lizere emme
havast sicaklign fark etmeksizin biitin  caligma
araliklarinda diistik yiiklerde lambda yiiksek degerler
alirken, motor yiikii arttikca lambda azalmustir. Tiim giris
havasi sicakliklarinda lambda 1 civarinda vuruntu siddeti
arttigindan motor yiikii daha fazla arttirilmamistir. En
kiicik caligma araligt 40°C giris sicakliginda
goriilmektedir. Diisiik sicakliklarda fakir karigimlarin
kendi kendine tutusabilmesi zorlagmakta ve ¢alisma araligi
sinirl kalmaktadir. Giris sicakligr arttikca motor devrinin
arttirilabildigi  goriilmektedir. 80 °C giris havasi
sicakliginda motor devri 2200 rpm’e kadar ¢ikmaktadir
ancak 100 °C giris sicakliginda maksimum motor devri
2000 rpm’de kalmaktadir. Sicaklik artisi yakitin kendi
kendine tutusabilmesine yardim etmekte ancak aym
zamanda motorda voliimetrik verimin de azalmasina
neden olmaktadir. 100 °C’de motor hizinin azalmasmin
nedeni voliimetrik verimin iyice azalmasidir. Bu nedenle
giris havasi sicakliginin PR20 kullanildiginda maksimum
80 °C’ye kadar ¢ikarilmasi uygun olacaktir.

Sekil 7°de motor hizi, hava fazlalik katsayist ve emme
havasi sicakligr degiskenlerine bagli olarak KA50 agisini
UONs 7-10 krank acis1 derecesi araliginda tutabilmek
icin  gerekli olan piiskiirtme acist  haritalar
goriilmektedir. KA50’yi istenilen aralikta tutabilmek icin
motor hizi arttik¢a piiskiirtme avansinin da arttirilmasi
gerektigi Sekil 7 (a)’da goriilmektedir. Motor hizi
arttitkga fiziksel olarak yanma siiresi ¢ok fazla
etkilenmemesine ragmen, krank birim zamanda daha
fazla yol aldigindan yanma siiresi krank acist cinsinden
uzamaktadir. Bu durumda KASO agisini  motor
verimliligi agisindan uygun noktalarda tutabilmek i¢in
puskiirtme avansin arttirmak gerekmektedir.

Benzer bir yaklagim hali hazirda konvansiyonel bir
yanma modu olan dizel motorlarinda da
uygulanmaktadir. Sekil 7 (a)’da goriildigi tizere hava
fazlalik katsayisinin yanma fazi {izerinde onemli bir
etkisi bulunmamaktadir. Homojen dolgulu motorlar olan
buji ile ateslemeli motorlarda yanma alev cephesi
seklinde molekiilden molekiile ilerleyerek devam
etmektedir. Bu tip bir yanma seklinde HC molekiillerinin
yakin ¢evresinde oksijen molekiili bulamamasi
durumunda yanma HC molekili silindir icerisindeki
girdabin etkisi ile oksijen bulunan baska bir noktaya
ilerleyene dek yavaslayacaktir. Ancak RCCI yanma
modunda yanma silindirin neredeyse tamaminda es
zamanli olarak bagladigindan karisimin fakir veya zengin
olmasi yanma hizzim ¢ok fazla etkilememektedir.
Dolayisiyla optimum KAS0 acist icin direkt enjeksiyon
puskiirtme zamanlamasinin hava fazlalik katsayisindan
bagimsiz oldugu ifade edilebilir. Geri beslemeli bir
kontrol algoritmasiyla bir motor kontrol {initesi tasarimi
yapilmasi durumunda bu bagimsizlik RCCI modu igin
yazilimin daha da kolaylagsmasina imkan saglayacaktir.
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Sekil 7. Optimum KAS50 igin piiskiirtme baslangicinin degigimi

Sekil 7 (b)’de ise farkli emme havasi giris sicakligl ve
motor devrinde istenilen KA50’nin elde edilebilmesi igin
gerekli piiskiirtme baglangict ag1 haritas1 goriilmektedir.
Sekil 7 (a)’da oldugu gibi, yanma kinetiginin ve icten
yanmali motor dogasinin bir geregi olarak motor devri
arttikca piiskiirtme baslangicinin daha erkene alinmasi
gerektigi anlasilmaktadir. Emme havast giris sicakligi
yanma kinetikleri bakimindan onem arz eden bir
parametredir. Emme sicakliginin artmasi sikigtirma sonu
ve yanma sonu sicakliklarinin ve dolayisiyla da egzoz
gaz sicakliklarinin artmasina neden olur. Giris havasi
sicakliginin  arttirtlmast  yanmanin  kendi  kendine
baglamasmin istenildigi  diisiik  sicaklik  yanma
¢evrimlerinde yanmanin 6zellikle daha fakir karisimlarda
daha kolay baslatilabilmesine imkan saglamaktadir.
Homojen dolgulu motorlarda giris sicakligr arttikg¢a yakit
kendi kendine tutugsma sicakligima daha kolay
ulasacagindan, dogal olarak yanma baslangici da one
almmis olacaktir. Bu durumda yanma fazinin kontroli
zorlasir ve motor verimli ¢aligma bolgesinden uzaklasir.
RCCI yanma modunda direkt enjeksiyon zamanlamasi
motorun istenilen verimli bélgede tutulabilmesine imkan
saglamaktadir. Ornegin 1200 rpm motor hizinda
KA50’yi UONs 7-10 derece krank agist araliginda
tutabilmek i¢in ihtiyag¢ duyulan piiskiirtme avansi, 40 °C
giris sicakligi icin 50 derece krank agis1 iken, 60, 80 ve
100 °C igin sirasiyla 43, 35 ve 29 derecedir. Giris
sicakligi arttikca piiskiirtme avansinin  azaltilmasi
gerektigi buradan goriilmektedir. Ancak burada direkt
enjeksiyon kontroliiniin KAS50 agisina gore geri
beslemeli olarak gergeklestirilmesi ¢ok yiiksek hizli
gercek zamanli ve yiiksek maliyetli islemciler
gerektirmektedir. Bunun yerine sekilde gortilen harita bir
gomuall  sistem Uzerinden motor  kontroll icin
kullanilabilir. Bu nedenle bu ¢aligmada emme havasi
sicakliginin veya direkt enjeksiyon zamanlamasinin
parametrik  olarak RCCI  yanmast ve motor
performansina  etkisinin  incelenmesinin  yaninda,
kullanilabilir bir ¢iktiya donistiiriilebilmesi adma bu
caligma haritalar1 da sunulmustur.
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Sekil 8. Emme havasi sicakliginin RCCI motorun ¢alisma
araligina etkisi

Sekil 8 silindir basinct ve 1s1 dagilim oranlarinin farkl
farkli  giris  sicakliklarindan nasil  etkilendigini
gostermektedir. Grafigin elde edilmesinde kullanilan
datalar 1000 rpm motor hizinda ve hava fazlalik
katsayisinin 2 oldugu sartlarda toplanmustir. Sekilde
goriildiigii lizere tiim giris sicakliklart i¢in yanma
baslangici  neredeyse aynidir. Normal sartlarda
parametrik olarak gerceklestirilen bir ¢alismada emme
havast sicakligi arttikga yanma baslangicinin ve yanma
fazinin daha erken krank agiglarinda meydana gelmesi
beklenmektedir. Dolayistyla bu durumda yanma fazi 6ne
kaydigindan, istenilen ¢aligma sartlari icin sanki tek bir
sicakligin sagladigr yanilgist ortaya ¢ikmaktadir. Sekil
8’de 40 °C, 60 °C ve 100 °C emme giris sicakliklar1 i¢in
KAS50 ac1s1 UONs 7 °KA iken, 80 °C giris sicaklig1 igin
UONs 6 derece krank agis1 olarak gerceklestigi tespit
edilmigtir. Yanma fazinin bu aralikta tutulabilmesi igin
kullanilan direkt enjeksiyon piiskiirtme agilar1 40, 60, 80
ve 100 °C icin sirastyla UONG 35, 37, 35 ve 20 derece
krank agisidir. KAS0 agilar incelendiginde, 80 °C de
meydana gelen 1 derecelik fark kullanilan enkoder
¢oziinlirligliniin 1 derece olmasindan
kaynaklanmaktadir. Enkoder ¢oziiniirliigii  kontrol
hassasiyetini etkilemektedir. Dolayistyla Sekil 7°de
verilen haritalarda da + 1 derecelik bir sapma gorulebilir.
Ancak yine de yanma fazinin tiim giris sicakliklar1 igin



istenilen aralikta tutulabildigi ifade edilebilir. Sekil 8’de
dikkat ¢eken diger bir nokta ise farkli giris sicakliklarinda
ortaya ¢ikan maksimum silindir i¢i basing degerleridir.
Gorildigi iizere maksimum basing 40 °C emme havasi
sicakliginda 35 bar olarak oSlciilmiistiir. En diisiik pik
basing ise 100 °C giris sicakliginda 29 bar olarak elde
edilmigtir. Daha 0Once gergeklestirilen parametrik
calismalarda, emme havast sicakligimin  etkisi
incelenirken diger tiim parametreler sabit tutuldugundan
giris sicakligr arttikca vuruntu egiliminin de artmasiyla
maksimum silindir basinglarinin arttigi goriilmiistiir.
Ustelik bu basing artis1 yiiksek sicaklik nedeniyle azalan
volimetrik verime ragmen meydana gelmektedir.

Silindir  sicakliginin ~ artmasindan  olumsuz  yonde
etkilenen volumetrik verim de termik verimin
azalmasinda rol oynamaktadir. Bu nedenle parametrik
olarak inceleme yapildiginda motor performansini tam
olarak degerlendirebilmek miimkiin degildir. Sekil 8 i¢in
degerlendirme yapildiginda, maksimum indike termik
verimin %40,32 olarak 40 °C giris sicakliginda elde
edildigi belirlenmistir. En diigiik indike termik verim ise
100 °C giris sicakliginda %34,8 olarak hesaplanmistir.
Yanma fazlar1 ve hava fazlalik katsayilar1 aynt olmasina
ragmen, emme havasi sicakligi artikca maksimum
silindir basincinin ve indike termik verimin azalmasi,
voliimetrik verimin diismesi ve artan gaz sicakliklar

(Calam, 2019b). Ancak maksimum basing artmasina nedeniyle 181 kayiplarmin fazlalagmasindan
ragmen termik verimin uygun olmayan yanma fazi ve kaynaklanmaktadir.
artan vuruntu siddeti nedeniyle azalmasi ka¢inilmazdir.
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Sekil 9. Farkli giris sicakliklari igin 6zgiil yakit tiikketimi haritalari

Sekil 9°da dort farkll girig sicaklig i¢in optimum KAS50
yaklagimi kullanilarak elde edilen fren o6zgiil yakit
tilketimi haritalar1 goriilmektedir. Haritalar ayrica motor
hiz1 ve fren motor torku ¢aligma araliklarii da ifade
etmektedir. Grafiklerin eksen ve renkli kontur skalalar
anlagilabilir olmas1 ve kiyaslamay:1 kolaylastirabilmek
amaciyla aynmi araliklarda secilmistir. Minimum 0zgiil
yakit tiiketimi 232,3 g/kWh olarak 40 °C giris
sicakliginda elde edilirken, maksimum ozgiil yakit
titketimi 100 °C giris sicakliginda 365,1 g/kWh olarak
elde edilmistir. Disiik giris sicakliginda voliimetrik
verimin daha iyi olmasi nedeniyle harita geneline
bakildiginda daha diisiik 0Ozgiil yakit tiiketimi
degerlerinin elde edildigi sdylenilebilir. Yine voliimetrik
verimin etkisiyle maksimum motor torkunun 40 °C girisg
sicaklig icin diger giris sicakliklarina gdére daha yiiksek
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oldugu sicaklik arttikca maksimum motor torkunda da bir
azalma oldugu sekilden anlasilmaktadir. 40 °C giris
sicakligi gergek uygulama sartlarinda egzoz gaz sicakligi
ile kolayca temin edilebilir ve dolayisiyla ekstra bir enerji
sarfiyatina gerek kalmaksizin emme havasi 1sitilabilir.
Ancak bu girig sicakligr i¢in ¢alisma araliginin sekilde
goriildiigii lzere ¢ok dar olmasi pratik motor
uygulamalar1 i¢in uygun degildir. Bu sikistirma orani ve
PR20 orani igin optimum emme havasi giris sicakliginin
80 °C oldugu soylenilebilir. Bu giris sicakliginda motor
800-2200 rpm ile 30-90 Nm motor yiikleri araliginda bir
calisma gerceklestirebilmis ve bu araliklarin genis bir
bolgesinde 6zgiil yakit tikketimi degeri 260-290 g/kWh
araliginda kalmistir. RCCI yanma modu igin oldukc¢a
diisiik bir sikistirma orani olan 9,2 icin elde edilen bu
0zgil yakit tiikketimi degerleri, yiiksek sikistirma oranina



sahip bir dizel motorunun &zgil yakit tiiketimi
degerlerine yakindir. Dolayistyla RCCI yanma modunun
daha yiiksek sikistirma oranlarinda uygulanmasi
durumunda, iyi bir KA50 kontrolii ile daha diisiik yakit
tilketimi degerlerine ulasilabilir.

SONUCLAR

Bu c¢alismada dort silindirli direkt enjeksiyonlu,
sikistirma orant 9,2 olan bir buji ile ateslemeli motor
RCCI modda calistirilarak motor ¢aligma araligi ile farkl
giris sicakliklarinin etkileri incelenmistir. RCCI modda
hem port enjeksiyonu hem de direkt enjeksiyon
gerektiginden, motor calisma araligi ve 0Ozgil yakit
tilketimi direkt enjeksiyon baslangicindan
etkilenmektedir. Optimum piiskiirtme baslangicinin
belirlenebilmesi i¢in KAS50 agis1 dikkate alinarak
pliskiirtme baglangici anlik olarak degistirilmis ve KAS50
acist1  7-10  derece UONs araliginda tutulmaya
calistlmistir. Yanma fazinin kontrolii i¢in piiskiirtme
baslangici, hava fazlalik katsayisi ve emme havasi giris
sicaklig1 parametrelerinin etkileri incelenmis ve KAS0
acisinin hava fazlalik katsayisindaki degisimden g¢ok
etkilenmedigi ancak piskiirtme basinci ve giris
sicakligina bagli olarak 6nemli bir degisim gosterdigi
belirlenmistir. Piiskiirtme baslangict ve giris sicakligina
bagli elde edilen KAS50 haritas1 motor kontrol algoritmasi
icin bir giris parametresi olarak kullanilabilir. Bu
sartlarda gerceklestirilen deneylerde en genis calisma
aralig1 80 °C emme havasi sicaklif i¢in elde edilmistir.
Minimum 06zgiil yakit tiiketimi ise voliimetrik verimin
daha iyi olmasindan dolay1 40 °C’de elde edilmistir. Giris
sicakligi arttik¢a voliimetrik verimin koétiilesmesine bagl
olarak 0Ozgil yakit tiiketiminin arttigi belirlenmistir.
Sikigtirma orani 9,2 gibi RCCI yanmasi i¢in ¢ok diisiik
bir deger olmasina ragmen iyi bir KA50 kontroli ile
minimum 6zgiil yakit tiiketimi degeri yiiksek sikistirma
oranli dizel motorlarina yakin olarak 232,3 g/kWh elde
edilmistir. Yiiksek sikigtirma oranlt bir motorda bu deger
daha da asagi ¢ekilebilir.
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Ozet: Bu calismanin amaci, Tiirkiye’deki konut tipi binalar icin sogutma yiikii etkisi altinda optimum yalitim
kalinhigmm (U-degerlerini) 6miir maliyet analizi yapilarak belirlenmesi ve elde edilen sonuglara gore TS 825
“Binalarda Is1 Yalitim Kurallari” standardinda sogutma yiikiiniin de hesaplamalara katilmas1 gereken Derece Giin (DG)
bolgelerinin tespit edilmesidir. Alan/Hacim (A/V) oran1 0,40 m™ olan 5 katli bir apartman binas1 referans bina olarak
almmuistir. Binalarin yillik enerji ihtiyaglari, TS EN ISO 13790 standardina gore hesaplanmigtir. Toplam maliyeti temel
alan 6miir maliyet analizi 30 yillik bir kullanim émrii i¢in yapilmistir. Optimum yalitim kalinliklar: iklim bolgelerine
gore; cephe icin 0 cm ile 4 cm, tavan i¢in 0 cmile 7,5 cm, taban i¢in 0 ile 2,3 cm arasinda hesaplanmustir. Sonug olarak,
TS 825 standardinda belirtilen DG1 ve DG2 bélgelerinde sogutma yiikiiniin optimum yalitim kalinlig1 hesaplarina dahil
edilmesi gerektigi belirlenmistir. DG1 ve DG2 bolgelerine gore daha soguk iklim sartlarinin etkili oldugu DG3 ve DG4
bolgelerinde sogutma yiikiiniin optimum yalitim kalinligin etkilemedigi sonucuna varilmstir.

Anahtar Kelimeler: U-degeri, konut tipi binalar, sogutma, optimum yalitim kalinlig1.

THE EFFECT OF COOLING LOAD ON OPTIMUM INSULATION THICKNESS IN
RESIDENTIAL BUILDINGS

Abstract: The main objective of this study is to determine the optimum insulation thickness of residential buildings in
Turkey, under the influence of cooling loads by life cycle cost analysis (LCCA) and to specify the Degree Day (DG)
regions that the cooling load should also be included in the calculations in the TS 825 “Heat Insulation Rules in
Buildings” standard. A 5-storey apartment building with an Area/Volume ratio (A/V) of 0,40 m? is taken as a reference
building. The annual energy requirements of the reference building for cooling loads are calculated according to TS EN
1SO 13790 standard. Life-cycle cost analysis based on the total cost approach is performed for a period of 30 years.
Optimum insulation thicknesses based on climate zones are calculated between 0 cm and 4 cm for wall, 0 cm and 7,5
cm for ceiling, 0 cm and 2,7 cm for floor. As a result, it has been determined that cooling load should be included in
the optimum insulation thickness calculations in the DG1 and DG2 regions specified in the TS 825 standard. It is
concluded that the cooling loads don’t affect the optimum insulation thickness in DG3 and DG4 regions where the
cooler climate is more effective than DG1 and DG2 regions.

Keywords: U-value, residential buildings, cooling, optimum insulation thickness.

SIMGE VE KISALTMALAR Cec Sogutma i¢in yalittmli bina yillik yakit
maliyeti [$/m?]

AV Is1 kaybeden toplam alan/briit hacim Ceo Sogutma i¢in yalitimsiz bina yillik yakit

A i yoniindeki toplam pencere alan1 [m?] maliyeti [$/m?]

An Bina kullanim alan1 [m?] Cy Sogutma igin 30 yillik yakit maliyeti [$/m?]

C Maliyet [$/m?] Cyn Isitma igin 30 yillik yakit maliyeti [$/m?]

Cec Sogutma igin yillik yakit maliyeti [$/m?] DG Derece Giin

Ce Elektrik birim fiyati [$/kWh] EPS Genigletilmis Polistiren

Ct Yakat birim fiyat1 [$/m?] Fw Camlar icin dizeltme faktori

Ch Isitma icin yalitimli bina yillik yakit maliyeti g Enflasyon orani

[$/m?] gL Yiizeye dik gelen 1smn igin giines enerjisi

Cho Isitma i¢in yalitimsiz bina yillik yakit maliyeti gecirme faktorl

[$/m?] Oiay i yoniindeki saydam elemanlarin gilines

Ci Yalitim malzemesinin birim fiyat1 [$/m?] enerjisi gecirme faktori

Cins Yalitim maliyeti [$/m?] H Binanin 6zgiil 1s1 kayb1 [W/K]

Cr Toplam maliyet [$/m?]



Hr fletim ve tasinim yoluyla gergeklesen 1s1 kaybi
[WIK]

Hy Yakatin alt 1511 degeri

Hv Havalandirma yoluyla gerceklesen 1s1 kaybi
[WIK]

liay i yoniinde dik yiizeylere gelen aylik ortalama
giines 1511 siddeti [W/m?]

i Faiz oran

KKOay Isitma hesabi igin kazang/kayip orani

KKOcqy Sogutma igin kazang/kayip orani

N Omir maliyet stiresi [y1l]

Nh Hava degisim oram [h?]

PWF  Bugiinkii Deger Faktorii

Qay Aylik enerji ihtiyact [KWh/m?]

Qcay  Aylik sogutma enerji ihtiyac1 [KWh/m?]

Qcpz Yillik sogutma enerji ihtiyact [KWh/m?]

Qnay  Aylik net 1s1 ihtiyacit [KWh/m?]

Qnyu  Yillik 1s1itma enerjisi ihtiyact [KWh/m?]

Qu Yllik enerji ihtiyaci [KWh/m?]

R Toplam 1511 gegirgenlik direnci [M?K/W]

Fiay i yoniinde saydam yiizeylerin aylik ortalama
golgelenme faktori
t Zaman (saniye olarak bir ay = 86400 x 30) [s]

U-degeri Isil gegirgenlik katsayist [W/m?K]
Vprge  Binanm 1sitilan briit hacmi [m?3]

Vh Havalandirilan hacim [m?®]

X Yalitim malzemesi kalinligi [m]

XPS  Ekstrude Polistiren

Me.ay Sogutma hesabi i¢in kayiplarin aylik ortalama
kullanim faktorii

Nh,ay Kazanglarin aylik ortalama kullanim faktorii

K Isitma sistemi verimi

0, Aylik ortalama dis ortam sicakligi [°C]

; Aylik ortalama i¢ ortam sicakligi [°C]

A Is1 iletim katsayist [W/mK]

@i,  Aylk ortalama ig 1s1 kazanci [W]

@,y  Aylik ortalama giines enerjisi kazanci [W]

Alt Indisler

c sogutma

e dis

i ic

f yakit

h 1sitma

ins yalitim

opt optimum
GIRiS

Giiniimiizde insan niifusunun artmasi, sanayilesme ve
hizl1 kentlesmenin sonucu enerji tiiketimi her gegen giin
artmaktadir. Enerji tiiketiminin artmasi, kisitli olan
kaynaklarin azalmasina, ¢evre kirliligi ve kiiresel 1sitnma
gibi ¢evresel sorunlarin hizla biiyimesine neden
olmaktadir. Artan enerji ihtiyacim karsilayabilmek icin
fosil yakitlarin yerine bir yandan alternatif enerji
kaynaklar1 aranirken, diger yandan mevcut kaynaklarin
etkin bigimde kullanilmas1 i¢in caligmalar
yurattlmektedir.

Tum dinyada toplam enerji tiiketiminin yaklagik 1/3’d
konutlarda kullanilmaktadir (Saglam vd., 2017). Bu
nedenle her alanda oldugu gibi konutlarda harcanan
enerjinin azaltilmasi maksadiyla birtakim politikalar
gelistirilmesi zorunlu hale gelmistir. Giinliik yasamin
gereklerinden 6diin  vermeden, konutlarda enerji
tiketiminin -~ minimuma  indirilmesi  hem  ulke
ekonomisine hem de doganin korunmasina ¢ok biiyiik
katki saglayacaktir.

Enerji ve Tabi Kaynaklar Bakanlig1 Yenilenebilir Enerji
Genel Midiirliig tarafindan 2018 yilinda hazirlanan
Tlrkiye Enerji Verimliligi Gelisim Raporuna gore
Tiirkiye’de enerjinin yaklasik %20’si, toplam elektrik
tiketiminin  ise  yaklagtk = %22’si  konutlarda
kullanilmaktadir. Bu tiiketilen enerjinin ise %601
binalarda 1sitma amaciyla harcanmaktadir (ETKB,
2018). Avrupa Birligi tilkeleriyle karsilastirildigi zaman
iilkemizdeki konutlarda kullanilan enerji miktar1 oldukga
yuksektir (European Commission, 2018). Yapilan
arastirmalar, dogru bir 1s1 yalitimu ile binalarda kullanilan
enerji miktarim Avrupa Birligi tilkeleri seviyesine
indirmemiz durumunda, ortalama %30-40 oraninda
enerji tasarrufunun miimkiin oldugunu gdstermektedir
(CSB, 2015).

Avrupa Birligi (AB), tarafindan hazirlanan Binalarda
Enerji Performansi Yonetmeliginde (Energy
Performance of Buildings Directive, EPBD) 1sitmanin
yan1 sira sogutma yiikleri de optimum yalitim kalinlig1
hesaplamalarina dahil edilmistir (European Commission,
2012). Ulkemizde binalarin yalitim kurallarini belirleyen
standart TS 825 standardidir (TS 825, 2008). TS 825
standardinda yalitim kalinliklar1 ve limit 1s1l gegirgenlik
katsayilar1 (U-degerleri) belirlenirken yalnizca isitma
yiikleri dikkate alinmustir.

Tiirkiye’de konutlarda tiiketilen enerjinin biiylik bir
kismi 1sitma amaciyla kullanilmaktadir (ETKB, 2018).
Ancak son yillarda teknolojinin gelismesiyle, sogutma
sistemi fiyatlar1 ve kullanim maliyetleri diismiistiir.
Bunun sonucu olarak konutlarda sogutma igin harcanan
enerji miktart her gecen giin artmaktadir. Gegmiste,
sogutma sistemleri genellikle iilkemizin en sicak bolgesi
olan DG1 (Derece Giin) bdlgesinde kullanilirken,
giiniimiizde 1liman bir iklime sahip DG2 ve DG3
bélgelerinde de kullanim1 hizla artmaktadir.

Birgok  arastirmaci  binalarin  enerji  ihtiyacinin
belirlenmesi ve 1s1 yaliimin 1sitma ve/veya sogutma
yuki Uzerine etkilerini inceleyen aragtirmalar yapmustir.
Comakli ve Yiiksel (2003), Tiirkiye’nin soguk iklime
sahip Erzurum, Erzincan ve Kars sehirlerindeki binalarda
EPS kullanarak cephe yalitimi igin optimum yalitim
kalinliginin  belirlenmesi  {izerine  bir  ¢alisma
yapmiglardir. 10 yillik bir kullanim 6mrii i¢in, yalitim
malzemesi olarak EPS ve yakit olarak komiir
kullanildiginda, 1sitma yiikii etkisi altinda cephe igin
optimum yalitim kalinliklarin1 Erzurum i¢in 0,10 m, Kars
icin 0,10 m ve Erzincan i¢in 0,08 m olarak
belirlemislerdir. Ozel (2008), Elazig ili i¢in 1s1tma yiikii
etkisi altinda optimum yaliim kaliligi, enerji tasarrufu



ve geri 6deme siirelerini ii¢ farkli yakit tiirii igin
hesaplamigtir. Hesaplamalari sonucunda; dogalgaz, ithal
kémidr wve fueloil i¢in optimum cephe yalitim
kalinliklarini sirasiyla 0,04, 0,045 ve 0,075 m olarak
hesaplamigtir. Kaynakli (2013), yaptig1 calismada
optimum yalitim kalinlig1 hesabi i¢in derece-glin metodu
ile birlikte Omiir maliyet analizini kullanmigtir.
Tiirkiye’deki konut tipi binalar i¢in yaptig1 ¢aligmasinda,
hesapladigi  optimum yahitim kalinhigiyla cephe
yalitilmasi durumunda 20 y1llik bir zaman zarfinda iklim
bolgelerine gore %76-88 arasinda degisen oranda enerji
tasarrufu elde edilebilecegini belirlemistir. Geri 6deme
stirelerinin, iklime ve kullanilan yalitm malzemesine
gore 3,85-16,25 yil arasinda degistigini raporlamistir.
Kiirekei (2016) calismasinda, Tiirkiye’nin 81 il merkezi
icin dort farkl yakit (dogalgaz, komdir, fueloil ve LPG)
ve bes farkli yalittm malzemesi (XPS, EPS, cam yiinii,
tag yinii ve poliliretan) kullanarak optimum yalitim
kalinliklarin1 hesaplamigtir. Bu hesaplamalarini sadece
1sitma yiikii, sadece sogutma yiikii ve 1sitma ile sogutma
yukinin birlikte oldugu durumlar i¢in 10 yillik bir
optimizasyon siiresi i¢in yapmistir. Saglam vd. (2017),
yaptiklar1 ¢aligmada binalarin enerji ihtiyacini, dinamik
bir hesap metodu kullanarak hesaplamislardir. 30 yillik
bir kullanom Omrii i¢in yaptiklar1 hesaplamalar
sonucunda, yiiksek katli apartmanlarda optimum yalitim
kalinligiyla yalitm yapilmas: durumunda %70 varan
enerji tasarrufu elde edilebilecegini ve bu oranin bina
sakinlerinin havalandirma ve pencere a¢ma gibi
davranislarina bagl olarak %80’e kadar ¢ikabilecegini
raporlanmislardir. Ozel ve Tung (2018), ¢aligmalarinda,
Kars sehri i¢in optimum yalitim kalinliklarini derece-giin
metodu kullanarak gilines 1simimini dikkate alarak ve
almadan belirlemislerdir. 10 yillik bir kullanim 6mrii i¢in
cephe igin optimum yalitim kalinligin1 giines 1g1mimini
dikkate alarak 8 cm ve dikkate almadan 9 cm olarak
hesaplamiglardir.

Mevcut literatiir incelendiginde, Tiirkiye igin yapilan
caligmalarda genellikle Derece Giin Metodu kullanildigi,
hesaplamalarda 1sitma yiikii veya 1sitma+sogutma
yukinin birlikte dikkate alindigi, Omiir maliyet
analizinin 10 yillik bir zaman dilimi i¢in yapildigi ve
sadece cephe i¢in optimum yalittm kalinliklarinin
hesaplandig1 gorilmektir.

Bu calismada, Tiirkiye’deki binalar i¢in minimum enerji
performans  gerekliliklerinin ~ optimum  maliyet
seviyelerinin hesaplanmasi i¢in EPBD’ye dayanan bir
yontem kullanilmistir. Optimum yaliim kalinliklar
belirlenirken sadece sogutma yiikii dikkate alinmustir.
Referans binalarin sogutma yiikii igin yillik enerji
ihtiyact, TS EN ISO 13790 standardina gore
hesaplanmistir (TS EN ISO 13790, 2013). Tiirkiye’de
dort bolgede sogutma ig¢in optimum U-degerleri,
optimum yalitim kalinliklari, yillik enerji ihtiyaci, 30
yillik yakit maliyeti ve 30 yillik yakat tasarrufu konut tipi
binalar i¢in 30 wyillik bir siire dikkate alinarak
hesaplanmigtir. Optimum yalitim kalinliklari; cephe,
tavan ve taban igin ayri ayri hesaplanmistir. TS 825
standardinda sadece 1sitma i¢in belirtilen limit U-
degerleri, sogutma yiikii igin optimum maliyet
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yaklagimina gore hesaplanan sonuglarla
karsilastirtlmistir. Sogutma yiikiiniin, optimum yalitim
kalinlig1 hesaplamalarina dahil edilmesi gereken DG
bolgeleri belirlenmistir.

MATERYAL VE METOD

Hesaplamalar igin Excel programinda bir yazilim
gelistirilmistir. Bu yazilim kullanilarak farkli yalitim
kalinliklarma karsit gelen, yillik enerji ihtiyaclart ve
yalitim maliyetleri hesaplanmistir. 30 yillik bir siire i¢in
Omiir maliyet analizi yapilarak, yalitim maliyeti ve yakit
maliyetinden olusan toplam maliyetin minimum oldugu
optimum yalitim kalinliklar1 ve optimum U-degerleri
belirlenmistir. Hesaplamalar ¢ati, doseme ve cephe igin
ayr1 ayr1 yapilmigtir. Hesaplamalar her bir DG bdlgesi
icin tekrarlanmugtir.

Bina ve Bina Zarfinin Ozellikleri

Binalarda 1s1 kayip ve kazanglar1 genellikle cephe, tavan,
taban, pencere ve havalandirma yoluyla gergeklesir. Bu
caligmada, bina zarfi ve havalandirma yoluyla olusan 1s1
kayip ve kazanglart dikkate alinarak binanin yillik
sogutma ihtiyact belirlenmistir. Hesaplamalar, ayni
referans bina i¢in dort farklit DG bdlgesinde yapilmustir.

Cephe, tavan ve taban yiizeylerini olusturan zarf
bilesenleri Sekil 1°de gosterilmistir. Bina yalitiminda,
kullanim alanina (cephe, tavan, taban) gére en yliksek
pazar payma sahip yalitm malzemesi tercih edilmistir.
Catt yalitiminda, %70 pazar payma sahip cam yiini,
doseme yalittiminda %85 pazar payina sahip XPS ve
cephe yalitiminda %80 pazar paymna sahip EPS yalitim
malzemesi olarak belirlenmistir (IZODER, 2018).
Cephe, tavan ve taban bilesenlerinin fiziksel ézellikleri
ile 151l direng degerleri Tablo 1°de verilmistir. Tablo 1°de
sunulan 1s1 iletim katsayilar1 ve 1s1l direng degerleri TS
825 standardindan alinmustir (TS 825, 2008).
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Letlasvan
Tugla
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Dis Duvar Yamisi

Sekil 1. Bina zarfinin yapist.

Bu c¢alismada Tiirkiye’de bina stokunun genelini
yansittig1 diisiiniilerek 5 katl1 bir apartman binasi referans
bina olarak olusturulmustur. Hesaplamalarda kullanilan
referans binanin fiziksel 6zellikleri ile pencere tipi Tablo
2’de verilmistir.



Tablo 1. Yap1 malzemelerinin fiziksel 6zellikleri.

Dis Duvar Kahnhk 2

Yapist (m) A (W/mK) |R (m?K/W)
I¢ Siva 0,02 0,7 0,029
Tugla 0,19 0,45 0,422
Genisletilmis
Polistiren (EPS) X 0,035 x/0,035
Di1s Siva 0,008 0,38 0,021
R; 0,13
R 0,04
Tavan Yapisi Ka(lrlnl;hk L (W/mK) [R (m2K/W)
I¢ Siva 0,02 0,7 0,029
Beton 0,12 2,5 0,048
Cam yiini X 0,045 x/0,045
R; 0,13
R 0,04
Taban Yapisi Ka(lr‘n“)hk A (W/mK) [R (m2K/W)
Beton 0,12 2,5 0,048
Tesviye Betonu 0,02 1,4 0,014
Ekstrude
Polistren (XPS) X 0,035 x/0,035
Sap Betonu 0,03 1,4 0,021
Doseme 0,005 0,23 0,022
R; 0,17
R 0

Tablo 2. Referans binanin fiziksel dzellikleri.

Bina Ozellikleri Deger
Is1 kaybeden toplam alan/Bina briit hacmi 0,40
(AV)
Bina kullanim amaci Konut
Bina kat adedi 5
Bina eni (m) 24
Bina boyu (m) 12
Kat yiiksekligi (m) 2,70
Pencereler 12 mm aralikli ¢ift camli PVC PVC
Pencerelerin 1s1l gegirgenlik katsayisi 24
(W/m?K) ’
Havalandirma Dogal
Taban alani, A; (M?) 288
Tavan alani, At (m?) 288
Giiney yoniindeki toplam pencere alani, Apg 54
(m?)
]()ozg)u yoniindeki toplam pencere alani, Apg 54

m

Bat1 yoniindeki toplam pencere alani, App 27
(m?)
Kuzey yoniindeki toplam pencere alani, Apx 27
(m?)
Toplam pencere alani, Ap (M?) 162
Dis havaya agik toplam cephe alani, Ap (m?)| 590
Dis havaya agik tasiyici betonarme alani, Ag 220
(m?)
Toplam cephe alani, Ac (M?) 810
Is1 kaybeden toplam yiizey alani, Asp (M?) 1548
Binanin briit hacmi, Vit (M°) 3888
Bina kullanim alani, An (0.32xVbr(t) (m?) 1244
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Yillik Sogutma Enerjisi ihtiyacimin Hesabi

Bu calismada, binanin sofutma enerjisi ihtiyacinin
hesaplanmasinda, TS EN ISO 13790 standardinda yer
alan hesap metodolojisi kullanilmistir. TS EN ISO 13790
standardinda tanmimlanan hesap metoduna gobre, bir
yapinin yillik sogutma enerjisi ihtiyact (Qcyu), aylik net
sogutma ihtiyaclarinin toplanmasiyla bulunur.
Qc,yll = Z Qc,ay (1)
Aylik net sogutma ihtiyaci (Qcay), i¢ ortamda belli bir
konfor sicakligini saglamak igin gereken enerji olup,
aylik i¢ ve giines enerji kazanglari toplamindan, ortamin
aylik toplam 1s1 kayiplarinin ¢ikartilmasiyla asagidaki
esitlik ile hesaplanir;

Qc,ay = [((pi,ay + d)s,ay) - nc,ayH(ei - ge)] Xt (2)
Bu esitlikte; aylik sogutma enerji ihtiyaci, Qc,ay (KWh),
binanin 6zgiil 1s1 kaybi, H (W/K), aylik ortalama i¢
sicaklik, 8; (°C), aylik ortalama dis sicaklik, 6, (°C),
Kayrplarin aylik ortalama kullanim faktdrii, 74, aylik
ortalama i¢ kazanglar, @;,, (W), aylik ortalama giines
enerjisi kazanci, @, (W), sogutma siiresi, t (s) (saniye
olarak bir ay = 86400x30) olarak ifade edilmistir.
Binanin 6zgiil 1s1 kaybi, H (W/K), asagidaki esitlik ile
hesaplanir;
H=H;+ H, (3)
Bu egsitlikte; iletim ve taginimla olan 1s1 kayb1 Hr (W/K),
havalandirma yoluyla olan 1s1 kayb1 Hv (W/K) olarak
ifade edilir. Iletim ve tasmim yoluyla gerceklesen 1s1
kayb1 asagidaki esitlikle hesaplanir;
Hy = YAU + 1U, 4)
Iletimle ve tasimimla olan 1s1 kayb1 hesaplamalarinda 1s1
kopriilerinden meydana gelen 1s1 kayiplari, U, ihmal
edilmistir.

ZAU = UDAD + UPAP + 0,8 UTAT + 0,5 UtAt (5)
Bu esitlikte; cephe 1s1 transfer katsayis1 Up (W/m?K),
pencerelerin 1s1 transfer katsayis1 U, (W/m?K), tavanin 1s1
transfer katsayisi Ur (W/m?K), tabanm 1s1 transfer
katsayis1 Uy (W/m?K), cephe alan1 Ap (m2), pencerelerin
alan1 A, (M?), tavan alami Ar (m?), taban alami A; (m?)
olarak ifade edilir. Havalandirma yoluyla 1s1 kaybi
asagidaki esitlikle hesaplanir;
HV = 0,33 X np X (0,8 X Vbrﬁt) (6)
Bu esitlikte; hava de@isim orami np (h), binamn
sogutulan briit hacmi Vi (M®) olarak ifade edilir. Aylik
sogutma kayip kullanim faktori, ncay asagidaki esitlikle
hesaplanmistir;

-1
Neay = (1- e(KKOC'ay)) X KKOc,ay (7)



Burada, KKO¢ s sogutma igin kazang/kayip oranidir ve
asagidaki sekilde tanimlanir.

_ (‘pi,ay""ps,ay)
KKOcay = H(6;-6¢)

(8)
KKOcy oraninin 2,5 ve altinda oldugu durumlarda, o ay
i¢in sogutma enerji ihtiyact olmadig1 kabul edilmistir. Bu
calismada konut tipi bina igin hesaplamalar
yapildigindan; ortalama i¢ ortam sicaklig1 6;=22°C olarak
alinmigtir (TS EN ISO 13790, 2013). Ortalama aylik dis
ortam sicakliklar1 DG bolgelerine goére TS 825
standardindan ~ alinmigtir.  Hesaplama yonteminde
kullanilan kabuller asagida 6zetlenmistir;

Havalandirma yoluyla gerceklesen 1s1 kaybi hesabinda,
hava degisim sayisi, ny=0,8 (h'!) olarak alinmstir.
Binanim aylik ortalama i¢ kazanci, ®;iay =5 W/m? olarak
almmuistir. Binanin aylik ortalama giines enerjisi kazang
hesabinda, saydam yiizeylerin aylik ortalama gélgelenme
faktori (riay), 0,8 olarak alinmistir. Ortalama aylik giines
ismimi giddeti (Iiay), tim boélgeler icin bina ydnlerine
gore sabit kabul edilerek TS 825 standardindan
almmugtir. Camlar i¢in diizeltme faktorii, Fy=0,80 ve
laboratuvar sartlarinda 6lgiilen cam yiizeyine dik olarak
gelen 151n i¢in gilines enerjisi gecirme faktorii, gi= 0,75
olarak alinmustir.

Yillik Isitma Enerjisi Thtiyacinin Hesabi

Bu c¢alismada, binanin 1sitma enerjisi ihtiyacinin
hesaplanmasinda, TS 825 standardinda yer alan hesap
metodolojisi  kullanilmistir. TS 825  standardinda
tanimlanan hesap metoduna gore, bir yapinin yillik 1sitma
enerjisi ihtiyact (Qn,yu), aylik net 1s1 ihtiyaglarinin
toplanmastyla bulunur.
Qh,yll =X Qh,ay )
Aylik net 1s1 ihtiyact (Qnay), i¢ ortamda belli bir konfor
sicakligini saglamak igin gereken 1s1 enerjisi olup binanin
aylik toplam 1s1 kayiplarindan, aylik i¢ ve giines enerji
kazanglar1 toplamimi ¢ikartmak suretiyle hesaplanir.
Aylik 1s1tma enerjisi gereksinimi (Qnay) asagidaki esitlik
ile hesaplanir;

Qh,ay = [H(ei - Qe) - nh,ay ((pi,ay + qbs,ay)] Xt (10)
Bu esitlikte; aylik 1sitma enerji ihtiyaci, Qnay (KWh),
binanin 6zgil 1s1 kaybi, H (W/K), aylik ortalama ig
sicaklik 0; (°C), aylik ortalama dig sicaklik 6. (°C),
kazanglarin aylik ortalama kullanim faktorii nnay, aylik
ortalama i¢ kazanclar @jay (W), aylik ortalama giines
enerjisi kazanci @say (W), zaman t () (saniye olarak bir
ay = 86400x30) olarak ifade edilmistir. Binanin 6zgiil 1s1
kaybi, H (W/K), asagidaki esitlik ile hesaplanir;
H=H;+ H, (112)
Bu esitlikte; iletim ve tagimimla olan 1s1 kayb1 Hy (W/K),
havalandirma yoluyla olan 181 kaybt Hv (W/K) olarak
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ifade edilir. Iletim yoluyla gergeklesen 1s1 kayb1
asagidaki esitlikle hesaplanir;
Iletimle olan 1s1 kayb1 hesaplamalarinda 1s1 kopriilerinden
meydana gelen 1s1 kayiplari, IU; ihmal edilmistir.
YAU = UpAp + UpAp +0,8UAr + 0,5 U A, (13)
Bu esitlikte; cephe 1s1 transfer katsayist Up (W/m?K),
pencerelerin 1s1 transfer katsayis1 U, (W/m?K), tavanim 1s1
transfer katsayis1 Ur (W/m?K), tabanm 1s1 transfer
katsayis1 Uy (W/m?K), cephe alam Ap (m?), pencerelerin
alan1 A, (m?), Tavan alam Ar (m?), taban alan1 A; (m?)
olarak ifade edilir. Havalandirma yoluyla 1s1 kaybi
asagidaki esitlikle hesaplanir;
Hy = 0,33 X ny, X (0,8 X Viyise) (14)
Bu esitlikte; hava degisim orani np (h?), binanin 1sitilan
brit hacmi Vit (m3) olarak ifade edilir.

Es. (10)’da, aylik 1sitma enerji ihtiyacimin negatif (-)
oldugu aylarda enerji ihtiyaci sifir (0) olarak kabul edilir
ve yillik 1sitma enerji ihtiyacinin hesaplanmasinda
dikkate alinmaz. Es.(10)’da yer alan aylik kazang
kullanim faktorii asagidaki esitlikle hesaplanir;

R0
Nhay = 1— e ¥K0ay (15)
Burada, KKOa. kazang/kayip oranidir ve asagidaki
sekilde tanimlanir;

_ (q’i,ay"'d’s,ay)

KKOay = H(8;—6¢)

(16)

KKOgy orani 2,5 ve iizerinde oldugu durumlarda o ay i¢in
1sitma enerjisi ihtiyact olmadigi kabul edilmistir.

Bu c¢alismada konut tipi bina i¢in hesaplamalar
yapildigindan; ortalama i¢ ortam sicakligi 6;=19°C
alinmustir. (TS 825, 2008). Ortalama aylik dis ortam
sicakliklart DG bolgelerine gore TS 825 standardindan
alinmistir. Hesaplama yonteminde kullanilan kabuller
asagida o6zetlenmistir;

Havalandirma yoluyla gerceklesen 1s1 kaybi hesabinda,
hava degisim sayisi, ny=0,8 (h) olarak alinmistir.
Binanin aylik ortalama i¢ kazanci, @iy =5 W/m? olarak
alinmistir. Binanin aylik ortalama giines enerjisi kazang
hesabinda, saydam yiizeylerin aylik ortalama gélgelenme
faktorl (riay), 0,8 olarak alinmistir. Ortalama aylik giines
isinim giddeti (Tiay), tUm bdélgeler igin bina yonlerine
gore sabit kabul edilerek TS 825 standardindan alinmistir
(TS 825, 2008). Camlar icin duzeltme faktori, F,=0,80
ve laboratuvar sartlarinda Olgiilen cam yiizeyine dik
olarak gelen 1s1n igin giines enerjisi gegirme faktorii, gL=
0,75 olarak alinmustir.



Yilhk Yakit Maliyeti, Yilhk Yakit Tasarrufu ve
Yahitim Maliyeti Hesab

Sogutma icin yillik yakit maliyeti C. asagidaki esitlikle
hesaplanir;

_ Qc,yll

C
¢ copr

x C, (17)
Ce elektrik birim fiyati ($/kWh) (TUIK, 2017), ve
Sogutma sisteminin performans katsayis1 (COP) degeri
(Mangan ve Oral, 2016 ve SGM/2013-11) Tablo 3’de
verilmistir. Isitma i¢in yi1llik yakit maliyeti Cy asagidaki
denklemle hesaplanir;

Qh,yu
Ch = L
HyXnp

(18)
Ct yakit birim fiyati ($/m®), H, (kWh/m®) kullanilan
yakitin alt 1s1l degeri ve n 1sitma sisteminin verimidir.
Bu hesaplamalarda kullanilan yakitin birim fiyati
(BOTAS, 2018) ve alt 1s1l degeri (BOTAS, 2018) Tablo
3’de verilmistir.

Optimum yalitim kalinliginin hesaplanmasinda &miir
maliyet analizi yontemi kullanilmigtir. N yillik bir zaman
dilimi boyunca toplam 1sitma maliyeti, bugilinkii deger
faktorii (PWF) kullamlarak hesaplanmistir (Ozel, 2008).
PWEF, enflasyon ve faiz oranlarina goére Es.(19) ve
Es.(20) ile hesaplanur;

(i-9)
a+g9’

eger i>g
(19)

g-9
a+i)’

eger g>i

a+rN-1
rx(1+r)N’

i#g

PWF = (20)

N i
(a+i)’

=9

Burada;, PWF bugiinkii deger faktorii, i faiz oram
(TCMB, 2018), g enflasyon oran1 (TUIK, 2018), r gercek
faiz oram1 ve N (yil) Omiir maliyet siiresidir. PWF
hesaplamalarinda kullanilan parametreler Tablo 3’de
verilmigtir.

Bu calismada, ii¢ farkli yaliim malzemesi kullanilarak
bina  zarfinin  optimum  yalitim  kalinliklan
hesaplanmistir. Yalitim malzemelerinin fiyatlar1 Tablo
3’te verilmistir. Yalitim maliyetinin hesaplanmasinda
asagidaki esitlik kullanilmistir;
Cins = C; X x (21)
Burada; Ci, yalittm malzemesinin ($/m®) birim fiyati
(IZODER, 2018) ve x ise m cinsinden yalitim

286

malzemesinin kalinligidir. Yakit maliyeti ve yalitim
maliyetinden olusan toplam maliyet Ct ($/m?), sogutma
icin asagidaki esitlikle hesaplanir;

Cr = C, X PWF + Cjps (22)
Tablo 3. Hesaplamalarda kullanilan parametreler.
Parametre Deger Birim

Elektrik

Alt 1511 deger (Hu) 1 kWh/kWh

Birim fiyat (Cy) (TUIK, 2018) 0,109 $/kWh

COP (Mangan ve Oral, 2016) 4,5

Yakat

Dogal gaz

Alt 1s11 deger (Hu) (BOTAS, 9,595 kWh/m?3

2018)

Birim fiyat (Cr) (BOTAS, 2018) 0,325 $/m®

Isitma sistemi verimi (7s) %98

Yalitim Malzemesi

Cam ylni (M) (IZODER, 2018) 0,045 W/mK

XPS (M) (IZODER, 2018) 0,035 W/mK

EPS (M) (IZODER, 2018) 0,035 WimK

Cam yini  birim fiyat 32 $/md

(1IZODER, 2018)

XPS birim fiyati (IZODER, 120 $/m3

2018)

EPS birim fiyati (IZODER, 210 $/m3

2018)

PWF

Faiz oram1 (i) (TCMB, 2018) %12,75

Enflasyon oram (g) (TUIK, | %10,35

2018)

Omiir Siiresi (V) (EC, 2018) 30 yil

Pencere (TS 825, 2008)

Up 2,4 W/m2K

Fw 0,8

gt 0,75

li,ay 0,8

Aylik ortlama i¢ kazanclar

D; oy (TS 825, 2008) 5 w

Hava degisim sayisi

nn (TS 825, 2008) 0,8 h-!

¢ Ortam Sicaklig

Sogutma i¢in 6; (TS EN ISO 19 °C

13790, 2013)

Isitma i¢in 0i (TS 825, 2008) 22 °C

Déviz kuru

$/TL (TCMB, 2018) 3,75

Burada; yillik sogutma maliyeti Cc, bugilinkii deger
faktoric PWF, yalitim maliyeti Cins ile ifade edilmistir.
Yillik yakit tasarrufu (YYT), yalitimsiz binanin yillik
yakit maliyetinden Ce ($/m?) yalitimli binamin yillik
yakit maliyetinin C; ($/m?) c¢ikartilmasiyla asagidaki
esitlikle hesaplanmustir.

YYT = C,, —

C. (23)

BULGULAR VE TARTISMALAR

Konut tipi binalarda enerji tasarrufu igin uygulanacak en
etkili yontemlerden biri 1s1 yaliimidir. Bu nedenle,
yalittim kalmliginin belirlenmesi enerji verimliligi igin
¢ok onemlidir. Bu c¢alismada tavan, taban ve cephe igin



optimum yalitim kalinliklar1 ayri ayr1 hesaplanmustir.
Tavan yalitimi i¢in Cam Yiinii, taban yaliimi i¢in XPS
ve cephe yalitimi igin EPS kullanilmustir. Tiirkiye’deki
dort farkli DG bdlgesi icin yapilan hesaplamada sogutma
icin enerji olarak elektrik kullanilmistir.

Bu calismada dmiir maliyet analizi 30 yillik bir kullanim
omrii icin yapilmistir. Omiir maliyet analizinde, yalitim
icin yapilan maliyet (Cins) ilk yatinm maliyetidir.
Kullanim maliyeti ise 30 yillik siire boyunca binay1
sogutmak igin kullanilan yakit maliyeti, Cy ($/m?)’dir.
Toplam maliyet ise yalitim maliyeti ve 30 yillik enerji
maliyetinin toplamidir. Yalitimsiz binalar i¢in ilk yatirim
maliyeti yoktur. Yalitimsiz binalarda sadece sogutma
icin kullanilan 30 yillik enerji maliyeti, toplam maliyeti
temsil etmektedir.

Binalarda yalitim kalinlig1, bina kabugunun tasariminda
onemli bir parametredir. Diigiik yalitim kalinligi, 1sinin
daha hizl1 aktarilmasina sebep olarak 1sil konfor ve enerji
tiketimi iizerinde olumsuz bir etki olusturur. Binalarda
artan yaliim kalinlig1 ile 1s1 kayb1 ve yakit maliyeti
azalir. Bununla birlikte yalitim kalinligimin artmasi
yaliim maliyetinin artmasina neden olur. Sekil 2’de
gorildiigi gibi, yaliim kalinliginin artmasiyla, yalitim
maliyeti  artmaktadir. Bununla birlikte  yalitim
kalinliginin artmasiyla, 30 y1llik yakit maliyeti Sekil 3’de
goriildiigii gibi azalmaktadir.

45 ¢
40 4

35 4

Yalitim Maliyeti, Cip, [$/m?]

0,20 0,30

Yalitim Kahinhgi, dyym [M]

0,40 0,50 0,60 0,70 0,80

Sekil 2. Yalitim kalinliginin yalittim maliyeti iizerine etkisi.

30 Yilhk Yakit Maliyeti, Cy [$/m?]

0,30 040 0,50 0,60 0,70 0,80

Yalitim Kalinhg, dyqym [M]

Sekil 3. Yalitim kalinligimm 30 yillik yakit maliyeti iizerine
etkisi.

Hesaplamalarda oncelikle, farkli yalitim kalinliklarina
karsilik gelen yillik enerji ihtiyact ve yalitim maliyetleri
belirlenmistir. Daha sonra yalitm maliyeti ve 30 yillik
yakit  maliyetinden olugan  toplam  maliyetler
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hesaplanmistir. Farkli yalitim kalinliklarina karsilik
gelen toplam maliyet; yalitm kalinligimin artmasiyla
belirli bir noktaya kadar azalmakta daha sonra Sekil 4’de
goriildiigii gibi tekrar artmaya baslamaktadir. Toplam
maliyetin minimum oldugu bu noktaya karsilik gelen
yaliim kalinligi, optimum yalitim kalinlig1 olarak ifade
edilmektedir. Optimum yalittm kalinliklarina karsilik
gelen optimum 1s1l gegirgenlik katsayilar1 (U-degerleri)
hesaplanarak her bir DG bolgesinde cephe, tavan ve
taban icin optimum U-degerleri belirlenmistir.

Toplam Maliyet, C; [$/m?]

0,04

0,05 0,10 0,15 0.20 025 0,30

Yalitim Kalinhgr, dyqm (M]
Sekil 4. Yalitim kalinliginin 30 yillik toplam maliyet tizerine
etkisi.

A/V oran1 0,40 m? olan referans binada sogutma igin
elektrik  kullanilmasit durumunda dort farkli DG
bélgesinde cephe, tavan ve taban icin belirlenen optimum
yalittm kalinliklar1 Sekil 5-7’de gosterilmistir. Cephe
yalitimi i¢in 1s1 iletim katsayis1 (L) 0,035 W/mK olan
EPS, tavan yalitimi igin 1s1 iletim katsayist (A) 0,045
W/mK olan Cam Yiini ve taban yalitimi i¢in 1s1 iletim
katsayist (A) 0,035 W/mK olan XPS kullanilmistir.

Sekil 5-7°de goriildiigii lizere her bir DG bolgesinde ve
her bir bina zarfi i¢in farkli optimum yalitim kalinliklar:
belirlenmistir. Optimum cephe yalitim kalinliklar1 DG,
DG2 bolgelerinde sirasiyla 0,040 m, 0,016 m olarak
belirlenirken optimum ¢at1 yalitim kalinliklar1 DG1, DG2
bolgelerinde sirasiyla 0,075 m, 0,037 m ve optimum
doseme yaliim kalinliklar1 DG1, DG2 bolgelerinde
sirastyla 0,023 m, 0,009 m, olarak belirlenmistir.

[[—-DGI —+-DG2

o +-DG3 ——DG4 |
)
50
45 0,04
40 |

35 ‘

30 ‘

|
25| yoote
|
|

Toplam Maliyet,C; [$/m?]

0,15 0,20 0,25 0,30

Cephe Yalitim Kalinhgr, d,, [M]

0,10

0,05

0,35

Sekil 5. DG bolgelerine goére optimum cephe yalitim
kalimliklari.
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Sekil 6. DG bolgelerine gore optimum ¢ati yalitim kalinliklari.
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Sekil 7. DG bolgelerine gére optimum doéseme yaliim
kalinliklari.

Sogutma yiikii etkisi altinda DG3 ve DG4 bdlgelerinde
cephe, tavan ve taban i¢in optimum yalitim kalinlig
hesaplanamamigtir. Bunun nedeni; DG3 ve DG4
bolgelerinin  soguk iklim kusaginda bulunmasi ve
sogutma i¢in harcanan enerjinin ¢ok kiiciik olmasidir.
Optimum yalitim kanliklarina karsilik gelen U-degerleri
ise DG1, DG2 bolgelerinde cephe igin sirasiyla 0,68
W/m?K, 1,30 W/m?K; tavan igin sirasiyla 0,51 W/m?K,
0,90 W/m?K; taban icin sirasiyla 1,02 W/m?K, 1,78
W/m?K olarak belirlenmistir.

Sekil 5-7°de goriildiigii lizere sicak iklim bolgesine sahip
DGI1 bolgesinden daha soguk bir iklime sahip DG4
bolgesine gidildikce toplam maliyet (Ct) ve optimum
yaliim kalinliklar1 azalmaktadir. Daha sicak bir iklime
sahip DG1 bolgesinde sogutma icin harcanan enerjinin
daha fazla olmasi optimum yalitim kalinliklarin
artirmaktadir. Optimum yalitim kalinliklar1 ve optimum
yalinm kalinliklarina karsilik gelen optimum 1sil
gecirgenlik katsayilar1 (U-degerleri) farkli bolgeler icin
Tablo 4’de verilmistir.

DG1 Dbolgesindeki sogutma etkisi altinda tavan igin
hesaplanan optimum yaliim kalinligr 7,5 cm iken bu
deger DG2 bolgesinde 3,7 cm’dir. Daha sicak iklim
bolgesine sahip DG1 bolgesinden daha iliman iklime
sahip DG2 bolgesine gidildikce optimum yalitim
kalinliklarinin azaldigi belirlenmistir. Daha soguk iklime
sahip DG3 ve DG4 bolgelerinde ise sogutma igin
optimum yalitim kalinlig1 belirlenememistir.

Sogutma i¢in hesaplanan optimum yalitim kalinliklar: ve
karsilik gelen U-degerleri 1sitma i¢in hesaplanan degerler
ile Tablo 5 ve Sekil 8’de karsilagtinlmistir. DGI
bolgesinde sogutma etkisi altinda cephe, tavan ve taban
icin hesaplanan optimum yalitim kalinliklari, 1sitma i¢in
hesaplanan degerlerinin sirastyla %45, %50 ve %43’
kadardir. DG2 bolgesinde ise sogutma igin hesaplanan
degerler 1sitma degerlerinin cephe, tavan ve taban igin
strastyla %12, %18 ve %12’sine karsilik gelmektedir.
DGI1 ve DG2 bolgeleri arasindaki bu farkin nedeni DG1
bolgesinden DG4 bolgesine gidildikge 1sitma igin
hesaplanan optimum yalitim kalinligimin artmasi,
sogutma yiikii i¢in hesaplanan optimum yalitim
kalinliginin  azalmasidir. Enerji ihtiyacinin artmasi
optimum yalitim kalinliklarini artirmaktadir.

B Sogutma B [sitma

e e e
2 = R
3 @ 3

o
°
a

Optimum Yahtim Kalinhg (m)

RN

0,00

Can
ephe
Can

Dz p—

Cephe
Diseme
C
Doseme
Cephe
Disseme
Cephe

DGI1 DG2
Sekil 8. Sogutma ve 1sitma i¢in hesaplanan optimum yalitim

kalinliklarinin kargilagtirilmasi

Sogutma igin optimum yalitim kalinligina karsilik gelen
yillik enerji ihtiyaci, yillik yakit maliyeti, 30 yillik yakit
maliyeti ve 30 yillik yakit tasarrufu 1sitma igin
hesaplanan degerler ile Tablo 6’da karsilastirilmustir.
Tablo 6’da goriildiigii tizere, DG1 bdlgesinde sogutma
icin gereken yillik enerji ihtiyact 13,18 KWh/m? iken bu
deger 1sitma icin 19,24 kWh/m?dir. DG1 bdlgesinde
1sitma i¢in harcanan enerji sogutma i¢in harcanan
enerjinin 1,46 katt iken bu oran DG1 bolgesinden daha
soguk bir iklime sahip DG4 bolgesine gittikce
artmaktadir. DG4 bdlgesinde 1sitma igin harcanan enerji
sogutma i¢in harcanan enerjinin yaklasik 30,4 katidir.

Tablo 4. DG Bélgelerine gore optimum yalitim kalinliklar ve U-degerleri.

Cephe icin optimum Uo Tavan i¢in optimum Ur Taban icin optimum Ut
DG yalitim kalinhg (WIm?K) yalitim kalinhg (WIm?K) yahtim kalinhg (W/m?K)
(m) (m) (m)
DG1 0,040 0,68 0,075 0,51 0,023 1,02
DG2 0,016 1,30 0,037 0,90 0,009 1,78
DG3 - - - - - -
DG4 - - - - - -
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Tablo 5. Sogutma ve 1sitma i¢in hesaplanan optimum yalitim kalinliklarinin ve U-degerlerinin kargilagtirilmast.

Cephe igin Tavan igin Taban igin
DG Yahtim optimum yalittm Uo optimum yalitim Ut optimum yalittm Ut
kalinhg (W/m2K) kalinhg (W/m?K) kalinhg (W/m?K)
(m) (m) (m)
bG1 Sogutma 0,040 0,68 0,075 0,51 0,023 1,02
Isitma 0,089 0,35 0,148 0,28 0,054 0,54
DG2 Sogutma 0,016 1,30 0,037 0,90 0,009 1,78
Isitma 0,129 0,25 0,201 0,21 0,074 0,41
Sogutma - - - - - -
DG3
Isitma 0,148 0,22 0,237 0,18 0,089 0,35
Sogut - - - - - -
DG4 |—euTd
Isitma 0,173 0,19 0,268 0,16 0,098 0,32
DG1 bolgesinden DG4 bolgesine gidildik¢e sogutma i¢in SONUCLAR

harcanan enerji azalmakta buna karsilik 1sitma igin
harcanan enerji artmaktadir. DG1 bdlgesinde sogutma
igin gereken yillik enerji ihtiyact (13,81 kWh/m?) 1sitma
igin gereken enerji ihtiyacindan (19,24 kWh/m?) kiiguk
olsa bile 30 yillik yakit maliyeti karsilastirildiginda
sogutma maliyeti (32,35 $/m?) isitma maliyetinden
(14,65 $/m?) daha biiyiiktiir. Bunun nedeni sogutma icin
kullanilan elektrigin dogalgazdan daha pahali olmasidir.

DGI bolgesinde sogutma i¢in yalitimsiz binanin 30 yillik
yakit maliyeti 43,72 $/m? iken 1sitmada bu deger 58,13
$/m?dir. Yalitimsiz binamn 30 yillik yakit maliyetinden
yaliimlt  binanin 30 yillik yakit maliyetinin
¢ikartilmasiyla hesaplanan 30 yillik yakit tasarruflari
karsilagtirildiginda; DG1 bolgesinde sogutma igin 11,37
$/m? yakat tasarrufu elde edilirken 1sitma igin 43,48 $/m?
yakit tasarrufu elde edilmistir. DG2 bélgesinde sogutma
icin 30 yillik yakat tasarrufu 2,76 $/m?olurken 1s1tma igin
bu deger 80 $/m? hesaplanmustir. Isitma icin elde edilen
yakit tasarrufunun sogutma icin elde edilen yakit
tasarrufundan daha biiyiik olmasinin sebebi, Tiirkiye’nin
tliman bir iklim kusaginda bulunmasi ve sogutma yapilan
aylarin en sicak bolge olan DG1 bdlgesinde bile bes
aydan kisa olmasidir. DG3 ve DG4 bolgelerinde sogutma
icin optimum yalitim kalinligi olugsmadigindan herhangi
bir yakit tasarrufu s6z konusu degildir. DG1 bolgesinden
DG4 bolgesine gidildikge sogutma igin yakit tasarruflar
azalirken 1sitma igin yakit tasarruflarinin arttig
belirlenmistir.

Bu ¢aligmada sogutma yiikii etkisi altinda; tavan, taban
ve cephe optimum yaliim kalinliklari, optimum U-
degerleri, yillik enerji ihtiyaci, 30 yillik yakit maliyeti ve
30 yillik yakit tasarrufu Tirkiye’nin dort farkli DG
bolgesi igin 30 yilik 6miir maliyet analizi yapilarak
hesaplanmistir. Hesaplamalar, TS 825 standardinda
belirtilen farkli DG bélgeleri igin ayr1 ayr1 yapilmstir.
Hesaplamalarda, ii¢ farkli yalitm malzemesi ve enerji
olarak elektrik kullanilmistir.

Sonuglar bolgeye, yalitim malzemesine ve bina zarfina
bagli olarak; optimum yalitim kalinliginin 0,9 cm ile 7,5
cm, 30 yillik yakit tasarrufunun 2,76 $/m? ile 11,37 $/m?
arasinda degistigini  gostermektedir. Sicak  iklim
bolgesinden soguk iklim bolgesine gidildik¢e sogutma
yuku igin optimum yalitim kalinhigi, yakit maliyeti ve
yakit tasarrufu azalmaktadir. Sogutma yiku icin enerji
tasarrufu, sicak iklim bolgelerinde soguk iklim
bolgelerine gore daha fazla olmaktadir.

DG1 ve DG2 bolgelerinde sogutma i¢in optimum yalitim
kalinliklart belirlenirken DG3 ve DG4 bdlgelerinde
optimum yalitim kalinligi belirlenememistir. Bunun
nedeni; DG3 ve DG4 bolgelerinin soguk iklim kusaginda
bulunmasi ve sogutma i¢in harcanan enerjinin ¢ok kii¢iik
olmasidir.

Tablo 6. Sogutma i¢in hesaplanan optimum yalitim kalinhigina karsilik gelen yillik enerji ihtiyaci, yillik yakit maliyeti, 30
1llik yakit maliyeti ve 30 yillik yakit tasarruflarinin 1sitma degerleri ile karsilagtiriimast.

Yillik Enerji Thtiyaci Yillik Yakit Maliyeti | 30 Yillik Yakit Maliyeti 30 Yillik Yakat
o6 (KWh/m?) ($/m2) ($/m?) Tasarrufu ($/m?)

Sogutma Isitma Sogutma Isitma Sogutma Isitma Sogutma Isitma
1 13,18 19,24 1,44 0,67 32,35 14,65 11,37 43,48
2 7,25 36,35 0,79 1,26 17,71 27,54 2,76 82,00
3 2,35 50,40 0,26 1,74 5,68 38,04 - 112,76
4 2,21 67,08 0,25 2,32 5,47 50,72 - 145,81
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DG1 ©bolgesinde yillik sogutma maliyeti 1sitma
maliyetinden daha fazladir. DG1 bdlgesinde 30 yillik
yakit maliyeti sogutma igin 32,35 $/m? olurken bu deger
1sitma igin 14,65 $/m?’dir. DG2 bélgesinde ise 1sitma
maliyeti sogutma maliyetinden daha biiyiiktiir. Fakat
sogutma igin 30 yillik yakit maliyeti 17,71 $/m? gibi hig
kiicimsenmeyecek bir degere karsilik gelmektedir. Bu
kapsamda o6zellikle sicak iklim sartlarina sahip DGI1 ve
DG2 bolgelerinde optimum yalittm kalinliklarinin
belirlenmesinde 1sitma yiikii kadar etkili olan sogutma
yiikiiniin de optimum yalittim kalinlig1 hesaplamalarina
katilmasi gerekmektedir.

TS 825 standardi sadece isitma igin gerekli enerjinin
hesaplanmasi1 icin diizenlenmis bir standarttir. Bu
standartta sogutma hesabma yer verilmemistir. Bu
calismada sogutma enerjisi ihtiyacinin hesaplanmasi i¢in
TS EN ISO 13790 standardi temel alinmistir. Bu
standartta sogutma hesabinin yapilabilmesi i¢in ulusal
parametreler tanimlanmamustir. Ulusal parametreleri
olmayan Ulkeler igin  kullanabilecekleri tavsiye
niteligindeki parametreler verilmekle birlikte tilkelerin
ulusal parametrelerini kendilerinin belirlemesi tavsiye
edilmistir. Sogutma yiikii hesabinin daha dogru
yapilabilmesi igin ulusal bir standart diizenlenerek ulusal
parametrelerin belirlenmesi gerekmektedir.

Bu ¢alismada 1sitma enerjisi ihtiyacinin belirlenmesi TS
825 standardina ve sogutma enerjisi ihtiyacinin
belirlenmesi ise TS EN ISO 13790 standardina gore
yapilmistir. Uluslararast Standartlar ~ Teskilatt
(International Organization for Standardization /ISO)
binalarda 1sitma ve sogutma enerji ihtiyaglarinin
belirlenmesi  icin  I1ISO  52016-1:2017  “Energy
Performance of Buildings/Binalarin Enerji Performans1”
adi ile yeni bir standart yayimlamistir. Gelecek
caligmalarda, binalarin 1sitma ve sogutma enerji
ihtiyaclarinin belirlenmesi i¢in gizli 1s1 yiiklerinin de
hesaplamalara dahil edildigi daha kapsamli bir yontem
izleyen 1SO 52016-1:2017 standardinin kullanilmasinin
uygun olacag: degerlendirilmektedir.

Sonug olarak, konut tipi binalarda enerjiyi etkin bir
sekilde kullanmanin ilk yolu isitma ve sogutma yiikiinii
azaltmaktir. Isitma ve sogutma yiiklerini azaltmak igin en
ekonomik ve etkili yontem 1s1 yalitimidar. Ist yalitiminda
da en Onemli parametre yalitim kalinhigidir. Yalitim
kalinliginin dogru tespit edilebilmesi i¢in DG1 ve DG2
bolgelerinde sogutma yiikii de optimum yalitim kalinligt
hesaplamalarma dahil edilmelidir. Dogru belirlenen
optimum yalitim kalinlig1 ile yakat tiiketimi azaltilacak ve
enerji daha verimli kullanilacaktir. Bu kapsamda
sogutma yiikii hesaplamalar1 igin gerekli ulusal
parametrelerin belirlenerek TS 825 standardinin tlm
bolgelerde sogutma yiiklerini de kapsayacak sekilde
revize edilmesi gerektigi degerlendirilmektedir.
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Abstract: Analytical models are developed to estimate the transient elastic response of cooling two-layer solid cylinders
with different end and boundary conditions. Such cylinders contain two layers that are in perfect contact. The hot
assembly loses energy from its surface to either zero ambient by convection or by a prescribed lower surface
temperature. In any case, as the cooling takes place slowly, the problem is amenable to use of the uncoupled theory of
elasticity. A generalized plane strain solution is derived and then reduced to the state of plane strain by simply setting
the axial strain equal to zero. The results of these solutions revealed that the radial and circumferential stresses remain
unchanged by end conditions when the boundaries are free. However, in case of plane strain, the axial stress becomes
the dominant stress component and it is much larger than that in free ends. Radially constrained boundaries create very
large stresses in the assembly but the corresponding stress state is far away from yielding.

Keywords: Two-layer solid cylinder, Transient heat conduction, Cooling, Thermoelasticity, Generalized plane strain.

IKI KATMANLI DOLU BIiR SIiLINDIiRIN ELASTiK DAVRANISININ FARKLI UC VE
SINIR KOSULLARI iCIN ANALITIK OLARAK iINCELENMESI

Ozet: iki katmanli dolu silindirlerin zamana bagl termoelastik davranislarmin farkli u¢ ve smr kosullar igin
belirlenmesi amaciyla analitik modeller gelistirilmistir. S6z konusu silindirler, aralarinda miikemmel temas olan iki
katmandan olusmaktadir. Baglangicta sicak olan silindir, yiizeyinden konveksiyon yolu ile sifir derecelik ¢evresel
sicakliga veya Onceden daha diisiik olarak belirlenen ylizey sicaklifina ulasana kadar enerji kaybetmektedir. Tim
durumlarda soguma yavas bir bigimde gerceklestiginden problemde kuplajsiz elastisite teorisinin kullanilmasi miimkiin
olmustur. Genellestirilmis diizlemsel sekil degistirme ¢6ziimii elde edilmis ve bu ¢6ziim, eksenel yondeki birim sekil
degistirmeyi sifira esitleyerek diizlemsel sekil degistirme durumuna ait ¢dziime indirgenmistir. Bu ¢ozumlere ait
sonuclar, smir kosullarinin serbest oldugu durumlarda radyal ve tegetsel yondeki gerilmelerin u¢ kosullarina gore
degismedigini gostermistir. Ancak diizlemsel sekil degistirme durumunda, eksenel gerilme baskin gerilme olmakta ve
uglarin serbest oldugu duruma gore oldukca yiiksek degerlere ulagsmaktadir. Kompozit silindirin eksenel ve radyal
yonde yer degistirmesinin kisitlanmasi biiyiik gerilmelere yol agmasina ragmen ilgili gerilme durumu silindirde akmaya
yol agmamaktadir.

Anahtar Kelimeler: iki katmanli dolu silindir, Zamana bagli 1s1 iletimi, Soguma, Termoelastisite, Genellestirilmis
diizlemsel sekil degistirme.

NOMENCLATURE h convection heat transfer coefficient
[W/(m? °K)]

a,b interface and outer radii of the k thermal conductivity [W/(m °K)]
assembly, respectively [m] v Poisson’s ratio

a coefficient of thermal expansion r,o,z cylindrical coordinates
[a;=EajTy/oy] oy uniaxial yield stress [MPa]

ar thermal diffusivity [m?/s] o stress components [o; =oj / og ]

C integration constants O von Mises stress

E modulus of elasticity [GPa] t time [t =oqqt/b]

& strain components [ £; = ¢;E; /o] T temperature [-Fj =T, /To]



Te temperature of the casing [°C]
To initial temperature [°C]
u radial displacement [ U = E;u/(og;b) ]

INTRODUCTION

Basic structural elements such as disks, cylinders, tubes,
spherical shells and plates have been commonly used in
different branches of industry and in daily life. The
composite versions of these elements are also used
especially in mechanical, aerospace, and automotive
engineering. Due to this reason, a detailed knowledge of
the stress response of such components under different
loading and boundary conditions is needed for various
engineering applications.

The existence of temperature gradients in the elements
constitutes an important and unavoidable class of loads
as it may occur for many reasons. Consequently,
theoretical and experimental investigations of thermally
induced stresses and deformations in the above
mentioned assemblies have extensively been studied by
researchers. Being one of the classical problems of
thermal sciences, the transient heat conduction in
homogenous solid and hollow circular cylinders, slabs
and solid and hollow spheres have been investigated by
many researchers in the past. Solutions of some of these
classical problems with different methods can be found
in books Carslaw and Jaeger (1959), Boley and Weiner
(1960), Noda et al. (2003), Hetnarski and Eslami (2009),
and Hahn and Ozisik (2012).

The transient temperature response of composite solids
has been handled using different methods. The common
analytical techniques used are Green functions,
orthogonal expansions and the Laplace transformation
(Hahn and Ozisik, 2012). Applications of these
techniques and the use of other approaches can be found
in the studies of Monte (2002), Sun and Wichman (2004),
and Lu et al. (2006a). Other related investigations with
different geometries and boundary conditions can be
found in Lu et al. (2006b), Lu and Viljanen (2006), and
Singh et al. (2008).

The thermomechanical response due to heat conduction
in homogenous solid and hollow elements such as
cylinders and spheres were studied by several researchers
in the past. These are by Ishikawa (1978), by Tanigava et
al. (1984), by Thomas et al. (1985), and by Kandil et al.
(1995). A collection of solutions to the thermoelastic
response of cylinders, plates and spheres in transient heat
conduction can be found in Noda et al. (2003) .

Recently, Eraslan and Apatay (2015) investigated the
thermoelastic stresses in cylindrical rods subjected to
periodic boundary conditions by Duhamel’s theorem. In
the following investigation by the same authors (Eraslan
and Apatay, 2016), they extended their analytical model
to include partially plastic deformation and sudden
unloading of the solid cylinder by the use of classical
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theories of plasticity. The application of a similar
procedure to the solution of loading and unloading
problem of periodic heat generating cylinder can be
found in Eraslan and Apatay (2017). On the other hand,
transient response of an infinitely long annular cylinder
composed of two different materials was studied by Yu-
Ching and Cha’o-Kuang (1986), Jane and Lee (1999),
Lee et al. (2001), Wang et al. (2004), Lee (2006), and
Mashat et al. (2010).

The transient thermoelastic two-layer solid cylinder
problem has been treated in an earlier work by Pardo et
al. (1987). Following the approaches of Ozisik (1980) for
the transient heat transfer part and Boley and Weiner
(1960) for the thermoelastic part two different problems
have been solved. A composite circular disk with
insulated ends (plane stress problem) and an infinitely
long cylinder with fixed ends (plane strain problem). In
this work, we extend their study to include the state of
generalized plane strain, radially constrained boundaries
and the use of physical properties of real engineering
materials. In the following sections we describe the
problems handled, present our analytical models, their
detailed solutions and numerical results as the assemblies
cool down slowly with different modes of heat transfer.

THERMOELASTIC MODEL AND ITS
SOLUTION

Temperature Distribution for Convective Boundary
Condition

The coordinate system and the dimensions of the two-
layer solid cylinder are depicted in Fig. 1. An infinitely
long cylinder contains an inner region 0<r <a and an
outer region a<r<b that are in perfect contact as
shown in Fig. 1. Initially both cylinders are at
temperature Ty > 0. For times t >0 the cylinder loses
energy from its surface by convection to the zero ambient
temperature. The temperature distribution in the inner
and outer regions are governed by unsteady heat
conduction equations as (Hahn and Ozisik, 2012)

2

T. T. T
%:%{Z—:JJZ 21} in 0<r<a, t>0 (1)

r

2
%:%{%Jﬁz—?} in a<r<b,t>0 (2

r

where T, (r,t) and T,(r,t) are the temperature distributions
in the inner (0<r<a) and outer (a<r<b) regions,
respectively, and a4 is the thermal diffusivity of the inner
while a5, is that of the outer region.

The boundary conditions are

T,(0,t) = finite



aT, (b,t)
k,
or

+hT,(b,t)=0 (3)

The interface conditions are

T (at) =T,(at)
oTi(a,t) | dT,(at)
Yoar T ar

k k

(4)

Finally, the initial conditions are

T,(r,0)=T,, 0<r<a

T,(r0)=T,, a<r<b (5)

Figure 1. The cylindrical coordinate system and the dimensions
of the long cylinder.

The solution is realized by separation of variables as

Ty(r,t) = 6 (DR (r) and T,(r,t) = 6, ()R, (r) (6)
Substituting into Egs. (1) and (2) one obtains

id‘gln — a11 den +r dlen =—ﬂﬁ

6, dt  Ryr| dr dr?

idHZn _ 912 dRy, rdZRZn =—ﬂﬁ )
0,y dt  R,,r| dr dr?

in which 4,, n=12,... are the eigenvalues of the
system. These equations are separated as

d%mﬁem =0 and %mﬁez” =0 (8)
and
2 2
1) Ry ORI, A Ry, =0
ri dr dar? | oy
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2 2
1) dRon , (9 Ren | A Ry, =0 ©)
r| dr dr? ary
followed by the solutions
0, =Cpe ™ and 6, =C,e (10)
and
r r
R1n<r>=AnJo(”“—]+A2nY{”““—] 1)
\VoT1 VoT1
r r
Ron(r) = Bano[ﬂ“—}r anYo(l"—J (12)
Vo2 Vo2

where J,(r) and Y,(r) represent zero order Bessel
functions of the first and second kind, respectively. As
Yo (r)isnot finiteat r =0; A,, =0, and the solutions in
the radial dimension take the forms

Run(r) = AM{%J (13)
T1

Ron(r) = QnJo(—J/ZL} + anY{—j;xi} (14)
T2 T2

since Ry, (r) is an eigenfuction for any nonzero A, , we
select A, =1 for convenience. The interface and
boundary conditions become

Rin (@)= Raon (@)

K dRyy (a) _ K dR; (@)
L =
dr dr
o T2 bRy, ) = 0 (15)

Application of these conditions leads to

Jo[ J_ Bln‘]O[ﬂJ - anYo[ﬂJ =0 (16)
2

ar a2

ay

VOT1

ki @31 at, By, at,
n
ko \ ar; N oy VT2 an
al,
_BZnYl[ L ]:0
VOT2
. hJo[ bA, J_ Ko, Jl[ bA, ]
arp At [25Y] (18)
+ B, | hY, b, |_ kot Y, b 11_¢
a12 arp aro



+ By, [HYO (Uln )_ j*nYl(Tﬂ“n )] =0
B = a y = a K = ﬁ Q12
Jor Jar, ko V an or in matrix notation

n= and H = ka“ (19) 17 [o

912 2 Ax| By, |=|0
these equations become 23) Ban 0
JO('BAH )_ BanO(Mn )_ Bano (Mﬂ): 0 (20) where the coefficient matrix is
K‘]l(ﬁﬂn)_ Bln‘]l(yﬂ’n)_ BZnYl(yﬂ'n =0 (21)

‘]O(ﬁ/ln) _‘]0(7/1n) _Y0(7/1n)
A= K‘]l(ﬂﬂn) _Jl(yﬂ“n) _Y1(7%n) (24)
0 H‘JO(Uﬂ*n)_ ﬂ'n‘]l(nﬂ*n) HYO (nj’n)_/lnYl(Uln)

From the first two of these equations

|:‘]0(7ﬂn) Y0(7An):||:Bln:|:{‘]0(ﬂﬂn)j| (25)
31(A) Ya(7A)][Ban | | KI1(82,)

By, and By, are determined as

N AN ETSRZRACZS) D
Boo = (K300 01052~ ()0 )] (2)
where

A =300 M1 (72 ) = 31 (20 o (2n) (28)
Eigenvalues are calculated from

det[A]=0 (29)

where A is the coefficient matrix given by Eq. (24). The
result is

Yy (720 ) [HI0 (BAn) 36 (1) = 206 (BAn) Iy (4]
+ 31 (720 [0 30 (B )1 (720) = HI o (B Yo (72,)]

30
e 308 ol (KA )~ HIo )] 7
+ 30 (70 )IHKYo (77) = K2 Y1 (72,)]} = 0
The general solutions are then
Tl(rlt) = icne_ﬂﬁt Rln (r) (31)
n=1
T,(r,t) = icnwﬁt Ron(r) (32)
n=1
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It should be noted that since the time dependent functions
6y, and 6,,, are independent of material properties of the
layers, there is no discontinuity at the interface. Due to
this reason in the above two equations instead of C,,, and
C,,, a single constant C, is used. Application of the
initial conditions leads to the equations

To= ch Ryn (1)

(33)
n=1

To = _CaRon(r) (34)
n=1

The orthogonality property is (Hahn and Ozisik, 2012)

— rRln(I’)le(l’)dl’
Qg Y0
(35)
k, J-er (MR, (r)dr 0 fornzm
+_ =
Qppda 200 7m N, for n=m
where the norm N, is
ky r2 k,
N, =—L ern(r)err—ZJ. rR2 (r)dr (36)
Q11 %0 Oy 72

The expression given in Eq. (35) is derived by using the
two equations given in Eq. (9). Both of these equations
are written for two different eigenvalues first. Then, the
first set of these equations are multiplied by R,,(r), and

the second set by Ry, (r) . The results are subtracted and

integrated over the volume. The volume integrals are
changed to surface integrals and the resulting expressions
are summed up taking into consideration of the boundary
conditions.



By performing integrations in Eq. (36) the norm N,
takes the form

N,=E; + EZBlzn +E3B By, +Ey Bzzn (37)
where
2
£, = 22 () + 92 (0] (3
Oty
k
E, =—2 102[I2(n1,) + IZ (A
2 =g 9d ) + 37 )] o
— 2?32 (7ay) + 320 |}
Ey =2 (b2[3 (220 Yo (1) + Iy (V)]
) 40)
—aZ[Jo(m)YowmJl(yznmm]}
s ull LMD “

-a [Yo (720) +YE (72|

Multiplying both sides of Egs. (33) and (34) by the
operator

ki IR, () (42)
Ti

and integrating

L j (ToRym ()r _Zc { erln(r)le(r)dr}
aT1
(43)
k, = [k,
—2 [ FToRym (r)r = Zc{—z [ Ran )Rz (r)dr}
A1y a 1 Aty va
(44)
adding for m=n
kiTo rRln()dr+—J.rR2n(r)dr_C N, (45)
an
or by integrations
where
k,T,
LRGN (47)
An

-kl bJ; (172
I \/Zin{Bl“[Jl(" 2)—ad; (74,)] u8)

+ By [0V, (24,) —aY, (74, ]}

then the solution is completed as

1
CnZN—(|1+|2) (49)
n
Temperature Distribution for Prescribed Surface
Temperature

In this case the two-layer cylinder is mounted between
rigid casing and cools down as it touches to the walls of
the cooler casing. Hence, the conduction equations, Egs.
(1) and (2), are solved with the following boundary
conditions

T,(0,t) = finite
T,(b,t)=T¢ (50)

where T represents the temperature of the casing. This

nonhomogeneous boundary condition is made
homogeneous by the introduction of new dependent
variables

¢l(r’t):T1(r!t)_TC (51)
G, (r, 1) =T, (r,t)-Tc (52)

then the system to be solved becomes

2
%:@ %+rM in0<r<a,t>0 (53)
ot r|or or?

2
9 _ o1 %+rM ina<r<b, t>0 (54)
ot r|or  or?

with the following conditions: boundary

#,(0,t) = finite
$,(b,t)=0 (55)

interface

¢1 (a!t) =¢2 (a!t)
K oy (a,t) —K 0¢, (a,t)
1 =

or 2 or (56)
and initial
¢ (r0)=To —T¢c
$p(r,0)=Ty —T¢ (57)

The solution is realized by separation of variables as in
the first problem. The result is

H(rt) = icne‘*ﬁt Rin (1) (58)
n=1

¢2(r,t)=icne‘ﬁﬁt Ron () (59)
n=1



where the eigenfunctions Ry, (r) and R,,(r) are given by
Egs. (13) - (14), respectively and

o= +12) (60)

the norm N, is the same as above, Eq. (37), and

=80Ty 4, 1
ko (To —Te)

|, =—-2\0_ 'CJ bJ, (71.) —al

N ) {Bun[b3:(720) - 23, (7)) )

+ By [bY; (74,) —aY, (4]}

The eigenvalues A,, for n=12,... of this solution are
the roots of the nonlinear equation

Yo (120) [KI 0 () 31.(BAn) = 3o () I (7)]

(63
~ 301220 ) [KIL(B2 o () = 30 (B2 )Yy (#)] = O

)

Finally, the temperature distributions are determined
from

T(r,t) =g (r,t)+T¢
T, (r,t)=¢,(r,t)+T¢ (64)
Elastic Solutions

Basic equations

As the cylinder cools down slowly, the uncoupled theory

of elasticity can be used. Hence, the equations of the
generalized Hooke’s law

1
& = E[O'r —v(oy +o, )]+ a(T -T,) (65)
1
ga—E[Ua—V(Ur+0z)]+a(T —To) (66)
1
&; :E[O'Z —1/(0'r +0y )]+ a(T —TO) (67)
the strain displacement relations
u du
Eg r &y dr ( )
and the equation of equilibrium
doy (o= _j (69)
dr r

form the basic elastic equations for both regions
(Timoshenko and Goodier, 1970; Rees, 1990). In these

equations &; represents a strain component, E the

modulus of elasticity, o’; a normal stress component, v
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the Poisson’s ratio, the coefficient of thermal
expansion and T, the initial temperature as before. In
case of generalized plane strain ¢, = &, =constant, the
axial stress turns into

a

o, =Egy+v(c, +0,)-Ea(T -T,) (70)

Solutions in the following sections are carried out by the
use of normalized and dimensionless variables. These are
r=r/b dimensionless radial coordinate, 7=cqt/b

Tj =TJ /TO
normalized

dimensionless  time, dimensionless

Ej:

T :Gj /(701

\4

temperature, €jEiloy strain

component, dimensionless  stress

component, dimensionless radial

displacement, v; Poisson’s ratio, @;=EajTy/oy
dimensionless coefficient of thermal expansion,
E =E,/E, ratio of moduli of elasticity and o, the

uniaxial yield limit of the inner region material.
Solution for the inner region

Combining the equations of the generalized Hooke’s law
with the strain displacement relations and substituting the
axial stress &, into these equations, the radial and

circumferential stresses can be expressed in terms of
displacement and its first order derivative as

1

@+vy) 1-2v)L

e

1-2v,

1

@+vy)-2v)L
&)

1-2v,

Substituting these stresses in the equation of equilibrium
the governing differential equation for the inner region is
obtained as

2_ T [
e (73)
dr’® r 1-n dr
The general solution is
u(r,7)= CJ+%+MM %)
r 1-v P

where C; and C, are the arbitrary integration constants
and



)

(75)

F(r,7)=

68 =Fary Y “ve e

n=1"M

O Ly |

!

Note that when T,=¢ +T., the term F(r,z) also

includes the term F2T./2. We prefer using F(F,7)

instead of explicit result in Eq. (75) for the compactness
of the latter lengthy equations. Meanwhile, it is to be
noted that

@ = !imo[r_rl (F, r)] = [imo{r[¢1 (F,r)+Tc =0

lim

r—0
(76)

Since the stresses and displacement must be finite at the
center (r=0), C, must be zero. Then the equations for

the displacement and the stress components take the
forms

u(r,z)=Cyr + % ~ (77)
5 (7o) = C,+ &, _égﬂfﬁn)_FKiﬂ}
AL+v))A-2vy) T |TA-vy) 1-21
&n (.01
1-2v,
(78)
A P R . {F(i,r) +V1F'(r_',2'):|
@Q+v)A-2vy) T@-vy) r 1-2y,
&L
1-2v,
(79)
5, (F.7) = 2Cv; +5,(L—vy) o, F'(r,7)
B A+v)1-2v;) Fl-wv)A-21) )
& n0-1
1-2v,
in these equations
F'(F,7) =TT,(F,7) (81)
or
F'(F,7) = Flgy(F,7) + T | (82)

Solution for the outer region

Following similar steps as in the inner region, the
solution is obtained as
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B Cs+5pvs B C,
E@+v,)L-2v,) Er’(1+v,)

&[N 01

&,(F.7)

_ay| G(r,r) G'(r7)
EF|F(l-v,) 1-2v, E(1-2v,)
(83)
&,(F.7)= Cs+ &gV, N C,
ST E@+vy)-2v,)  Erf+vy,)
[ 67 | vG(Fr) | &LE0-1
EF|Fl-v,) (1—vy)1-2v,) E(-2v,)
(84)
5,(f.7) = 2C5v, +Eo(L—vy) a,v,G'(T,7)

E(l+v,)1-2v,)

AN
E(l-2v,)

Er(l-v,)1-2v,) (85)

where C; and C, are the arbitrary integration constants
and

G(F,7) = | Ty (& )dg

C, _z _
a1 Z,Tne § {Bl{”l[

i)

Note that the term FZTC/Z accompanies the right hand
side of this equation if T, =¢, + T . The derivatives of
G(r,z) are

D] Sy

AT A3

a1 a1

(86)

G'(f,7)=TT,(F,7) (87)
or
G'(F,7) =4, (F.0) +T¢ ] (88)

Evaluation of integration constants

Plane Strain In case of plane strain &, =0 and the
remaining constants C;, C; and C, are evaluated from

a'(a,r)=u"(a,r)
5/ (@ r1)=5,(ar)
' @7)=0 (89)
in which the superscripts I and 11 refer to inner and outer
regions, respectively. Analytical expressions for the
unknowns are determined by the comprehensive use of

Mathematica. Since these expressions are overlong, it
was not possible to include them here.



Generalized Plane Strain In this case &, = constant,
and the unknowns are C,;, C;, C, and &,. The three

equations in the group by Eq. (89) are still valid and the
additional equation is

(90)

O ey, O]

1
&) (F,7)FdF + j & (F,7)FdF =0
a
Again, lengthy analytical expressions for the unknowns
are determined by Mathematica.
Radially Constrained If the surface of the cylinder is

mounted between rigid walls then the problem is a plane
strain problem as well, i.e. £, =0 and the conditions are

u'(@r)=u"@r)

/(@ 1)=5,(ar)
u"(L7)=0 (91)
The three unknowns C;, C; and C, are then evaluated

analytically by the use of these equations. It should be
noted that for the radially constrained case the cylinder is
also assumed to be axially constrained so that the plane
strain condition relative to r - plane exists.

PRESENTATION OF RESULTS

In the calculations, physical properties of two different
engineering materials namely Aluminum (AL) and Brass
(BR) are used. Numerical values of the properties of
these materials are listed in Table 1. Dimensionless
variables used in the calculations and in the presentation
of the results are calculated by the use of the data given
in Table 1.

Table 1. Physical properties of the materials used.

Physical Property Symbol Unit Aluminum (AL) | Brass (BR)
Thermal diffusivity ar m*/s 9.5 x 107" 3.4 % 1073
Thermal conductivity k W/(m.”K) 230 110
Modulus of elasticity E GPa 70 105
Poisson’s ratio v - 0.35 0.35
Coett. of thermal expansion ! 1/°C 23.0 x 107¢ 20.9 x 107¢
Uniaxial yield stress foh MPa 100 410

Plane Strain Calculations

In these calculations T, =60°C, h=100 W/(m? °K) and

a = 0.6 are used. Cooling of AL-BR and BR-AL cylinders
from early times to steady state is plotted in Figs. 2(a) and
2(b), respectively. As seen in these figures the interface and
boundary conditions are perfectly satisfied. While AL-BR

05 F

)
E
@
g AL | BR
£ 04 f :
0.3 T\
F I
02 -
r a=0.61
01 [ :
[ 7=20.7 |
0.0 F T
[ |
I R P A R L1
0.0 0.2 0.4 0.6 0.8 1.0
radial coordinate
(@)

cylinder reaches steady state at z =20.7, BR-AL does at
7 =5.9. There are two reasons for this difference. First one
is that since the dimensionless time is determined from
7 =amt/b, the magnitude of «y, affects calculation of
r , secondly the thermal conductivity of aluminum is twice

as much as that of brass. Hence, if aluminum is in the outer
layer cooling takes place more rapidly.

11 |
[ 7=0.025 |
1.0 F I
B BR | AL
08 [ i
0.7 i '
. : T::OAS :
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2 04 [ |
r = I
0.3 \07{_\
02 I
r I
01 | I
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0.0 0.2 0.4 0.6 0.8 1.0
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Figure 2. Distributions of temperature for the (a) AL-BR (Aluminum-Brass), and (b) BR-AL (Brass-Aluminum) two-layer cylinders

at various time instants for @ =0.6 and T, =60°C .
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Figure 3. Comparison of the variation of radial stress distributions for the (a) AL-BR (Aluminum-Brass), and (b) BR-AL (Brass-

Aluminum) two-layer cylinders for plane strain and generalized plane strain cases at various time instants for a =0.6 and

To = 60°C . The solid lines belong to plane strain case and dots to generalized plane strain.
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Figure 4. Comparison of the variation of tangential stress distributions for the (a) AL-BR (Aluminum-Brass), and (b) BR-AL (Brass-
Aluminum) two-layer cylinders for plane strain and generalized plane strain cases at various time instants for a =0.6 and

To = 60°C . The solid lines belong to plane strain case and dots to generalized plane strain.

Table 2. Unknowns calculated for AL-BR (Aluminum-Brass)
generalized plane strain
two-layer cylinder for a =0.6.

The distributions of stress and displacement
corresponding to temperature profiles in Figs. 2(a) and
2(b) are presented in Figs. 3 - 6. The details of these

calculations are provided in Tables 2-5. T S Cs C. &
0.025 | —0.100365 x 10" | —=0.910570 0.327618 —0.152034 % 107!
0.03 | —0.100375 % 10" | —0.910380 0.327500 —0.181297 x 107!
0.25 | —=0.100293 x 10" | —0.904712 0.301985 —0.131116
2.0 —0.977868 —(.887678 0.874624 % 107! —0.630018
20.7 —0.963887 —0.878593 | —0.307041 % 107! —0.901851
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Table 3. Unknowns calculated for BR-AL (Brass-Aluminum)

generalized plane strain
two-layer cylinder for a = 0.6

T C, Cy C, €
0.025 | —0.332142 | —0.366973 0.131371 —0.166232 = 10!
0.03 0.331933 0.366926 0.130863 0,197670 x 1071
0.25 0.327211 0.363207 | 0.943917 = 107! 0.128406
0.3 —0.326519 | —0.362455 | 0.871070 x 107! —0.147228

1.0 0.321412 0.356844 | 0.327206 = 107! 0.287133
5.9 —0.319532 | —0.354777 | 0.126901 x 10! —(0.338643

Table 4. Unknowns calculated for the AL-BR (Aluminum-

Brass) plane strain two-layer
cylinder for 2 =0.6.

T C, Cy C,
0.025 | —0.582071 % 1072 | —0.456173 % 10* 0.327618
0.03 0.693840 x 102 | —0.456190 x 10* 0.327500
0.25 | —0.916629 x 107" | —0.428145 x 10" 0.301985

2.0 —0.856437 —0.228657 x 10" | —0.874624 x 107}
20.7 [ —0.127953 x 10* | —0.119426 x 10* | —0.307041 = 10~*

The comparison of radial stress distributions in plane
strain and in generalized plane strain calculations as time
increases are plotted in Figs. 3(a) and 3(b). In these
figures dots belong to the results of generalized plane
strain calculations and solid lines to plane strain
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calculations. With low magnitudes, the results of these
calculations are identical. The same situation is observed
for tangential stress as well. The results of plane strain
(solid lines) and generalized plane strain (dots) are
presented in Figs. 4(a) and 4(b). The difference between
axial stress distributions is obvious and can be visualized
in Figs. 5(a) and 5(b). In these figures solid lines belong
to the results of plane strain calculations and dashed lines
to generalized plane strain. It is observed that sharp
gradients dominate generalized plane strain calculations.
The distributions of radial displacement for both
calculations are plotted in Figs. 6(a) and 6(b). In these
figures solid lines show the distributions for the plane
strain case in which ¢, =0.

Table 5. Unknowns calculated for the BR-AL (Brass-
Aluminum) plane strain two-layer

cylinder for a =0.6.

T C1 C3 C4
0.025 | —0.448840 x 102 | —0.179154 = 10! 0.131371
0.03 | —0.545516 % 1072 | —0.177732 x 10 0.130863
0.25 —0.126000 —0.131818 ¢ 10! | 0943917 x 10~
0.3 0.153701 0.124240 = 10 | 0.871070 % 10~*
1.0 —0.361493 —0.680260 0.327206 % 10!
5.9 —0.438051 —0.473325 0.126901 x 107!
0.40 [ :
.59 BR AL
0.30 ,
:__l:i.()_—-—-—"‘ =59 1
020 r =59 =10 /.-
[ L_‘__- =27 _
0.10 | =10,
$ 000 L 70025 4 —
s ' [ 1'\
® L 7=0.025
010 7
r 7=0.025,
020 | o ;
Po==zzz2l .t
[ =59 -~ {
030 | e :
L--27{ o @=06l
040 Lo ‘ L.
0.0 0.2 0.4 0.6 0.8 1.0
radial coordinate
(b)

Figure 5. Comparison of the variation of axial stress distributions for the (a) AL-BR (Aluminum-Brass), and (b) BR-AL (Brass-
Aluminum) two-layer cylinders for plane strain and generalized plane strain cases at various time instants for a =0.6 and

To = 60°C . The solid lines belong to plane strain case and dashed lines to generalized plane strain. The stress values for the
generalized plane strain case is multiplied by 10.
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Figure 6. Comparison of the distributions of radial displacement for the (a) AL-BR (Aluminum-Brass), and (b) BR-AL (Brass-Aluminum)

two-layer cylinders for plane strain and generalized plane strain cases at various time instants for a

belong to plane strain case and dashed lines to generalized plane strain.
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Figure 7. Variation of axial strain ( &y = £9og,/ E;) with time
for AL-BR (Aluminum-Brass) and BR-AL (Brass-Aluminum)
two-layer cylinders for generalized plane strain case (a = 0.6

and T, = 60°C).

As seen in Figs. 6(a) and 6(b) when &, =0 the
contraction in volume is realized by contraction in the
radial dimension only. However, in generalized plane
strain case the cylinder contracts in both axial and radial
dimensions. This situation is also illustrated in Fig. 7, on
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=0.6and Ty =60°C . The solid lines

which the decrease in the axial dimension with time is
plotted.

To check if the cylinder is deforming plastically with the
calculated stresses, von Mises yield criterion is used. The
von Mises stress, o,y , IS determined at any radial
location using slightly different expressions for the inner
and outer regions. For the inner region it is determined
from

_ 1
Oowm = E

while for the outer layer
Su \/l
op )V 2
where o, stands for the uniaxial yield stress of the
material in this layer. Note that the cylinder becomes
plastic at locations where &,y =1. The variations of

o, inthe AL-BR and BR-AL cylinders at various time

instants for both end conditions are calculated and plotted
in Figs. 8(a), 8(b), 9(a) and 9(b). As seen in these figures,
for both end conditions the stress states are elastic. In
addition, larger magnitudes of von Mises stress are
calculated in plane stress case for both cylinders.

[(Er _50)2 +(Er _Ez )2 +(O-n9 —0;

¥] (92

G [(5r -5,0 +(5, -5, +(5, -5, )2] (93)

Next, the results of the calculations for radially
constrained plane strain two-layer cylinders are

presented. Here the values T, =60°C, T, =12°C and



a=05 are used. Temperature distribution vs. time 7 =4.93. To determine the corresponding stresses in the
history of AL-BR cylinder is plotted in Fig. 10(a). As cylinder integration constants are determined and
seen in this figure, T (F) =T /T, =0.2 throughout inthe ~ tabulated in Table 6.

cylinder when the steady state condition is reached at
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Figure 8. Distributions of von Mises stress for the AL-BR (Aluminum-Brass) two-layer cylinders for (a) plane strain, and (b)
generalized plane strain cases at various time instants for a = 0.6 and Ty = 60°C .
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Figure 9. Distributions of von Mises stress for the BR-AL (Brass-Aluminum) two-layer cylinders for (a) plane strain, and (b)
generalized plane strain cases at various time instants for a =0.6, Ty = 60°C .
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Figure 10. Distributions of (a) temperature, (b) radial stress, (c) tangential stress, (d) axial stress, and (e) von Mises stress for the
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Figure 11. Distributions of (a) temperature, (b) radial stress, (c) tangential stress, (d) axial stress, and (e) von Mises stress for the
BR-AL (Brass-Aluminum) axially and radially constrained two-layer cylinders (plane strain case) at various time instants for

a=05, Tp=60C, Tc =12°C .
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Table 6. Unknowns calculated for AL-BR (Aluminum-Brass)
radially constrained plane strain cylinder for 2 =0.5.

T C, Cs C,
0.03 —0.801893 —0.761918 | 0.240756
0.1 —0.644804 —0.648036 | 0.242042
0.25 0.438352 0.510367 | 0.207737
0.9 | —0.979417 x 107 [ —0.292115 | 0.124936
4,93 [ —0.202731 % 1071 | —0.242434 | 0.105699

Distributions of radial, tangential and axial stresses are
plotted in Figs. 10(b), (c) and (d). The constraint in the
radial direction gives rise to large magnitudes of the
stresses. To check if the cylinder is deforming plastically
with these large magnitudes of the stresses, the variations
of o, in the cylinder as time passes are calculated and

plotted in Fig. 10(e). As seen in this figure, although the
stresses have large magnitudes, the corresponding stress
state is far away from plasticization.

Similar calculations are performed for Brass-Aluminum
(BR-AL) radially constrained plane strain cylinder. The
temperature profiles from early times to steady state are
plotted in Fig. 11(a). BR-AL cylinder comes to steady
state at T = 1.22. Integration constants for this cylinder
are calculated and tabulated in Table 7.

Table 7. Unknowns calculated for BR-AL (Brass-Aluminum)
radially constrained plane strain cylinder for @ =0.5.

T C, C; C,
0.03 | —0.211227 —0.193295 0.693263 % 107!
0.05 | —0.189389 —0.158316 0.557702 % 107!
0.1 | —0.161368 —0.110541 0.313801 % 107!
0.25 | —0.134912 | —0.636878 x 10~ | 0.413571 x 1072
1.22 | —0.128746 | —0.527198 x 107! | —0.233146 x 1072

Figs. 11(b) - 11(e) display the distributions of radial,
tangential, axial and von Mises stresses, respectively. As
seen in Fig. 11(e), again, the stress state is purely elastic.

CONCLUDING REMARKS

Using physical properties of Aluminum and Brass, plane
strain, generalized plane strain, radially constrained
plane strain thermoelastic analyses of the cooling of a
two-layer cylinder are performed using the uncoupled
theory of elasticity. The cylinder consists of two layers
that are in perfect contact. In plane strain and generalized
plane strain calculations it is supposed that the hot
assembly loses energy from its surface to the zero
ambient by convection. In these calculations, it is
observed that while radial and circumferential stresses
are very small in magnitude and are identical, the axial
stress is the largest one among the principle stresses.
Axial stress profiles in plane strain and in generalized
plane strain differ to some extend with sharper gradients
in the state of generalized plane strain. On the other hand,
for both end conditions it is observed that the stress states
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from early times to steady state are elastic when the von
Mises citerion is considered.

In the solutions with radially constrained boundary
condition, the cylinder is assumed to be mounted
between rigid walls. Cooling of the cylinder takes place
as it touches cooler surface of the rigid casing. In this case
the decrease in length is not possible and the problem
becomes a plane strain one at the same time. Radially
constrained boundaries give rise to stresses with large
magnitudes but it is shown by the use of von Mises yield
condition that the resulting stress state is far away form
plasticization.
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Abstract: Droplet evaporation has been widely studied in the literature due to its key role in various applications in
science and industry. The problem of droplet evaporation involves various mechanisms in both liquid and vapor phases
together with the interface separating them. Modeling of this multiphase problem is not straightforward thereof studied
by many researchers but in every time a few different contributing mechanisms could be highlighted. One of the pieces
of this puzzle is undoubtedly the Stefan flow, which is always present during the evaporation of a liquid to an insoluble
surrounding gas, yet the number of studies exploring its individual contribution to the evaporation remain very
restricted. In the current study, the effect of Stefan flow is assessed by employing a recent state-of-the-art model that
accounts for all pertinent physics of droplet evaporation. Results reveal that Stefan flow can be responsible for 17% of
total evaporation when the droplet is placed on a high temperature substrate. Moreover, it is shown that lower
performance of diffusion based models (in gas phase) can be greatly enhanced by incorporating the effect of Stefan
flow into the interfacial mass flux equation. In addition, performances of existing purely diffusion and diffusion and
Stefan flow based correlations in the prediction of evaporation rates are elucidated. Last but not least, under varying
humidity of the surrounding gas, contribution of individual transport mechanisms in gas phase to the total evaporation
rate is found to be unaffected. Based on this result, it is hypothesized that contributions of Stefan flow and natural
convection have a linear dependence on the contribution of sole diffusion. The current study clearly demonstrated that
Stefan flow considerably enhances the evaporation rate of droplets, especially in the case of high substrate heating.
Therefore, future studies on the topic should account for the Stefan flow during the modeling of droplet evaporation.
Keywords: Droplet evaporation, Stefan flow, natural convection, gas diffusion, thermocapillarity, buoyancy.

STEFAN AKISININ DAMLACIK BUHARLASMA MODELLERI UZERINDEKI ETKIiSi

Ozet: Bilim ve endiistrideki cesitli uygulamalarda Kilit rolii olmas1 nedeniyle damlacik buharlagsmast literatiirde yaygin
olarak incelenmektedir. Damlacik buharlagmasi problemi, sivi ve buhar fazlar ile bu fazlar1 ayiran ara yizeyde
meydana gelen cesitli mekanizmalar igerir. Modellenmesi kolay olmayan bu ¢ok-fazli problem bir¢ok arastirmaci
tarafindan c¢alisilmistir, ancak igerdigi mekanizmalardan sadece birkagi 6n plana ¢ikarilabilmistir. Bir sivinin o sivi
icerisinde ¢Ozinmeyen gaz ortamma buharlagmasi sirasinda her zaman ortaya ¢ikan Stefan akisi, bulmacanin
pargalarindan biridir. Ancak Stefan akiginin buharlagmaya olan katkisini arastiran ¢caligsmalarin sayisi oldukg¢a sinirlidir.
Bu caligmada, Stefan akisinin etkisi, tiim ilgili fiziksel mekanizmalari iceren yenilik¢i bir model kullanilarak
Olciilmiistlir. Damlacik yiiksek sicaklikta bir kat1 yiizey {izerine yerlestirildiginde Stefan akisinin toplam buharlagmanin
%17'sinden sorumlu olabilecegi bu ¢alismada gosterilmistir. Ayrica, Stefan akiginin ara yiizey kiitle akis1 denklemine
dahil edilmesiyle diflizyon temelli modellerin (gaz fazindaki) diisiik performansimin biiyiik 6lgiide arttirilabilecegi
gosterilmistir. Ayrica bu calismada, sadece difiizyon ile diflizyon ve Stefan akisina dayali mevcut ilgilesimlerin
buharlagma oranlarini bulma performanslari tartisilmistir. Son olarak, gaz ortaminin degisen nem oranlar1 altinda, gaz
fazindaki miinferit tasima mekanizmalarinin toplam buharlagsma hizina olan katkilarinda bir degisiklik olmadig:
bulunmustur. Bu sonuca dayanarak, Stefan akisi ve dogal konveksiyonun katkilarinin, sadece difiizyonun katkisina
dogrusal bir bagimlilig1 oldugu diistiniilmiigtiir. Bu ¢aligma, Stefan akiginin, bilhassa 1sitilmug kat1 ylizeyler tizerinde
duran damlaciklarin buharlagsma hizlarim1 kayda deger sekilde arttirdigimi gdstermistir. Bu ylizden, bundan sonra
yapilacak ilgili damlacik buharlagsmasi modelleme ¢aligmalart Stefan akisini da icermelidir.

Anahtar Kelimeler: Damlacik buharlagsmasi, Stefan akisi, dogal taginim, gaz difiizyonu, sicakliga bagh degisen
kilcallik, kaldirma.

NOMENCLATURE D binary diffusion coefficient [m?/s]
g gravitational acceleration [m/s?]

Symbols hgg latent heat of evaporation [J/kg]

Bwm Spalding mass number k thermal conductivity [W/m-K]

Cp specific heat capacity [J/kg-K] mgy, evaporative mass flux [kg/m?-s]

c molar concentration [mol/m?] M molar mass [kg/mol]



unit vector in normal direction
pressure [Pa]

droplet radius [m]

unit vector in tangential direction
temperature [°C]

velocity vector [m/s]

mass fraction

< 3 »ygo =

Greek Symbols

y surface tension [N/m]
3 emissivity

6 contact angle [rad]

p density [kg/m®]

o Stefan-Boltzmann constant [W/m?-K*]
T stress tensor [Pa]

) relative humidity
Subscripts

a air

8 gas

1 liquid

S droplet surface

surr surroundings

v vapor

w wall

© far field

INTRODUCTION

Droplet evaporation is at the center of numerous natural
phenomena, scientific processes, and industrial
applications including DNA mapping, inkjet printing,
and surface coating (Smalyukh et al., 2006; Lim et al.,
2009; Wu et al., 2014). In recent years, the interest of
thermal scientists in the droplet evaporation has
increased because of its potential utilization in electronic
cooling applications (Won et al., 2015; Shuai et al.,
2018). Evaporating droplets are promising tools in heat
removal due to high latent heat of vaporization emerging
during phase change. Their utilization in a cooling
application can be in different ways. Spray cooling, for
instance, uses drying fine droplets, which are
continuously generated through a nozzle and thrown to
the hot substrate (Kim, 2007). Alternatively,
continuously fed constant shape droplets are suggested as
an effective cooling solution (Kokalj et al., 2010).

Droplet evaporation is a multi-phase problem combining
liquid droplet domain with surrounding gas domain.
While the liquid domain consists of a single pure
substance, gas domain is the mixture of air and the vapor
of the liquid. Therefore, in addition to mass, momentum,
and energy balance equations, species transport equation
should be considered in the gas domain during the
solution. Boundary conditions at the natural boundaries
of the problem domain can be easily determined.
However, boundary conditions at the droplet surface (i.e.
at the interface between liquid and gas domains) requires
additional attention due to the inherent complexities of
coupling of condensed and rarefied phases. Hence, the
modeling of droplet evaporation is not straightforward
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and is computationally costly. To mitigate the
computational challenges, various assumptions have
been applied in the modeling of droplet evaporation such
as omission of convective transport in liquid and/or gas
phases, neglecting Marangoni (thermocapillary) effect
and applying Boussinesq approximation to model
buoyant flows. Although these simplifications facilitate
obtaining a converged solution, they inevitably result in
certain errors, the extent of which should be questioned
in detail.

Although it was rarely considered in early studies (Duh
and Yang, 1989; Lozinski and Matalon, 1993),
convective transport inside the droplet is always present
and two simultaneous effects trigger it: buoyancy and
thermocapillarity.  Although the observation of
thermocapillary flow in water droplet is controversial in
the literature (Ward and Duan, 2004; Xu and Luo, 2007),
thermocapillary flow always exists based on the
thermophysical properties of pure water as long as there
is a temperature gradient at the liquid-vapor interface.
Moreover, it was reported that when these both effects
are present, thermocapillary flow dictates the internal
flow field by dominating the buoyant liquid flow
(Bouchenna et al., 2017).

In gas domain, convective transport accompanies the
mass diffusion. However, early studies generally
followed the semi-empirical correlation of Hu and
Larson (2002) as a function of contact angle based on the
well-known studies of Deegan et al. (1997, 2000).
Likewise, many studies considered only the heat and
mass diffusion in the gas phase (Girard et al., 2006; Xu
et al., 2009). Omission of convection was demonstrated
to considerably lower the evaporation rates by the
experiments (Kelly-Zion et al., 2011; Carle et al., 2013;
Carle et al., 2016). Yet the role of convection has been
neglected in almost all numerical studies except a few
(Saada et al., 2010; Chen et al., 2017; Pan et al., 2020).
It should be noted that natural convection in gas phase
becomes stronger with increasing substrate temperatures.
Therefore, inclusion of gas flow is critical in the
modeling of droplets utilized in the thermal management
of high heat flux dissipating electronic components.

Another common assumption in droplet evaporation
modeling is the omission of Stefan flow. Except several
recent studies (Semenov et al., 2013; Carle et al., 2016;
Chen et al., 2017; Pan et al., 2020), evaporation models
have neglected the effect of Stefan flow. However, Stefan
flow is always present during the evaporation of a liquid
to a different surrounding gas, which is insoluble in the
liquid. Mechanism of Stefan flow can be understood
better by referring to Figure 1. Vapor molecules emitted
from the droplet surface diffuse into the air, which is
called as vapor diffusion as seen in Figure 1b. Likewise,
air molecules diffuse towards to the droplet surface due
to the concentration gradient, which is called air diffusion
as seen in Figure 1b. However, concentration of air at the
droplet surface must vanish since the air is not soluble in
the liquid. Therefore, a counter mechanism is necessary
to oppose the mass transfer of air towards the interface.



A bulk gas flow, then, originates near the interface and
carries the air molecules away from the droplet surface in
an equal rate of air diffusion (called air convection in
Figure 1b). This flow is called as Stefan flow, and, in
addition to the air molecules, it transports the vapor from
the interface (called as vapor convection in Figure 1b) as
an additional mechanism to the diffusion of vapor.
Consequently, when considered in the modeling, Stefan
flow results in elevated evaporation rates. Contribution
of Stefan flow to the evaporation rates and its effect on
the gas flow field were experimentally assessed by
several recent studies (Zaitsev et al., 2017; Kabov et al.,
2017; Misyura, 2017, 2018). Moreover, empirical model
of Carle et al. (2016) was utilized to show the effect of
Stefan flow on evaporation rates for a certain drop
configuration. However, a comprehensive numerical
model including all pertinent physics in drop evaporation
have not been employed to reveal the explicit
contribution of Stefan flow on evaporation rates yet.

Objective of this study is to demonstrate the effect of
Stefan flow on droplet evaporation. A recent theoretical
framework suggested by Akkus et al. (2020) for the
modeling of steady droplet evaporation is used to model
the evaporation with and without the presence of Stefan
flow. In addition to a full-model incorporating all
relevant physics in both liquid and gas domain, a model
that omits the fluid flow in gas domain (i.e. diffusion
based model in gas domain) is also applied to assess the
effect of Stefan flow on widely used diffusion based
models. Moreover, simulations results are compared
with the predictions of two well-known correlations:
diffusion based correlation of Hu and Larson (2002) and
Spalding model (Sazhin, 2005; Carle et al., 2016)
accounting for both diffusion and Stefan flow. To the best
of author’s knowledge, this is the first study assessing the
contribution of Stefan flow to the evaporation utilizing a
numerical model with temperature dependent
thermophysical properties accounting for buoyancy and
Marangoni convection in liquid phase together with
diffusive and convective transport in gas phase.

(a) @ @

THEORETICAL MODELING

In the case of steadily fed droplets, a steady state solution
of the governing equations is sought since the geometries
of liquid and gas domains do not change with time. A
similar approach is also applied for drying droplets due
to the fact that the time scale of droplet deformation is
significantly longer than mass, momentum or energy
transport time scales (Carle et al., 2016; Pan et al., 2020).
Consequently, a quasi-steady state solution is applicable
for the instantaneous geometry of the droplet and
corresponding environment conditions. Almost all of the
modeling attempts in previous studies were using the
quasi-steady state assumption.

In the present study, steady evaporation from a
hemispherical, continuously fed water droplet placed on
a heated wall is considered. Surrounding air volume is
chosen as much larger than the volume of the droplet to
prevent artificial boundary effects. Due to the symmetry,
2-D axisymmetric model is utilized. Figure 2 shows the
problem domain together with the boundary conditions.
At the far field boundaries, temperature, pressure, and
concentration values are set to their ambient values.
Symmetry conditions are applied at the droplet axis.
Assuming highly conductive substrate material, constant
wall temperature is assigned to the substrate surface.
Moreover, no slip and no vapor penetration conditions
are applied at the substrate surface.

Governing equations are solved in both phases,
separately. Conservation equations for mass, linear
momentum, and energy are considered in both phases,
while species conservation equation for vapor transport
is additionally considered in the gas phase. Due to the
continuous feeding assumption, droplet shape is
preserved during the evaporation, which renders the
problem steady state. Steady forms of the governing
equations are summarized below:

(b) .
Convection due to
Stefan flow
Air { Air \
diffusion i
Vapor convection Vapor
diffusion I convection
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Figure 1. (a) Typical distribution of vapor and air during droplet evaporation. Red arrows show the bulk flow of gas (Stefan flow).
(b) Interfacial mass transport mechanisms during droplet evaporation in the vicinity of droplet surface.



V- (pu) =0 (1)
p(u-VYu=-Vp+V-T+pg (1b)
pc,u VT = V- (kVT) + T: Vu (1c)
u-Ve, =V-(DVe,) (1d)

Since droplet and gas domains are solved separately, the
interface between liquid and pas phases arises as an
additional boundary. Energy, force, and mass balances at
this interface should be carefully established. Balance
equations, then, serve as boundary conditions for both
domains. Energy is transferred from the droplet to the gas
phase and surroundings via three mechanisms:
evaporative heat transfer, conduction, and radiation as
shown in Figure 2. Consequently, energy balance reduces
to the following equation:

n- (—k,VT)) = my,hey + n- (—k,VT,)

4 4
+ O'S(TS - Tsurr) 2
Pee Tees Cyee
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<1 Evaporative 4
o
o heat transfer £
-
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C") Conduction
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o

Radiation to
surroundings

Droplet

u=0,T,,9,c=0 ¢
Figure 2. Problem domain and boundary conditions

Majority of interfacial heat transfer is due to the
evaporation. Therefore, estimation of evaporative mass
flux (m,) is crucial. Contrary to the common approach,
diffusion of vapor in the gas phase is not the sole
mechanism for the mass transfer. Stefan flow is also
responsible for the transport of vapor from the interface.
Therefore, evaporative mass flux should be expressed in
terms of both transport mechanisms as follows:
1y, = M(=D(V-n)c, + (uy - n)c,) (3)
where u, is the velocity of the gas flow near the
interface. The magnitude of normal gas velocity can be
calculated by equating the air diffusion (see Fig. 1)
towards the interface and air convection (see Fig. 1) from
the interface as follows:
Ug-n= —(D/ca)(V-m)c, 4)
Equation (3) estimates the interfacial mass flux based on
the gas phase near the interface. This mass flux must be
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conserved across the interface. Then normal component
of interfacial liquid velocity can be obtained based on the
interfacial mass balance as follows:
U=y, /p ®)
Density difference of the phases leads to a jump in
normal components of the interfacial velocities. On the
other hand, tangential velocities of both phases converge
to the same value at the interface. This tangential velocity
can be estimated based on the tangential force balance:
—n-Tt=Vy-t (6)
In Eq. (6), shear stress associated with the gas phase is
omitted. This assumption is justified by a post analysis,

which shows that shear of gas is substantially smaller
than that of liquid.

Governing equations with the associated boundary
conditions are solved using Finite Element Method based
solver of COMSOL Multiphysics® software (2018).
Embedded grid generator of COMSOL is utilized to
create the solution mesh. Liquid-gas interface is divided
to equal length arcs before meshing. Grid generation
initiates on these arcs and advances towards the liquid
and gas domains at a certain growth rate. The number of
arcs control the resolution of the solution by determining
the density of the resultant mesh at the interface. Grid
independence is controlled and secured for every case
studied based on the criteria of change of evaporation rate
to be less than 0.1%. Coupling of two phases, i.e. the
application of interfacial boundary conditions to both
liquid and gas domains, is not straightforward. Therefore,
an iterative solution approach is required to satisfy the
interfacial mass, momentum and energy balances (Akkus
et al., 2017, 2019). Details of the iterative computational
scheme together with the validation of the model were
given in the study of Akkus et al. (2020), and, therefore,
not repeated here.

PREVIOUS CORRELATIONS FOR DROPLET
EVAPORATION

Droplet evaporation is commonly present in many
applications. Prediction of evaporation rate is of interest
in these applications. However, modeling of this complex
phenomenon is costly in terms of both computational
power and time. Therefore, previously reported
correlations are wusually utilized to estimate the
evaporation rates of droplets in many fields of science
and industry. Among these correlations, several
influential ones are highlighted in this section.

Deegan et al. (1997) explained the coffee ring effect
(ring-like deposit along the perimeter of drying coffee
droplets) by suggesting the capillary flow (from the
center of the droplet towards the edge) as the carrier of
colloidal particles when the droplet dries with a pinned
contact line (constant contact radius, CCR, mode). They
suggested a spatial variation of the evaporation rate



intensifying near the contact line due to the thinning
liquid height: ., o« (R — r)~*. Considering a diffusion
limited transport in the gas phase, later, Deegan et al.
(2000) reported a suitable approximation to the analytical
solution of the problem as follows: my, = J,[1 —
(r/R)?]~%, where J, was related to vapor mass diffusion
and A was a fitting parameter accounting for the
nonuniformity of the evaporation rate along the droplet
interface. The relationship between J, and 4, and also
their dependence to contact angle, 6, were not exactly
defined by Deegan et al. In a following study, Hu and
Larson (2002) provided semi-empirical correlations of
Jo(6) and A(6) as functions of contact angle based on
the solution of diffusion equation in the gas phase. After
integrating the interfacial mass flux along the droplet
surface, Hu and Larson derived a simple correlation for
the total evaporation rate from a droplet having a contact
angle between 0 and 7/2 as follows:

tey = —RD (py |7, — Pvlr, ) (1.3 + 0.276%) )

Derivation of this correlation was dependent on certain
assumptions and conditions. In the gas phase, convective
transport (natural convection, Stefan flow etc.) was not
accounted for. Moreover, liquid—vapor interface was
assumed isothermal. Internal convection inside the liquid
was also not considered. Another important aspect was
that vapor density in the correlation was suggested to
evaluate at substrate (wall) temperature assuming small
temperature difference between droplet surface and
substrate. Despite these simplifications, correlation of Hu
and Larson (2002) was adopted by many subsequent
studies because of its simplicity.

Convective mass transfer from droplet surface has been
of interest in combustion studies. As a common tool
utilized in these studies, Spalding evaporation model
(Spalding, 1953) was developed based on the calculation
of mass and heat balance separately in each phase at the
interface. This model includes the effect of Stefan flow
in addition to the diffusive mass transfer, thereby
enabling the estimation of evaporation enhancement due
to Stefan flow. Sazhin (2005) reported a correlation
based on Spalding model assuming vapor and air
diffusion coefficients equal:

mev = _4'7TRD(pv|T°° + palToo) ln(l + BM) (8a)
By = (Yps + Y0)/(1 = Y,5) (8b)
-1
Poo Ma]
Y,.=|1+ —-1]=
" [ <Pvlrs )Mv (8)

During its derivation, Spalding model had also certain
assumptions. Firstly, this correlation considers a full
spherical droplet. Therefore, its applicability for droplets
resting on a substrate with certain contact angle is
questionable. Carle et al. (2016) speculated that this
correlation’s functional dependence on geometrical
parameters remains the same as for pure diffusive
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evaporation. However, in this study, since the geometry
of the droplet considered is hemisphere, evaporation rate
can be estimated by halving the rate in Eq. (8a) without
further modifications to account for the effect of different
contact angles. Moreover, Spalding model assumes
isothermal droplet and vapor/liquid equilibrium at the
interface. During the calculation of vapor pressure near
the droplet in Eq. (8¢), the isothermal droplet temperature
is simply used. However, if the temperature distribution
is available for the droplet, temperature of the surface
should be considered. In this study, area-weighted
average of surface temperature (T;) is utilized to estimate
(saturated) vapor pressure (p,,) near the droplet surface.

RESULTS AND DISCUSSION

Simulations are carried out for a hemispherical water
droplet placed on a heated substrate surrounded by
ambient air. Size of the droplet and air domains together
with the properties of surrounding air are provided in
Table 1. Bond number is sufficiently smaller than unity
for all cases simulated confirming the spherical shape of
the droplet surface. Water surface is assumed to have the
emissivity value of 0.97 (Robinson and Davies, 1972).
Binary diffusion coefficient of water vapor in air is
calculated based on the temperature dependent
correlation suggested by Bolz and Tuve (1976). The rest
of the thermophysical properties are also considered
temperature dependent and evaluated during the
simulations utilizing the material library of COMSOL.

Table 1. Geometrical parameters and far field conditions

Droplet radius 2.5 mm
Radius of gas volume 250 mm
Height of gas volume 500 mm
Ambient temperature 30°C
Ambient pressure 1 atm
Ambient relative humidity 0.25

Considering a solid substrate with sufficiently high
thermal conductivity, temperature of the wall is assumed
uniform. Substrate temperature is set to 39 °C (Case-1)
and 74 °C (Case-2) matching those of a previous study
(Akkus et al., 2019, 2020), where it was demonstrated
that the increase of substrate temperature has paramount
effect on the evaporation rate and the physics of the fluids
in both phases. Thermocapillary (Marangoni) flow is
triggered by the variation of surface tension with
changing temperature. The presence of Marangoni flow
for water is contentious in the literature (Ward and Duan,
2004; Xu and Luo, 2007). Theoretically, Marangoni flow
must be present in evaporating droplets with considerable
surface temperature variation. However, common belief
for vanishing Marangoni flow in many droplet
experiments is the high attraction of water molecules to
the surfactants (Savino et al., 2003). Consequently,



Figure 3. Temperature field and streamlines by FM in droplet and gas region near the droplet surface for Case-2
a) without and b) with thermocapillary flow.

Marangoni flow is not always observable and, in its
absence, buoyancy drives the internal liquid flow inside
the droplets (Ruiz and Black, 2002; Lu et al., 2011,
Bouchennaetal., 2017; Akkus et al., 2019). In this study,
simulations are carried out with and without the presence
of Marangoni flow to demonstrate the effect of Stefan
flow on evaporation rates and dynamics for both cases.

First, simulations are carried out considering all relevant
physics including Stefan flow. These simulations are
named as full model (called FM hereafter). The
temperature distribution inside the droplet and the gas
region near the droplet is shown in Figure 3, where only
the results of Case-2 are provided since temperature and
flow patterns are similar in both cases. When Marangoni
flow is absent, buoyant flow carries the liquid from
substrate to the apex along the centerline. Liquid, then,
cools due to evaporation and moves along the droplet
surface towards the contact line. The resultant flow
pattern forms a vortex as shown in Fig. 3a. When
Marangoni (thermocapillary) flow is accounted for, flow
pattern is also a vortex but in the reverse direction (see
Fig. 3b). In this case, liquid is transported along the
droplet surface towards the apex due to the increasing

a)

b)

surface tension. This thermocapillary flow is much
stronger than buoyant flow and carries much more energy
from the hot wall to the droplet. Consequently,
temperature rise is higher in the droplet and at the droplet
surface when Marangoni flow is present.

After FM simulations, Stefan flow is canceled by setting
the normal component of the gas velocity at the interface
(i.e. uy-n=0). Simulations of full model without
Stefan flow is named as FM-S. Resultant velocity
magnitude fields and superimposed streamlines in
droplet and gas region near the droplet surface without
Marangoni flow for Case-2 are shown in Figure 4a. To
enable a direct comparison, predictions of FM, which
includes Stefan flow, are also provided in Figure 4b. It
should be noted that strong thermocapillary flow (in
tangential direction) dominates the Stefan flow (in radial
direction) leading to an overall tangential flow in the
close vicinity of the droplet surface (see Figure 3b).
Therefore, changes in the magnitude of Stefan flow are
not noticeable in the presence of thermocapillarity, which
constitutes the reason of reporting the results in Figure 4
for only buoyancy driven internal flow cases. Figure 4
clearly demonstrates that velocity field and magnitudes

0 0.004

0.008

u(m/s)
0.012

Figure 4. Velocity magnitude field and streamlines in droplet and gas region near the droplet surface without Marangoni flow for
Case-2 a) without (FM-S) and b) with (FM) Stefan flow.
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Table 2. Evaporation rate (in pg/s) estimation of different models. Percentage values in parenthesis reflect the ratio of the
evaporation rate estimation of a model to that of FM.

w/o Marangoni w/ Marangoni
Case-1 Case-2 Case-1 Case-2
Diffusion model (DM) 15.0 (77%) 87.2 (64%) 16.8 (69%) | 108.6 (46%)
Diffusion model w/ Stefan flow (DM+S) 15.9(82%) | 113.3(84%) | 17.9(73%) | 159.3 (67%)
Diffusion based correlation: Hu&Larson (2002) (HL) 17.4 (90%) | 114.1(84%) | 17.4(71%) | 114.1 (48%)
Diffusion&Stefan flow based Spalding correlation (SP) 15.9 (82%) | 105.4 (78%) | 18.4 (75%) | 142.8 (60%)
Full model w/o Stefan flow (FM-S) 18.6 (96%) | 116.7 (86%) | 23.2(95%) | 197.5 (83%)
Full model (FM) 19.4 (100%) | 135.4 (100%) | 24.5 (100%) | 238.4 (100%)

are greatly affected depending on the presence of Stefan
flow. In its absence, velocity magnitudes are lower in the
close vicinity of the interface. Moreover, gas flow
originating from the droplet surface immediately bends
in upward direction. In the presence of Stefan flow,
normal gas flow originating from the interface is
stronger. Due to the strong evaporation near the contact
line, a gas flow jet emerges in the normal direction near
the contact line in accordance with previous studies
(Carle et al., 2016; Pan et al., 2020), which is not
apparent in the results of FM-S in Figure 4a.

Many studies in the literature have considered only the
diffusion of heat and vapor in gas phase because of its
relatively low computational cost. These diffusion based
models can be useful as long as the convective transport
is weak in the gas phase (slight substrate heating etc.). A
diffusion limited model (DM hereafter) can be
constructed by canceling the gas flow in FM. Although
gas flow is not present in DM, the effect of the absence
of Stefan flow on evaporation rates can be assessed by
including the convection component of mass flux in Eq.
(3) since the estimation of normal velocity at the interface
is dependent on the concentration distribution of air
solely (see Eqg. (4)). Therefore, this study also simulates
a diffusion limited evaporation with the added effect of
mass transfer associated with the Stefan flow. This model
is called as DM+S. Resultant evaporation rates of all
models simulated together with the predictions of
diffusion based correlation of Hu and Larson (2002) (HL
hereafter) and Spalding model (SP hereafter) are
summarized in Table 2.

Results demonstrate that the rise in the substrate
temperature and the presence of Marangoni flow enhance
the evaporation rates, as expected. Omission of Stefan
flow in modeling result in the underestimation of
evaporation rates by 4-17%. Underestimation of FM-S
substantially increases with increasing substrate
temperature. In fact, superheat value of 9 °C (Case-1)
results in the underestimation evaporation rates by only
4-5%. This result is in conjunction with the study of
Semenov et al. (2013), where Stefan flow was reported
to be negligible in the case of evaporation from droplets
resting on non-heated high conductive substrates.
Moreover, results exhibit that the effect of Stefan flow on
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evaporation is slightly affected by the presence of
thermocapillary flow.

Diffusion limited evaporation approach is expected to
fail in the presence of strong natural convection of gas
phase, which occurs in the case of substrates with
elevated temperatures. For instance, in this study, DM
underestimates evaporation rate by 54% in the case of
high substrate temperature (with Marangoni flow);
however, this failure can be greatly compensated by the
inclusion of the mass flow associated with Stefan flow.
For the same case, utilization of DM+S enhances the
evaporation rate by 47%. In the absence of Marangoni
flow, DM+S still enhances the evaporation rate greatly
(by 30%). In the case of low substrate temperature, on the
other hand, enhancement of evaporation rates by DM+S
remains restricted (6—7%).

While HL considers the diffusion of heat and vapor in
gas phase solely, SP additionally accounts for the Stefan
flow, which is, in fact, expected to increase the
evaporation rate prediction of SP. Yet, in the absence of
Marangoni flow, HL predicts higher evaporation rates
than SP. This surprising result is understandable when
the temperature selection in the evaluation of vapor
properties near the droplet surface is revisited. HL
utilizes substrate temperature in the estimation of vapor
density near the interface in Eq. (7), whilst SP considers
the surface temperature of the droplet in the calculation
of vapor pressure near the interface. In the case of a
buoyancy driven internal flow, interface temperature
becomes cooler than that of a droplet with Marangoni
flow (Lu et al., 2011; Akkus et al., 2019). Therefore, the
difference between substrate temperature and average
interface temperature is higher in droplets with a
buoyancy driven internal flow. Consequently, the vapor
pressure near the surface, thereby the evaporation rate, is
underestimated by SP compared to HL in the absence of
Marangoni flow. However, when thermocapillarity is
present, enhanced heat transfer from the substrate to the
interface due to strong Marangoni flow increases the
interface temperature, which increases the evaporation
rate prediction of SP. In addition, in this study,
comparisons of the effect of Stefan flow using full and
diffusion limited models exhibit that contribution of
Stefan flow to the evaporation rates is higher in the
presence of Marangoni flow. Thus, SP predicts higher



Table 3. Evaporation rate (in pg/s) estimation of different models for Case-2 across different relative humidity values of ambient

air. Percentage values in parenthesis reflect the ratio of the evaporation rate estimation of a model to that of FM.

w/o Marangoni w/ Marangoni
¢=1 $=0.25 ¢=0 =1 $=0.25 ¢=0
DM 77.8 (65%) 87.2 (64%) 90.2 (65%) 96.4 (46%) 108.6 (46%) 111.2 (45%)
DM+S | 102.2 (85%) 113.3 (84%) 117.4 (84%) 142.4 (67%) 159.3 (67%) 163.7 (66%)
HL 102.6 (86%) 114.1 (84%) 118.0 (85%) 102.6 (49%) 114.1 (48%) 118.0 (48%)
SP 101.0 (84%) 105.4 (78%) 106.6 (77%) 136.9 (65%) 142.8 (60%) 144.7 (59%)
FM-S | 102.6 (86%) 116.7 (86%) 121.4 (87%) 171.4 (81%) 197.5 (83%) 206.5 (84%)
FM 120.0 (100%) | 135.4 (100%) | 139.0 (100%) | 211.3 (100%) | 238.4 (100%) | 247.3 (100%)

evaporation rates than HL when Marangoni flow is
present. Specifically, in the case of hot substrate, choice
of SP instead of HL improves the evaporation rate by
25%.

Additional simulations are carried out under extreme
humidity conditions: dry (¢=0) and saturated (¢=1) air.
Since the deviations resulting from simplifying
assumptions become larger with increasing substrate
temperature, only Case-2 is considered. Results of these
simulations together with the corresponding results of
previous (¢=0.25) simulations are provided in Table 3 to
demonstrate the tendency of evaporation rates across
ambient air with varying humidity. Results exhibit that
increasing vapor fraction in ambient gas reduces the
evaporation rate, whilst Marangoni flow inside the
droplet enhances the evaporation, as expected. Moreover,
evaporation rate prediction of HL exceeds that of SP in
the absence of Marangoni flow due to the lower surface
temperature of the droplet in this case as explained
previously. Another observation is the restricted increase
(15-17%) of evaporation rates between dry and saturated
ambient air cases. However, this result can be attributed
to the selection of ambient temperature (30 °C), at which
the increase in vapor density difference between droplet
surface and far field (i.e. p,|r, — pylr,,) from saturated
to dry air cases is approximately 15%.

On the other hand, results in Table 3 manifest that at a
given substrate and ambient temperature, contribution of
individual transport mechanisms in gas phase (diffusion,
Stefan flow, and natural convection) to the total
evaporation rate is unaffected by humidity of the air. In
other words, vapor mass transfer rates associated with
diffusion, Stefan flow, and natural convection increase
linearly with increasing density difference of vapor
between near droplet and far field regions. It should be
noted that HL, as a diffusion limited correlation, relies
on the density difference (see Eq. (7)). In this perspective,
the density difference can be viewed as a measure of the
diffusion component of the total evaporation. Therefore,
current results may suggest that contributions of Stefan
flow and natural convection scale is linearly dependent
on the rate of diffusion. Linear dependence of Stefan flow
and diffusion limited evaporation was also suggested by
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Semenov et al. (2013). In addition, linear dependence of
natural convection and diffusion limited evaporation can
be inferred from the empirical correlation of Carle et al.
(2016), where the term representing the diffusion limited
evaporation multiplies the other terms in the correlation.

CONCLUSION

An innovative model of droplet evaporation is utilized to
evaluate the effects of transport mechanisms, specifically
the Stefan flow, on the evaporation rates. Steady
evaporation from a hemispherical water droplet placed
on a heated flat substrate is considered. Simulations are
carried out across varying substrate temperatures and
humidity values of surrounding air. Different scenarios
based on the presence of thermocapillary convection are
also simulated. Results exhibit that omission of Stefan
flow leads to the considerable underestimation of
evaporation rates (up to 17%) for high substrate
temperatures cases, while its effect is very restricted in
near isothermal evaporation cases. Inclusion of the mass
transfer associated with the Stefan flow is demonstrated
to result in a great compensation of the deficit of total
evaporation rate in diffusion limited (in gas phase)
models. Therefore, despite the exclusion of gas flow,
diffusion based models can still account for the effect of
Stefan flow. In the absence of Marangoni flow, existing
correlations of droplet evaporation (HL and SP)
underestimate the evaporation rate by 10-23%. However,
they severely underestimate evaporation rate in the
presence of Marangoni flow (25-52%), yet the
predictions of SP are better than HL since it accounts for
the Stefan flow. Under varying humidity of the air,
contribution of individual transport mechanisms in gas
phase to the total evaporation rate is found to be
unchanging, which suggests the linear dependence of not
only diffusion but also Stefan flow and natural
convection on the density difference of vapor between
droplet surface and ambient air.
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Ozet: Karayolu tasimaciliginda cografi olarak asilmasi gii¢ olan bolgelerde tiineller hem kat edilecek yolu kisaltmakta
hem de yakit tasarrufu saglamaktadir. Bir tagitin tiinel igerisinde yanmasi olusabilecek en kotii senaryodur. Diinyada
insanlarmn hayatlarim kaybetmesi ile sonuglanan biiyiik tiinel yanginlar1 olmustur. Ulkemizde de Ovit, Kop ve Zigana
tiineli gibi uzun karayolu tiinelleri insa edilmektedir. Bu ¢alismada, uzun bir karayolu tiineli (14500 m) igerisindeki
tasit yangint (30 MW) i¢in acil durum modellemesi yapilmistir. Acil durum igin kritik nokta belirlenerek, 1000 m
uzunlugunda bolge 1/100 dlceginde incelenmistir. Calismada Ansys Fluent kullanilmistir. Tiirbiilansl akis sartlar
dikkate alinmistir. Yangmin oldugu bolgedeki sicaklik dagilimi, karbonmonoksit (CO) emisyon dagilimi ve hiz
dagilimlar1 incelenmistir. Elde edilen sonuglar grafikler halinde verilmis ve yorumlanmustir. Sicaklik degerleri
incelendiginde yangin bolgesinde ortalama sicaklik degerlerinin ilk 30 m’de ortalama 400 K’in {izerinde belirlenmistir
CO emisyon degerlerinin ise atis saftina kadar 400 ppm seviyelerinin altina diismedigi, 6zellikle ilk 50 m’de ortalama
1000 ppm’in iizerinde oldugu belirlenmistir.

Anahtar Kelimeler: Karayolu tiineli, acil durum, havalandirma.

EMERGENCY SIMULATION IN A LONG HIGHWAY TUNNEL

Abstract: In regions that are difficult to overcome geographically in road transport, tunnels both shorten the road to be
covered and save fuel. It is the worst scenario that a vehicle can burn in a tunnel. There have been major tunnel fires in
the world that have resulted in people's lives. In our country, long highway tunnels such as the Ovit, Kop and Zigana
tunnels are being built. In this study, emergency modeling was carried out for vehicle fire (30 MW) in a long road
tunnel (14.5 km). The critical point for the emergency was determined and the 1000 m long region was examined on a
scale of 1/100. Ansys Fluent was used in the study. Turbulent flow conditions are taken into account. Temperature
distribution, carbon monoxide (CO) emission distribution and velocity distributions in the region where the fire is
located were examined. Results are given in graphs and interpreted. When the temperature values are examined, the
average temperature values in the fire zone were obtained above 400 K in the first 30 m. It was obtained that the CO
values did not fall below 400 ppm until the firing shaft, especially in the first 50 m, above 1000 ppm on average.
Keywords: Road tunnel, emergency condition, ventilation.

SEMBOLLER T Stcaklik [K]
To Ortam baslangi¢ sicakligi [°C]
A Tiinel kesit alant [m?] Ts Yangin sicakligi [°C]
Co Karigimin 6z 1s1s1 [kJ/kg°C] t Zaman [s]
Dn Tiinel hidrolik ¢ap1 [m] \Y Tiinel i¢i hava hizi [m/s]
D" Yangin karakteristik ¢ap1 [m] Ve Kritik hiz [m/s]
Fr Froude sayist [:V/\/ﬁ] ) Genel degisken
g Yer cekimi ivmesi [m/s?] M Dinamik viskozite degeri [kg/ms]
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K1 Froude sayisina bagl katsay1 [Fr°] r Genel difiizyon katsayisi
k Tarbllans kinetik enerjisi o Bir 6zelligin iki degeri aras1 fark
L Karakteristik uzunluk [m] 0 Egim
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P Tinel kesitinin ¢evre uzunlugu [m)] po Ortam baslangi¢ hava yogunlugu [kg/m®]
p Basing [Pa] EPC  Avrupa Parlamentosu ve Konseyi
Q Yangin yiikii [MW] HAD  Hesaplamali Akiskanlar Dinamigi
Qc Tasmima bagli 1s1 salinimi [kW] KGM  Karayollar1 Genel Midirligi
Q" Boyutsuz 1s1 salinim orani PIARC Dinya Yol Birligi



GIRiS

Ulastirmanin gii¢ oldugu cografi engellerin agilmasinda
karayolu tiinelleri ulasimi kolaylastirmaktadir. Bu
tineller, ulasimi kolaylastirirken bolgeler arasi iligkileri
gelistirmede izole goziken bolgelerin  ekonomik
gelisiminde de bir katalizor olarak kullanilmaktadir.
Gliniimiizde, insanlifa birgok katki saglayan bu
tiinellerin yukarida belirtilen iyi yonlerinin disinda tiinel

icerisindeki olast bir kaza ve kaza sonrasinda
olusabilecek  sikintilar  olduk¢a ciddi  boyutlara
ulagabilmektedir. Bu kazalarin agik karayolundaki

benzer kazalara gore sikligi az olmakla birlikte sahip
olduklar etki oldukca yiiksek olabilmekte ve bu nedenle
medyanin ve halkin ilgisini daha ¢ok ¢ekmektedir.

Diinya capinda yasanmis olan ve yasanan en ciddi
karayolu tiineli kazasi olarak anilan 1999 yilinda
meydana gelen Mont Blanc (Fransa) Tineli felaketidir.
11,6 km uzunlugundaki tiinelde bir kamyonda baslayan
yangin, 23 tir ve 10 arabaya yayilarak 39 kisinin hayatin
kaybetmesine sebep olmustur. Tiinel uzun yillar 6nce
tasarlandigindan, tiinel giivenlik ekipmanlarinin ve acil
durum senaryolarinin yetersizliginden kaynakli tespitler
uzun siire dile getirilmistir. Ayni y1l gergeklesen bir diger
kaza olan Tauern Tineli felaketinde ise, bakim nedeniyle
tiinel trafigi tek seritten saglanirken, bir kamyon bekleme
kuyruguna hizla carpmus, zincirleme kazalar meydana
gelmis, yangin sag spreyi de iceren ¢esitli mallar1 tagiyan
bagka bir kamyonun da alev almasiyla yayilmistir.
Yangint sondiirmek yaklasik 16 saat siirmiistiir. 2 yil
sonra gergeklesen (2001) Gotthard Tiineli kazasinda ise,
kontroli kaybedilen bir kamyon karsi seride ge¢mis,
tehlikeli madde tasiyan bir bagka kamyona ¢arpmis ve 7
agir yik tagitina yayilan bir tiinel yangmina sebep
olmugtur. Yangm sonucunda 11 kisi hayatim
kaybetmistir (PIARC, 2017). Tim bu kazalarin ortak
Ozellikleri; tlnellerin uzun (> 6 km) ve tek tip halinde
olmasidir. S6z konusu kazalar dogrudan etkilerinin yani
stira, uzun siire tiinellerin kapali kalmalar1 sebebiyle,
alternatif gilizergdhlarda trafik sikigikligina yol agmus,
buna bagli kaza oranlari yiikselmistir. Sadece Gotthard
Tiinelinin kapanmasi nedeniyle Italya ekonomisi 2,5
milyar Euro zarara ugramistir. Tiim Avrupa ekonomisine
zararin 15 milyar Euro’yu buldugu tahmin edilmektedir
(EU Report, 2003). Yasanan tiziicii tinel yanginlari, bu
konuya olan ilgiyi daha da arttirmistir.

Karayolu tinel yangmni; yanginin dinamik siireci
(tarbulans, yanma, radyasyon, vb.) ve tiinelin geometrik
diizeni (tinel geometrisi, arag geometrisi ve bunlarin
diizeni gibi) arasindaki karsilikli etkilesimler nedeniyle
¢ok karmasik bir olgudur. Meydana gelen tiinel
yangmlarinin  nedenleri; aracin  kendiliginden
tutusmasina (yiik, yakit ve arag¢ dahil), ara¢ ¢arpigmasina
ve agir1 yuiklii carpismalara (6rnegin, 6n arka ¢arpigma ve
yan duvarla carpisma) gore siniflandirilabilir. Bu
nedenlere bagli yanginlar, tiinel duvarmin yaninda, sag /
sol geritte ya da yolun ortasinda rastgele ates dagilimini
miimkiin kilmaktadir. Yanginin gelisimi, duman dagilimi
ve tlinel kaplamasindaki hasar, tiineldeki yanginin yerine
biiyiik 6l¢iide bagimlidir. Bu sebeplere bagli olarak
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karayolu tiineli yanginlarinda, duman hareketi ve tiinel
yangin gilivenligi yOnetiminin anlasilmasina agik bir
ihtiyag dogmustur (Wang vd., 2017).

Karayolu tiinellerinde, belirli bir yonde duman akigini
saglamak i¢in havalandirma sistemleri kullanilmaktadir.
Hava hiz1 ¢ok diisiik oldugunda, yangin dumani iki yonlii
olarak yayilir. Hava hiz1 yiiksek oldugunda ise atim
yonlinde yangin dumam hizla yayilir ve tunelin igini
doldurur. Her iki durumda, yangin kaynagina yaklasan
itfaiyeciler icin tehlikeli olabilir.

Boyuna havalandirma yapilan tiinellerde, havalandirma
hizinin kritik hizdan ¢ok yiiksek oldugu durumlarda
hava akimmin alt kisminda katmanlagsma sorunu bas
gosterebilmektedir.  Bu  sebeple  geri  akisin
engellenmesini saglayacak en diisiik hizi belirlemek
amaciyla sinirlandirma hizi kavram gelistirilmistir (Wu
ve Bakar, 2000). Li vd. (2010), gerceklestirdigi model
deneylerde sinirlandirma hizi tanimlanmustir. Tunellerin
¢ogu, duman hareketini 6nemli Slgiide etkileyebilecek
bir egime sahiptir. Atkinson ve Wu (1996), tiinel egimi
ile kritik hiz arasindaki etkilesimi incelemek igin diiz
zemin ile %10’a kadar egimli tiinel modellerinde
deneysel c¢aligmalar yiriitmiislerdir. Bu c¢alismalar
sonunda, diiz bir tiinelle egimli bir tiinel arasindaki kritik
hizlar arasinda iliski kurmuslardir. Hyun vd. (2009),
yaptigi benzer bir c¢alismada egim ve kritik hiz
arasindaki iliski onerilmistir. Chow vd. (2015) ise aym
iliskiyi  farkli  katsay1r ile tanimlamiglardir. Bu
calismalarin yaninda, tiinel igerisinde tasit blokajinin
yangin iizerine etkisi ile ilgili incelemeler de yapilmistir.
Oka ve Atkinson (1995), blokaj etkisinin 1s1 yayma orani
tizerine yaptig1 etkiyi incelemislerdir. Bu c¢aligmada,
yanginin tiinel genisliginin biiyiik kismini iggal ettigi ve
tavana dogru yiikselerek arttigi, kritik hizlarin da
azaldig1 gozlemlenmistir. Benzer sekilde yapilan diger
aragtirmalarda da yanginin gerisinde konumlandirilan
araglarin blokaj oraninin artmastyla kritik hizin azaldigi
gosterilmistir (Li vd., 2010; Lee and Tsai, 2012; Alva
vd. 2017). Hu vd. (2007) deneysel ¢alismasinda tiinel
icindeki duman sicakligmin degisimi incelenmistir.
Deneylerde yangin boyutu, tiinel kat yiiksekligi, tiinel
kesit geometrisi ve havalandirma tiz1 etkisi
incelenmistir.  Duman  hareket  yoOniinde olan
havalandirma hizinin etkisi ve tiinel i¢indeki bariyer
etkisinin duman sicaklig1 ve hareketi lizerindeki etkileri
de caligmada arastirilmistir. Deneysel sonugclar, tiinel
icinde tasit hareketi olmadigs siirece yangin boyutundaki
artigin tiinel tavanindaki duman sicakligini artirdigini
gostermektedir.

Tiinel yanginlariyla ilgili bir diger arastirma konusu da
tiinellerin kesit degisimlerinin yangin iizerine etkisidir.
Bu calismalarin en onemlilerinden birisi Kurioka vd.
(2003), tiinel icerisinde c¢ikan bir yanginin yakin
bolgesindeki olaylar1 analiz etmek igin yaptiklar
deneylerdir. Yaptiklari ¢aligmada 1/10, 1/2 ve tam 6lgekli
olmak iizere ve tam Ol¢ekli modelde dikdortgen ve at nali
kesitli olmak iizere modeller kullanmiglardir. Deneylerde
kare kesitli yangin kaynag kullanmislardir. En/boy
orani, ag¢iga c¢ikan 1s1 miktart ve uzunlamasina



havalandirma hizi degistirilmistir. Alevin egilmesi,
goriiniir alev yiiksekligi, duman tabakasinin maksimum
sicakligi ve konumu igin ampirik formiiller 1/10 dlcekli
model tlinel kullanilarak elde edilmistir. Yangin
kaynaginin yakiindaki alanda yangin olaymi tahmin
etmek icin bulduklar1 ampirik bagintilarin uygulanabilir
oldugunu belirtmislerdir. Lee ve Ryou (2005), benzer bir
calismada ayn1 hidrolik capa sahip tiinel icin en/boy orani
arttik¢a kritik hizin arttigini tespit etmislerdir. Vauquelin
ve Wu (2006), dlgekli modeller iizerine yapilan deneysel
caligmalarinda tlinel genisliginin kritik hiz tizerindeki
etkisini aragtirmislar ve tiinel kesitinin en/boy oraninin
diistik oldugu durumlarda, tiinelin genisligi arttik¢a kritik
hizin arttigini tespit etmislerdir.

Bu c¢alismalarin diginda, Kashef vd. (2009), iki bélge
(diiz ve kavisli) tarafindan olusturulan uzun bir yol
tiinelinde 30 MW'lik bir etkinlikte duman yayilmasin
kontrol etmek igin farkli acil durum havalandirma
stratejilerinin etkinligini degerlendirmistir. Sonuglar, diiz
bolgedeki  senaryolar durumunda geri tepmenin
Onlendigini veya simirlandirildigint gostermistir. Tam
tersine, kavisli bolgede yer aldiginda, temiz hava ile
yanma Uriinleri arasinda iyi bir karistirma gerceklestigi
gOrilmistir. Bu karigtirma prosesi, diiz zonda
gerilemeye neden olmus ve diiz bdlgede geriye dogru
uzanarak, geri tepme derecesini arttirmistir. Calisma
sonucunda kavisli bolgedeki duman geri tepmesini en aza
indirmek i¢in, kavisli bolge boyunca tavan jet fanlari
kurmak 6nemi vurgulanmistir. Benzer sekilde, Caliendo
vd. (2012), kavisli tiinellerde yangin etkisini incelemis,
tiinelin tam ortasinda meydana gelen bir otobiis yanginin
simiile ederek, 3 m/s kritik havalandirma hiz1 i¢in geri
tepmenin 6nlendigini gostermistir. Karaaslan vd. (2011),
at nal kesitli bir tiinelin 6lgek modeli tizerinde yaptiklari
tiinel yangini ¢alismasinda duman hareketini incelemis
ve dumanin kontrolii i¢in fan ¢aligma sirasinin, fan itis
giicliniin ve havalandirmaya baslama zamaninin tiinel
yanginlari {izerindeki 6nemini vurgulamislardir.

Literatiir ¢aligmalarinda, giris boliimiinde bahsedildigi
iizere karayolu tlinel yanginlartyla ilgili; kritik hiz
kavrami, geri katmanlasma, maksimum duman sicakligi,
tiinel icerisindeki araglarin blokaj etkileri, tiinel kesitinin
etkileri (en, boy, hidrolik ¢ap, kavis vb.), yanan ara¢
tiriiniin  etkileri, atmosferik kosullarin etkisi ve son
zamanlarda da yangin 6nleme sistemlerinin etkinligi (su
sisi ve sulu yangin onleme sistemleri vb.) iizerine bir ¢ok
calisma yapilmistir. Bu ¢aligmada 14500 metrelik uzun
bir karayolu ttnelindeki tiinel i¢ kesiminde acil durum
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olarak 30 MW giiciinde yangin modellemesi yapilmistir.
Incelenen 1000 metrelik kesiminde, 1/100 6lcek model
kullanilarak, tiinel geometrisi, araclar, tahliye noktalari
ve jet fanlar modellenmistir.

PROBLEMIN TANIMI

Karayolu tlinellerinde gercek boyutta bir yangin
diizenegi kurularak tiinel igerisindeki yangina bagl
tiirbiilans, sicaklik degisimi, hava hiz1 degisimi, duman
emisyonlari, goriis mesafesi gibi parametreleri incelemek
en dogru verileri saglayabilir. Ancak, bu dizeneklerin
kurulumlari hem siire hem maliyet yoniinden
olanaksizdir. Giiniimiizde HAD (Hesaplamali Akiskanlar
Dinamigi) yazilimlari sayesinde tam dl¢ekli ya da kiiciik
6lgekli galigmalara gore ¢cok daha diisiik maliyette, diger
yontemlerle erisilmesi ¢ok zor olan birgok ayrintili veri
elde edilerek daha etkin degerlendirme yapilabilmektedir
(Caliendo vd., 2012).

Bu ¢alismada, 6lgek model yaklasimi ve Ansys Fluent
yazilimi ile sUreklilik, momentum, enerji ve tur
denklemleri ¢ozilerek turbilans, yanma, ylzdirme gibi
karmagik siiregler tanimlanmis, yangin sonucu olusan
dumanin gaz sicaklhigl, hava akis hizi, zehirli gaz
konsantrasyonlari, tlinelde goriis mesafesi, insanlarin
tahliye islemleri gibi siireclerle ilgili degerlendirmeler
yapilmis ve analitik olarak tek boyutlu denklemler ile
baslangic hesaplar1 yapilmustir.

14500 m uzunlugunda cift tiip bulunan tlinel, Karayollar
Genel Mudirligii (KGM) Teknik Sartnamesine gore
devlet ve il yollarn standardina uygun olarak 2 seritli
yapilmaktadir (KGM, 1997). Tinelin havalandirma
sistemi, trafikle aym yonde ¢alisacak sekilde
tasarlanmigtir. Tiinelin bulundugu konum ve uzunlugu ile
“EPC’nin 2004/54/EC sayili direktifi” ve “Karayollari
Teknik Sartnamesi” g6z oniinde bulundurularak klasik
boyuna havalandirma sisteminin secilmesi bu ttnel icin
uygun goriilmemistir (EPC, 2004; KGM, 1997).

Yapisal maliyetleri (gabarinin biiyiimesi ve kanal
maliyetleri) ve isletme zorluklar1 dolayisiyla yari enine
ve enine havalandirma sistemlerinin yerine, ¢ok uzun
tiinellerde kullanilan ve diger sistemlere gore maliyeti
daha uygun olan boliinmiis boyuna havalandirma sistemi
tercih edilmistir ve havalandirma sistemine ait sematik
gosterimi Sekil 1°de verilmistir.
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Sekil 1. Havalandirma sistemi sematik gosterimi.
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Tiinelde havalandirma amagli 3 adet ana saft yapisi
bulunmaktadir. Eksenel fanlarin bulundugu her ana saft
yapist igerisinde birbirinden 50 m mesafe aralikli
strastyla 1 kirli hava kanali ve 1 temiz hava kanali saftt
bulunmaktadir (Sekil 2). Bu temiz ve kirli hava saftlar
her iki tiipe de baglanmaktadir. Bu sistemde jet fanlar ve
eksenel fanlar beraber kullanilmaktadir.

50 m
[ _lg L
[ = = L
7 | o) % /
/ /

Sekil 2. Saftlarin sematik gosterimi.

Tinelin Yapisal Ozellikleri

Tinele ait fiziksel ozellikler Tablo 1’de verilmistir.
Tiinelde egim yer yer degismekle beraber, biiyiik kisimlar
catt egimli +0,85 ila -3,30 ve +3,30 ila -0,85 seklinde
degismektedir. Hesaplamalarda egime gore boliimler ayri
ayr1 yapilmis olup bu boliimler Sekil 3’te gdsterilmistir.

Tablo 1. Tinele ait fiziksel 6zellikler.

Hesaplarda Kullanilan Dogu Tiipi
Parametreler Degerleri
Tiinel uzunlugu 14 500 m
iinel boyuna egimi at1 egim
Tiinel boyuna cgimi 5
Tiinel kesit alan1 67 m?
Tiinel yiiksekligi 7,3m
Tunel cevresi 31,16 m
Tiinel hidrolik ¢ap1 8,6 m
Serit sayisi 2
Girig portali rakimi 1014 m
1k1g portal1 rakimi m
kig portali rak 1210
P Jet Fan 1, 2,3 ve 4. Grupla
»: an 1, 2,3 ve 4. Gruplar

Duran Araglar

Yangn viizevi

Taze Hava $afti

1000.00

2500 m 4050 m. 5320 m 2650m

Saft_3
it

can
Km 9250

DT_2

DT_3 DT_1

DT 4 ~__Dogu Portali

Bati Portal o

o BT=8at Topa
wsz DT=Dogu Topa

Sekil 3. Hesap yapilan boliimlerin sematik gosterimi.

Tiinele ait havalandirma hesaplari i¢in 2045 yil1 tahmini
trafik dagilimi referans alinmistir. Tinelin yapilacagi
glizergahta, KGM’den alinan 2045 yil trafik tahminine
gore hesaplanan saatlik trafik wverileri Tablo 2°de
verilmistir. Hesaplamalarda, 2045 yili trafik dagilimina
gore, Tablo 3’te gosterilen, giinliik trafigin %10 degeri
olarak saatlik en ylksek trafik yiikii alinmustr.

Tablo 2. Trafik verileri.

. Kamyon,

ool | |Romork
Yillar|Otomobil Ticari Otobiis|Kamyon| Cekici, |Toplam

Tasit :Yan

Romork
2015| 3187 | 254 | 65 528 382 | 4416
2016| 6754 | 342 | 87 663 1340 | 9186
2017| 12095 | 455 | 116 708 1816 | 15190
2018| 21661 | 555 | 141 715 2006 | 25078

Tablo 3. Hesaplamalara katilan saatlik en yiiksek trafik yiikii.
Trafik Verileri

Trafik akis (tek/¢ift yonlii) Tek yon
Agir vasita 286 arac/saat
Orta yuklu ticari arag 56 arag/saat
Otomobil 2166 arac/saat

Tunel Geometrisi ve Olcek Model Kullanim

Hesaplamalara gore kritik nokta olarak bulunan DT_3
lokasyonu 11500 m’de (giris portalindan uzakligi, % 3,3
egimli kistm) meydana gelebilecek 30 MW’lik bir arag
yangini, baslangi¢ noktasi kabul edilmis ve buna gore bir

Jet Fan 5, 6, 7 ve 8. Gruplar

vh

S ~’_;\ Cikig Portali
S

Kirli Hava $afti

200000 (mm)
]

0.00
|
k 500,00

1500.00

Sekil 4. Geometrik model.
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analiz ¢alismasi yapilmistir.

Geometri, yapmin fiziksel geometrisini termodinamik
yonden uygun yansitacak boyutlarda hazirlanmalidir.
Secilen senaryoda, yangimin 1000 metrelik kesiminde,
%3,3 egimli, 1/100 olgek model kullanilarak, tiinel
geometrisi, araglar, tahliye noktalar1 ve jet fanlar
modellenmistir (Sekil 4).

14500 metrelik tiinelin geometrisinin tam 0Olgekte
modellenmesi hem zor hem de analiz agisindan ¢ok
yiksek maliyetler gerektirmektedir. Bu nedenle, bu
caliymada tiineldeki yangina bagh fiziksel ve kimyasal
stirecleri inceleyebilmek icin 6lgek model kullanilmigtir.
Literatiirde yapilan ¢alismalarda farkli 6lcek modeller
olmakla beraber bu ¢alismada, bircok yangin giivenligiyle
ilgili bilimsel ¢aligmada kullanilan Froude dlgek modeli
tercih edilmistir ve kullanilan korelasyonlarm 6rnekleri
Tablo 4’te verilmistir (Lee ve Tsai, 2012; Alpgiray, 2016;
Gong vd., 2016; Tang vd., 2017).

Tablo 5’te, tiinel geometrik verileri, araglar ve fanlara ait
modelde kullanilan prototip modelin boyutlart ve dlgek

model karsiliklart verilmistir.

Temel Simir Sartlarmin Belirlenmesi ve Ag Yapisi
Secimi

Yangin yiikiine bagli, olugsacak gaz debisi ve emisyon

dagilimmi dogru tahmin edebilmek Onemlidir. Bu
calismada, tiinelde tehlikeli madde tasimacilig
yapilmayacagi  varsayilmigtir. ~ Tehlikeli ~ madde

tagimaciligina bagli yanginlarin disinda 30 MW’lik arag
yanginlarini 25-50 tonluk agir yiik tasitlar1 yanginlari ve
bu tasitlarin beraber karigtigi kazalar olusturmaktadir
(PIARC, 2017:7). Tablo 6’da farkli {ilkelerin tiinel
yangin yiikii standartlar1 verilmigtir. Tiinelde tiip basina
trafik yikindn, nispeten kiicik oldugu diisiiniilerek,
birden fazla agir yiik tasitinin ¢arpigmasi ve yanginina
bagli riskin diigiik olmas1 beklenmektedir. Tiim faktorler
degerlendirilerek, havalandirma tasariminda yangin yiikii
30 MW olarak alinmustir.

Tablo 4. Froude 6lgcek model sisteminde kullanilan
korelasyonlara érnekler (Ingason vd. 2015).

Birim Olcek

Ist salimm  oram|Qwm/Qr=(Im/1£)>?
(kW)

Hiz (m/s) V|\/|/V|:=(||\/|/||:)1/2
Zaman (s) tmlte=(Im/1£) 2
Sicaklik (K) Twm/Te=1

Gaz konsantrasyonu |Yu/Ye=1

Basing (Pa) Pm/Pe=( Im/IF)

Yanma hizi|(m”s SHe)m/(m”s SHe)r =(Im/1g)?
(kg/(m?3s)
Debi (kg/S) pwM/ Pw,F =(||\/|/||:)5/2
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Tablo 5. Tiinelin ve kullanilan ekipmanlarin 1/100 dlgek

model boyutlart.
Tiinelin ve Kullanilan .
Ekipmanlarin Geometrik Prototip 1/100 Olgek Model
o Model
Verileri

%{n::)sap Yapilan Uzunluk 1000,00 10,00

Egim (-) %3,30 %3,30
”(l"r;l;lel Yiiksekligi (Hr) 722 0,0722
Tiinel Hidrolik Cap1 (Dw) 8,60 0,0086

(m)

Serit Sayisi (-) 2 2

’(fr?é)e Hava Saft1 Olgiileri 105 0,1x0.05
Egzoz Hava Saft1

Olcileri (m?) 4,5x3 0,045x0,03
Otomobil Olciileri

(boy x en x yiikseklik) 4,2x1,8x1,4 | 0,042x0,018x0,014
(m°)

Otobiis Olgiileri

(boy x en x yiikseklik) 12x2,5x2,9 | 0,12x0,025x0,029
(m)

Agir Yiik Tasit1 Olgiileri

(boy x en x yiikseklik) 13x2,5x3,6 | 0,12x0,025x0,036
(m°)

Jet Fan Dis Cap1 (m) 14 0,014

Jet Fan I¢ Capi(m) 1,25 0,0125

Jet Fan Uzunluk (m) 3.4 0,034
Tiinel yanginlartyla ilgili kabul edilen yangin

sicaklik/zaman egrilerine gore (Sekil 5) yanginin
yaklagik 5 dakikada en yiiksek sicaklik degerine
ulasacagi kabul edilmis ve olusacak en yiiksek sicaklik,
modifiye edilmis hidrokarbon egrisi referans alinarak
hesaplanmistir. Modifiye edilmis hidrokarbon egrisine
(HCM) gore, zamana bagl sicaklik farki Denklem 1 ile
hesaplanmaktadir (Taillefer vd., 2013).

8T = 1280 (1-0,325exp 0167 -0,675exp %) 1)
Denklem 1’de t, yanginin baglangicindan itibaren dakika
olarak gecen siireyi, 0T olusan sicaklik farkim
gostermektedir.  Baslangic  tiinel sicaklign  20°C
oldugundan en yuksek sicaklik degeri 1120°C (1393 K)
olarak hesaplanmistir.

Yangin sonrasi olusacak duman miktarint ve igerigini
belirlemek igin “Runehamar Tiinel Yangin Testleri”
sonuglarindan faydalanilmistir. Bu testlerde 66 ve 202
MW araliginda dort farkli agir yik tasitt yangim
incelenmistir (Li ve digerleri, 2012). Yangin sonrasi
olusacak duman miktar1 (M*gaz), tiiketilen yakit miktar
(M*yak) ve tiiketilen hava miktarinin (M*hava) toplamina
esittir.

M*gaz = M*hava + M*yakat

@



Tablo 6. Bazi iilkelerin yangin tasarim yiikleri (PIARC,

2017).

- Yangin Tasarim
Ulke Yiki (MW) Aciklamalar

Yiuksek risk kategorisinde
Avusturya 30 50 MW

Tehlikeli madde tagimaciligt
Fransa 30-200 varsa 200 MW
Almanya 30-100 Tiinel uzunlugl.lv ve agir yuk

tasit sayisina gore degisiyor.
; Tehlikeli madde tasimaciligi
Italya 20-200 varsa 200 MW

Su sisi sistemiyle birlikte,
Japonya 30 havalandirma amagh
Norveg 20-100 Risk sinifina gére degisiyor.
Portekiz 10-100 Traﬁk y"g“““?g“ ve

Ozelliklerine gore degisiyor.
Singapur 30-200 éz1£1. Yerllen arag tiiriine gore

egisiyor.
fsvicre 30 Duman atim hiz1 3,3-4 m/s
¢ arasinda olacak gekilde
. i Tehlikeli madde tasimaciligi

Amerika 30-300 varsa 300 MW
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Sekil 5. Yangin durumunda karakteristik zaman/sicaklik
egrileri (Maraveas ve Vrakas, 2014).

Li vd. (2012) Runehamar T1 testi sonuglarina gére hesap
yapilarak 30 MJ i¢in degeri i¢in yaklasik olarak 9,824 kg
hava, 1,622 kg yakit tiiketilmektedir ve m*g, = 11,45
kg/s bulunmustur.

Yangin sonrast olusacak dumanin gaz icerigi, dncelikli
olarak yanan yakita baghdir. Birgok kiguk ve biyik
yangin testleri yapilmis ve yangin sonucu olusan COp,
CO, HCN, NO, NHs, HCI, SO; gibi gazlarin miktarlar1
saptanip bir korelasyona ulagmaya ¢aligilmistir (Ingason
vd., 2015). Tiinel igerisinde meydana gelen yanginlarda,
yangin sonucu olusan CO ve CO7’in tiineldeki miktarinin
belirlenebilmesi dénemlidir. CO2 orani yanan {iriinden
bagimsiz olarak sadece 1s1 salinim oranina bagli olmakla
beraber, CO orani yanan yakitin tiirii ve geometrisiyle
dogrudan iligkilidir. “Runehamar Tiinel Yangin Testleri”
raporuna gore olusan CO miktar1 (M*co2), Denklem 3’¢
gore belirlenebilir (Li vd., 2012).

M*coz2 = 0,087 Q (3)
burada Q, MW birimiyle, m*co, ise, kg/s birimiyle ifade

edilmektedir. Denklem 3’e goére, m*co, = 2,61 kg/s
bulunur.

Olusan CO gaz1 miktar1 ve is miktari, yakit tiiriine bagl
olarak degistiginden bunlarla ilgili kabuller yapilmistir.
“Fire in Tunnels” raporuna gore, tiinelde 30 MW ‘lik bir
otobiis yanginina ait test sonuglarina gore, her 2 kg CO»
gazma karsilik, 0,1 kg CO gazi, 0,05 kg is ortaya
c¢ikmaktadir (FIT, 2005: 60, 70). Bu sonuglari
Runehamar test sonuglartyla birlestirerek en kotii senaryo
diistintildiigiinde; 11,45 kg gaz igeriginde, 2,61 kg CO-
ortaya ¢ikacaktir. Gaz igeriginde yaklasik %22 oraninda
CO3, %1 oraninda CO ve %0,5 oraninda is bulundugu
kabul edilmis, kalan kistm su buhar1 olarak
tanimlanmigtir.

Jet fanlar, kapasitesi ve i¢ hacmine bagli olarak
momentum kaynagi olarak degerlendirilmistir. Her bir jet
fanmn, jet fan kataloglarindan segilerek 45 kW, 1304 N/m®
itki giictine sahip oldugu kabul edilmistir. Yangin
bolgesine 100’er m yakinliktaki fan gruplan (1 ve 2
numarali fan gruplart), yangini tetikleme riski ve
yogunluk degisimi nedeniyle verimsiz olacagi igin
calistirilmamustir. Safta kadar olan kisimdaki 2 grup (4
adet jet fan) devreye girmistir.

Olasi bir yangin durumunda gerek acil durum araglarinin
mudahalesi, gerekse tiinel icinde dumandan ve
sicakliktan arindirilmig  bir ortam saglanabilmesi
amaciyla tiinel icinde olusabilecek ters katmanlasmanin
onlenmesi gerekmektedir. Ters katmanlasma, duman ve
sicak havanin istenilen havalandirma yoniiniin tersine
ilerlemesidir. Kritik hiz ise ters katmanlasmanin 6niine
gecilen minimum havalandirma hizidir.

Tiinel icerisinde yangin esnasinda havalandirma sistemi
aracilig1 ile saglanan hava hizi, dumani istenilen yonde
yonlendirmek ve bu esnada ters katmanlagmayi
engelleyebilmek i¢in kritik hizdan biiyiik olmalidir.

Karayolu tiinellerinde duman, trafigin akis yoniine dogru
yonlendirilmelidir. Bu sayede yangin bdlgesinde
olusabilecek bir trafik sikigikligi durumunda, araglarin ve
icerisindeki yolcularin dumana ve sicakliga maruz
kalmamalar1 saglanmis olur.

Kritik hiz; yangin 1s1l yiiki, tiinel yiiksekligi, tiinel kesit
alani, tiinel egimi, ortam sicakligi gibi parametrelere

baglidir. Denklem 4 ve Denklem 6’nin birlikte
¢Oziilmesiyle  kritik hiz  ve  kritik  sicaklik
hesaplanabilmektedir (Toprak, 2014).
s

_ gQcH
Ve = Ky (Pon TfA> “)
K1=1+0,0374(0)°® ®)
Burada;

_ Qc
T = bocy AV + T, (6)

Yukaridaki denklemlerde V¢ kritik hizi (m/s), Ts kritik
sicaklhigr (°C), To baslangi¢ sicakhigi (°C), Q. tasinimla
1s1 ytikiinii (kW), H tiinel yiiksekligini (m), po ortam hava
yogunlugunu (kg/m?), ¢, havamn &zgiil 1s1s1m (Kj/kg°C),



Tam kapasite iki saftta

: Aktif degil tahliye yvapmakta Alktif degil
i i
= m [ T = -
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Sekil 6. Saftlar oncesi yangin durumu sematik gdsterimi.

K1 Froude sayis1 faktdriinii, 6 tiinel egimini, A tiinel kesit
alanmi (m?), g  yercekimi  ivmesini(kg.m/s?)
gostermektedir. Egimin %-3,3 oldugu kisimda, 30
MW’lik yangin durumunda kritik hiz ve sicaklik
degerleri hesabinda kullanilan degerler ve Tablo 7°de ve
NFPA (National Fire Protection Association)’a gore
iterasyon sonuglari1 Tablo 8’de gosterilmistir.

Tablo 7. Egimin %-3,3 oldugu kisimda kritik hiz hesabinda
kullanilan degerler.

Yangm Yiikii (Q) (MW) 30,00
Tiinel Yiiksekligi (Hr) (m) 7,22
Tiinel Kesit Alani (A) (m?) 67,00
Tiinel Egimi (6) (%) 3,30
Ortam Hava Yogunlugu (po) (kg/m®) 1,20
Ortam Sicakligi (To) (°C) 20,00
Havanin Ozgiil Isis1 (Cp) (Kj/kg°C) 1,01
Froude Sayis1 Faktorii (K1) (Fr®) 0,61

Tablo 8. Egimin %-3,3 oldugu kisimda kritik hiz ve sicaklik
degerleri iterasyonlar: (NFPA 502, 2017: Annex-D).

dumanin en yakin hava degisim istasyonunun yayilim
yoniine  yonlendirilmesi  (Sekil 6) @bz 6niinde
bulundurulmustur (CETU, 2003: 69).

Saftin ileri kismindaki tersinir ¢aligan jet fanlarin sayisal
olarak hesaplanan senaryoya gore, tiinel i¢inde safta
kadar 1 m/s hava hizin1 sagladig1 varsayilarak, model
calismadaki ¢ikis portalindan tiinel igerisine 1 m/s hava
hizin1 saglayacak sekilde dinamik basing tanimlanmisgtir.

Tiinel saftlarindaki 2x70 m3/s debili aksiyal fanlar tam
kapasite ile tahliye amach c¢aligtirilmistir. Tahliye
fanlarina ait tiinele baglanan menfezler basing olarak
tanimlanmustir.

Duman, birim yiizey alandan (agir yik tasiti ya da
otobiisiin yiizey alam 30 m?) gecen kiitle akis1 olarak
tanmimlanmigtir. Otobis boyutu ylkseklikleri 2,5 metre ile
3 metre arasinda degismektedir. Yapilan caligmada,
yangin sonucu olusan dumanin, otobiisiin iist yiizeyine
yakin bir bolgeden dagildigr diisiiniilerek, yerden 2,5
metre yiikseklikte, 12 metre uzunlugunda ylizey (otobdis
iist yiizeyi) yangin kaynagi olarak seg¢ilmistir. Kullanilan

Iterasyon T+ (C) V. (m/s) smir sartlar1 Tablo 9°da ve Sekil 7°de geometri tizerinde
1 20,00 2,98 de gosterilmistir.
2 144,26 2,65 Tablo 9. Kullanilan sinir sartlari.
3 159,80 2,62 Kararli Rejim Sinir Prototip | 1/100 Olgek
4 161,51 2,61 Kosullar1 Model Model
5 161,70 2,61 Is1 salinim oran1 (kW) 30000 0,30
6 161,72 2,61 Tiinel i¢i hava hiz1 (m/s) 3,00 0,30
7 161,72 2,61 —
8 161,72 261 Kirli hava safti hava hizi 9,57 0,96
Taze hava saft1 hava hiz 2,68 0,27
Egimin %-3,3 ' oldugu kisimda 30 MW’hk yangin Tiinel ici sicaklik (K) 293,00 293,00
durumunda kritik hiz (V) 2,61 m/s, kritik sicaklik (T¢) -
162°C bulunmustur. Yiiksek egim nedeniyle, yangin Duman sicakhgr (K) 1393 1393
sonucu olusan baca etkisi en ¢ok bu bélimde etkili Debi (kg/s) 11,45 0,0001145
olrzlak'tadlr. Ti'me?l igi havalandlrma. tagar}m hizi, bu Jet Fan itki giicii (N/m?) 1304 342
degeri asacak sekilde 3 m/s olarak se¢ilmistir.
Betonarme duvar kaplama
- 0,30 0,003
kalinlig1 (m)

Yanginin arka kismindaki (giris kismindan arkada kalan
11500 metrelik mesafe) jet fanlarin calistig1r ve tiinel
icinde 3 m/s’lik hava hizinin saglandig1 varsayilarak,
model galismadaki tiinel giris portalt 3 m/s hava hizinm
saglayacak sekilde dinamik basing olarak tanimlanmuistir.
Tiinel igerisindeki yangmin etkisi, yangimin tiinel
igerisindeki pozisyonuna bagli olarak degismektedir. Bu
caligmada yangin sonucu olusan dumanin tahliyesi i¢in
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Ag vapisi secimi

Analizlerden daha kesin ve kisa zamanda ¢6ziim
alabilmek icin ag yapisi hiicre boyutlarinin uygun
secilmesi énemlidir (McGrattan ve Forney, 2004).
Duman karakteristigini 6lgmek i¢in minimum yangin
karakteristik ¢cap1 (D*) Denklem 7 ile belirlenir.



(3 mUS hava hin) (Zeminden 2,5 m yiikseklikte yiizeyden)
Girig '“"“L Yanan arag
,:g {} 0,038 kg/m2s; 1393 K
0.048 P
2 _ Qi -342 N/m3 Taze hava safti
~— . (Atis olarak
—__ 00 salisacak) Jet Fan 5,6,7 ve 8. Gruplar
‘Araglar ~—— '\:\’ SL ‘::’ -0,039 Pa; 293 K Q gahgmiyor.)
(Jet Fan 1 ve 2. -
Gruplar gahgmiyor.) (1 mis hava hizi)
Sadece bu gruplar aktif 0,00534 Pa; 203 K
(Jet Fan 3 ve 4. Gruplar) » o q@ @ b L
Her bir jet fan -342 Nim3 Kirilhavaiats safe o DO gliskismi
-0,492 Pa; 293 K e e .
: — =
— o
Sekil 7. Smir sartlarinin sematik gdsterimi.
D* = ( Q9 v ©) Kontrol amagli olarak, yangmn bolgesine yakin bir
PocpToVe noktada, farkli ag sayilarinda hiz, sicaklik ve yogunluk

Burada, Q, kW biriminden 1s1 salimm oranini, po,
baslangi¢ hava yogunlugunu, cpo baslangi¢ havanin
baslangic 6zgiil 1s1sin1, To baslangi¢ ortam sicakligini ve
g ise yercekimi ivmesini ifade eder.

Yikseklige (H) bagli, boyutsuz 1s1 salimm oram (Q*),
Denklem 8 ile belirlenir.

Q
pocpTo /g *H5/2

Q* (8)

Denklem 7 ve Denklem 8 birlestirilerek Denklem 9 elde
edilir.

D*/H= Q% ©
Eger Denklem 9 dogru sonug veriyorsa, Denklem 10 ile
uygun ag (grid) hiicre boyutu elde edilir (Li ve digerleri,
2012).

Yangin bolgesi mesh boyutu = 0.075 D* (10)
Olgek modelde kullanilan smir degerlerine gore,

Denklem 7 ve 8’den boyutsuz yangin ¢ap1 ve boyutsuz
181 salinim orani hesaplanirsa;

0,3

D*
1,2 (1,01)(293)(+/9,81)

=( )25 =0,037
— 03 —
Q= 1,2(1,01)(293)(v9,81)( 0,0722)5/2 0,193
Denklem 9 ile kontrol yapildiginda,

bulunur.

D*/H=0,512, (Q*)?> =0,512 bulunur.

Dogru sonug alindigi i¢in, Denklem 10 ile 0.075x0,037 =
0,0028 m bulunur.

Hiicre boyutu, tiineldeki ag yapimini basitlestirmek igin
0,0028 metre yerine 0,002 m olarak, tetrahedral
elemanlardan olusan diizensiz ag yapist kullanilmistir.
Ag, yangimn bolgesinde, jet fan kisimlarinda, saftlarin
bulundugu bolgede ve portal giris ¢ikisinda
iyilestirilmistir. Toplam 2 293 533 ag hiicresi iiretilmistir
(Sekil 8).
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degerleri karsilastirilmistir (Tablo 10). 3 ve 4 numarali
ag sayilarinda, sonuglara etkilerin ¢ok az oldugu
goriilmiistir. ~ TUm hesaplamalarda 10 ile 10°
mertebesinde yakinsama saglanmustir.

=

Sekil 8. Ag yapist géstérimi.

Tablo 10. Farkli ag sayilarinda sonuglarin kargilastirilmasi.

Ag
No| Element | Hiz | % |Sicaklik| % |Yogunluk| %
Sayisi
1 | 943057 |1,80421|%29| 329,13 |%-7| 1,01039 (%8
2 |1120445|1,48539|%-6| 311,15 |%-1| 1,0879 |%l1
3 |2 141331 1,4197 | %0 | 309,07 | %0 | 1,10271 |%0
4 12293533|1,4016 | - (308,904| - | 1,09952 | -
Matematiksel Modelleme
Analizler kararli rejimde basing tabanli olarak

yapilmistir. Akisa dair parametreleri hesaplayabilmek
icin akigkanin uymasi gereken kiitle ve momentumun
korunumu gibi temel prensiplerden yola ¢ikilarak temel
akis denklemleri elde edilebilir. Genel degisken ¢
kullanilarak, streklilik, momentum, enerji, turbilans
modeli denklemleri gibi tim denklemler genel bir formda
yazilabilir. Genel bir ¢ degiskeni igin ii¢ boyutlu genel
taginim denklemi Denklem 11°de verilmistir.

%+V(pU¢)zV(F¢V¢)+ s, (11)
Bu esitlikte; ¢, genel bir degiskeni, I', genel difiizyon
katsayisim ve S, kaynak terimini temsil etmektedir.
Genel tasimim denklemi igin, degiskenler ve bunlara
karsilik gelen difiizyon katsayilari ile kaynak terimleri de
Tablo 11°de verilmistir.



Tarbilans  modeli  seciminde, Reynolds-Averaged
Navier-Stokes  (RANS) denklemleri, modellenen
tiirbiilans 6lg¢egindeki transport denklemlerini akiga dair
parametrelerin ortalama degeri olarak ifade etmektedir.
Coziim yapilirken; basing, sicaklik, enerji ya da tiir
konsantrasyonu gibi skaler biiyiikliikler igin ortalanmig
degerler kullanilarak sistem ¢o6ziimlenebilir hale
getirilmektedir. Bu c¢aligmada, slreklilik denkleminin
saglanmast, hesap yiikiiniin nispeten az olmasi, tiirbiilans
harcanim oraninin hesaplanmasit ve sonucun negatif
¢cikmamast (hizin karesi) gibi konularda oldukga tutarlt
olan realizeable k/e modeli kullanilmistir (Berberoglu,
2008). Bu modelde k, tiirbiilans kinetik enerjisini, &,
tirbiilans yutulma oraninini (turbulence dissipation rate)
ifade eder. Tiirbiilanshi viskozite degeri py; k ve €'nin
fonksiyonu olarak ifade edilir.

SONUCLAR

Calismada, 2045 yili trafik verileri temel alinarak tespit
edilen  kritk  yangin  bolgesinin  incelenmesi
amaglanmigtir. Bu bolge, iki tiip seklinde olan tiinelin
Dogu tiipii girisinden 11500 metre uzaklhikta yer
almaktadir. 30 MW’lik bir otobiis yangini durumu Ansys
Fluent programi yardimiyla incelenmistir. Elde edilen
hiz, sicaklik, karbon monoksit emisyonlari sonuglari
strasiyla bolim igerisinde verilmistir.

Analiz sonuglar;; yangin boélgesinde olusabilecek
hasarlar1 tespit edebilmek icin dikey kesitte, tiinel

boyunca duman dagilimini gérebilmek i¢gin yatay kesitte,
atis fanlarinin performanslarini izleyebilmek ve olasi
tinel igine duman basma riskini gorebilmek i¢in saft
bolgesinde yatay kesitte, yangin bolgesine miidahale
edecek itfaiye personeli ve ters yonde tiinel
kullanicilarinin tahliyesi i¢in 6énemli olan yerden 1,7
metre mesafede yatay kesitte incelenmistir.

Hiz dagilimi incelendiginde, dagilim yangin bolgesinden
kirli hava saftina kadar 3 m/s degerinin iizerindedir.
Temiz hava gaftindan, tiinel ¢ikisina kadar olan kesimde
ise trafigin tersi yonde yaklasik 1 m/s’lik hava hizi
saglanmaktadir. Atig fanlarina yakin bdlgedeki hiz
vektorleri Sekil 9’da verilmistir. Jet fan gruplarimin
calistigi 150 m’lik kesimde yerel hiz dagilimi da Sekil
10’da verilmistir. Yangin bolgesinden 150 m ve 250 m
mesafede calisan jet fan gruplarmin hiz konturlar
incelendiginde, piyasada bulunabilen jet fanlara ait
teknik o6zelliklere gore 33,6 m/s’lik hava hizint dogru
sekilde yansittigi goriinmektedir. Jet fan gruplan
arasindaki 100 m’lik mesafe jet fanlarin ¢alisma verimi
acisindan yeterli goriinmektedir.

Sekil 11°de yerden 1,7 m mesafede lokal hiz dagilimi
gosterilmistir.  Yangin  bolgesinin  arka  kisminda,
insanlarin tahliye edilecegi bolgede (trafik akis yoniiniin
tersi istikamette), yerden 1,7 m mesafede hiz 3 m/s’dir.
Trafik yoniinde yangin mahaline yakin kisimlarda hiz 6-
7 m/s seviyelerindeyken, diger kisimlarda 4 m/s’yi
gecmemektedir.

Tablo 11. Genel taginim denklemi i¢in, degiskenler ve bunlara karsilik gelen difiizyon katsayilar1 ve kaynak terimleri
(Novozhilov, 2001).

Denklem ¢ r S
Siireklilik 1 0 0
. P L0 [ }L 0 ( avj ( 8W)
X-momentum u - —| Mo || He
He x oy ax )T e\ e ox
y-momentum u aP 0 ( + 0 ( ﬁvj ( 8\NJ
- . Le - |, — |+ =y, —
oy T oy\"“oy) az\""oy
: -2 g+ e 2 2w 2o 20 2
z-momentum u: Le P = Pret ,ue p ay =) % He >
Tﬁrbﬁlang .k'inetik k He P+G—
enerjisi oy
Tirbiilans kinetik He £ 3
enerji yutulmasi & o, |<(Cl(3 C2p%)
Enerji h £ -Qr
Oy
. Y,
Kimyasal reaksiyon Yr Fe -Cpp £ mln[YFy 0)
oy k r
[aujz v (awjz au o) (v awY (au awjz
P=p 2| — |+ —| +|—| |+ —F+— | +| —+— | +| —+—
€ X oy oz oy ox oz oy oz ox
{33
o, \p)oz
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Sekil 10. Boyuna kesitte jet fan gruplarmin caligtigr 150 m’lik kesimde lokal hiz dagilimu.

0.500

1000 (m)
J
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0.760

Sekil 11. Yerden 1,7 m mesafede 400 m’lik mesafede lokal hiz dagilimu.

Sekil 12’de yanginin oldugu kistmda 1300 K gibi yiiksek
sicaklik degeri goriiniirken, yangin bolgesinde sicakligin
600 K diizeyinde oldugu, havalandirma yoniinde yangina
en yakim fan grubunun bulundugu ilk 50 m’lik kisimda
400-500 K seviyelerine distigii gozlemlenmektedir.
Bunun nedeni de jet fanlarin ¢alismasi ile havanin tahliye
edilmesidir.
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Yangin bolgesindeki sicaklik dagilimi 400 K civarinda
oldugu belirlendikten sonra sicaklik skalasi en yiiksek
600 K olacak sekilde belirlenmis ve yangina miidahale
noktasinda 6nemli olan 200 m’lik bdlge igerisindeki
sicaklik dagilimi Sekil 13°te verilmistir.Sekil 12 ve Sekil
13 incelendiginde, yangin bolgesinden geriye dogru
sicaklik yayilmamistir. Bu da tiinel kullanicilarinin tiineli
tahliyesi i¢in glivenli alanin olustugunu ve havalandirma
icin segilen tasarim hizinin (3 m/s) yeterli oldugunu



gostermektedir. Sicakliga bagli karisim havasi yogunluk
diistisii nedeniyle yangin mahalline yakin noktalarda
tinel tavanina yakin kisimlarda iken, yangin olan
bolgeye uzaklik arttik¢a soguyan havanin, yogunlugunun
artmasi nedeniyle sicakligin tiim kesitte homojen olarak
dagildig1 gozlemlenmektedir.

Eksenel fanlarin yangin durumunda ne sekilde
etkilenecegini tespit edebilmek icin Sekil 14’te,
zeminden 6 m yikseklikte yerel sicaklik dagilimi
verilmistir. Yangin bolgesinde sicaklik degerleri 600 K

seviyelerindeyken, yangin bdlgesinden 200 m uzaklikta
tavan sicakligt 330 K seviyelerine diigmiistiir.
Calistirilmayan ilk jet fan grubunda sicaklik degerleri
500 K seviyelerindedir. Havalandirma sisteminin ana
elemanlar1 olan jet fanlar 250°C (523 K)’de 90 dakika
sire ile ¢alisacak sekilde secildigi kabuliiyle, yangin
boélgesinden 150 m ileride bulunan ve aktif olan jet
fanlarin zarar gérmeyecegi ongoriilebilir.

Sekil 15°te, ortalama bir insan boyunun 1,7 m oldugu
kabul edilerek 400 m’lik kisimda zemin seviyesine yakin
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Sekil 12. Boyuna kesitte yangin bolgesinde sicaklik dagilima.
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Sekil 13. Boyuna kesitte 200 m’lik bolimde 293-600 K araliginda sicaklik dagilimi.
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Sekil 14. Zeminden 6 m yiikseklikte, 200 m’lik kisimda tavan bolgesi sicaklik dagilimi.
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Sekil 15. Zeminden 1,7 m yiikseklikte, 400 m’lik kisimda sicaklik dagilimu.

sicaklik dagilimi verilmistir. Yangin bolgesinden, tiinel
kullanicilarinin tahliyesinin yapilacagi geri bolgede
sicaklik  degerlerinin  yiikselmedigi  goriinmektedir.
Havalandirma yoniinde ilk 150 m’lik kisimda sicaklik
degeri 330 K (63°C) seviyelerini ge¢mektedir. Bu da
yangina mildahale noktasinda gelecek itfaiye personelinin
gerekli koruyucu 6nlemleri almasini gerektirmektedir.

Sekil 16°da yangin bolgesinden, trafik yoniinde 10 m
ileride tlinel kesitinin yerel sicaklik dagilimi verilmistir.
Beklenildigi gibi, karisim havasimin sicakligi bagh
yogunluk diisiisii nedeniyle sicak hava yiikselmis ve
tiinel tavaninda en yiiksek degerler 6l¢lilmistiir.

(K]

Sekil 16. XY ekseninde yangin bolgesinden 10 m ileride
sicaklik dagilimi.

Sekil 17°de, 0 m yangin bolgesi olmak tizere, -40 m tinel
kullanicilarinin tahliye giizergdhinda, 360 m’de trafik
yoniinde kirli hava atig saftina kadar olan mesafede
Olciilen en yiiksek sicakliklar ve ortalama sicakliklar
grafik olarak gosterilmistir.

Tiinel icindeki beton yapinin hasari; beton yapinin
dagilmasi ve 1s1l olarak mukavemetinin azalmasina bagl
olarak degerlendirilmektedir. Isil bozulma, tiinel astar
veya doseme kalinliginin yarisini asarsa yapinin ciddi
sekilde hasar gordiigii kabul edilir. Tiinellerde beton
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yiizeylere sicakligin yayilmas: 200°C’de baslar, kritik
sicaklik ise 300°C’dir. (PIARC, 1991).

Sicaklik analizi sonuglar1 incelendiginde, yangin
bolgesinden trafik yoniinde ilk 50 metrelik kisimda
Olgiilen en yiiksek sicakliklar 200°C’nin {izerinde
seyretmektedir. Bu bélimde beton malzemelerin zarar
gorebilecegi 6ngoriilebilir. Ozellikle yangin bolgesi ve
20 m ilerisine kadar olan bolimde sicakliklar belirli
bélimlerde 300°C’yi (573 K) asmaktadir. Bu boliimlerde
yapisal dokiilmeler ve kalici hasarlar beklenebilir.
Ozellikle yangmin ¢iktig1 bolgeye yakin olan 20 m’lik
mesafede tavan sicaklik degerleri kritik degerleri
agsmaktadir.
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Sekil 17. Yangin bolgesinden 40 m geride ve 360 m ileride
(trafik yoniine) sicaklik degisimi.

Yangin mahalinden trafik yoniinde ilk 100 m’lik kisimda
tiinelin tavan kismina yakin bulunan bélgede, 100°C ile
350°C arasinda sicaklik degerlerinin degistigi ve yangina
dayanikli malzemelerin kullanilmamast durumunda,
aydilatma armatiirlerinde, aydinlatma, haberlesme ve
veri iletim kablolarinda, kablo kanallarinda, ve destek
elemanlarinda kalici hasarlar olabilecegi ongoriilebilir

(PIARC, 1991).

Acil durumlardaki O6nemli noktalardan birisi de
karbonmonoksit emisyonu konsantrasyonlaridir. Sekil
18’de yangin bolgesinden geriye dogru dumanin
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Sekil 18. Boyuna kesitte 400 m’de zamandan bagimsiz CO dagilimi.
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Sekil 19. Boyuna kesitte, zeminden 1,7 m mesafede CO ve duman dagilimi.

yayilmadigr goériinmektedir. Yangin bolgesinden safta
kadar olan béliimde karisim havasinda bulunan CO
seviyesi 10000 ppm’den 400 ppm seviyelerine kadar
azalmustir.

Sekil 19°da saftlarin sonrasindaki duman dagilimini da
gorebilmek icin 400 m’lik kisimda CO dagilim
gosterilmistir. Sicaklik diismesi nedeniyle yangin
mahallinden safta dogru karigim havasinin yogunlugu
yukselmekte ve duman tiinel kesitine dengeli bigimde
dagilmaktadir. Yangmin oldugu bolgenin  hemen
sonrasindaki ¢aligmayan ilk jet fan grubu havalandirmaya
kars1 blokaj etkisi yaptigindan dolay1 ilk jet fan grubunun
altinda ufak bir kisimda dumanin ¢oktiigii goriinmektedir.

Sekil 20°de 0 m yangin bdlgesi olmak tizere, -40 m tiinel
kullanicilarimin  tahliye giizergdhinda, 360 m’de trafik
yoniinde kirli hava atig saftina kadar olan mesafede dl¢iilen
en yiiksek ve ortalama CO degerleri grafik olarak
gosterilmistir.

Sekil 21°de yangin bdlgesinin 10 m ilerisinden, kirli hava
atig saftina kadar CO miktar1 degisimi detayli olarak
grafikte gosterilmistir. Ortalama CO degerlerinin atig
saftina kadar 400 ppm seviyelerinin altma diismedigi,
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ozellikle ilk 50 m’de ortalama 1000 ppm’in iizerinde
oldugu goriilmektedir. Yangin mahallinden trafik yoniine
gore geride kalan kisimda CO oranmin kabul edilebilir
seviyelerde oldugu (Sekil 20), bu da yanginin gerisinde
bekleyen tiinel kullanicilarinin dumandan etkilenmeden
tahliyesinin gergeklesebilecegini gostermektedir.

CO analizi sonuglari incelendiginde, yangin bolgesine
yakin 50 m’lik mesafede sicaklik kaynakli yogunluk
farki nedeniyle CO’in tiinelin tavan kisminda
yogunlastigr, 60 m’de calistirlmayan jet fanin
engellemesinden dolayr ortalama degerlerin nispeten
yikseldigi, 70 m’den sonra ise dumanin soguyarak
¢okmeye baslamasiyla beraber en {ist ve ortalama deger
arasindaki farkin kapandig1 gériinmektedir. ilk 30 m’de
yangin durumunda tiinel kullanicilari i¢in kabul edilebilir
givenlik kriterlerine gbre 1200 ppm seviyesinin
(Caliendo vd., 2013) lzerinde oldugu goriilmektedir. Bu
da yangin sondiirme ekiplerinin oksijen maskesi vb.
koruyucu onlemler alarak yangina miidahale etmesini
gerektirmektedir.
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Sekil 20. Yangimn bolgesinden 40 m geride ve 360 m ileride (trafik yoniine) CO degisimi.
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Sekil 21. Yangin bolgesinden kirli hava saftina kadar CO degisimi.

DEGERLENDIRME VE ONERILER

Literatiir galismalarindan faydalanilarak segilen tasarim
yangin yiikiine gore kritik hiz ve sicaklik degerleri
hesaplanmis analitik olarak yapilan hesaplar sonucunda
yangin sonucu olusan kritik nokta olarak tiinelde egimin
en yiiksek oldugu DT 3 lokasyonu bulunmustur. Bu
bolgede egimin negatif olmasi sebebiyle, yangin sonucu
olusan baca etkisinin yiiksek olmasi bu sonucu ortaya

cikarmigtir.  Ansys Fluent yaziliminda geometri
hazirlanirken, mesh yapisi hazirlanirken ve uygun model
secilirken (k- turbdlans  modeli) literatr

caligmalarindan faydalanilmig ve sonuglarin analitik
hesaplamalarla uygunluk gosterdigi goriilmiistiir.

Yangin bolgesinden 150 m ve 250 m mesafede ¢alisan jet
fan gruplarmin hiz konturlart incelendiginde, fanlarin
caligma hizi 33,6 m/s olarak elde edilmistir. Jet fan
gruplart arasindaki 100 m mesafe jet fanlarin calisma
verimi agisindan yeterli gorlinmektedir. Yangin
bolgesinin arka kisminda, insanlarin tahliye edilecegi
bolgede (trafik akis yoniiniin tersi istikamette) hava hizi
3 m/s olmaktadir. Ayrica, trafik yoniinde yangin
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mahaline yakin kisimlarda hiz 6-7 m/s seviyelerindeyken,
diger kisimlarda 4 m/s’yi gegmemektedir.

Eksenel fanlarmm yangin durumunda ne sekilde
etkilenecegini tespit edebilmek i¢in zeminden 6 m
yiikseklikte yerel sicaklik dagilimi verilmistir. Yangin
bolgesinde sicaklik degerleri 600 K seviyelerindeyken,
yangin bdlgesinden 200 m uzaklikta tavan sicakligi 330
K seviyelerine diismiistiir. Yangin bolgesinden, tiinel
kullanicilarinin tahliyesinin yapilacagi geri bolgede
sicaklik degerlerinin  yiikselmedigi  goriinmektedir.
Havalandirma yoniinde ilk 150 m’lik kisimda sicaklik
degeri 330 K (63°C) seviyelerini gegmektedir. Ortalama
sicaklik degerlerinin ilk 30 m’de ortalama 400 K’in
iizerinde oldugu ve yangina miidahale ekipleri ve o
bolgedeki tiinel kullanicilar1  ig¢in  riskli oldugu
gorinmektedir. Bununla birlikte, 0 m yangin bolgesi
olmak Uzere, -40 m tiinel kullanicilarimin tahliye
glizergdhinda, 360 m’de trafik yoniinde kirli hava atig
saftina kadar olan mesafede hesaplanan ortalama CO
degerlerinin atis saftina kadar 400 ppm seviyelerinin altina
diismedigi, 6zellikle ilk 50 m’de ortalama 1000 ppm’in
iizerinde oldugu belirlenmistir. Yangin mahallinden trafik



yOniine gore geride kalan kisimda CO oraninin kabul
edilebilir seviyelerde oldugu, sadece trafik yoniinde ilk 50
m’de referans degerin asildig1 belirlenmistir.

Caligmada tiinel icerisinden tehlikeli madde yiikli
araglarin gecmedigi (Ozellikle tankerle akaryakit
tagimaciligl) varsayimi yapilmistir. Bundan sonra
yapilacak c¢aligmalarda ¢ok uzun gercek bir karayolu
tiinelinde tehlikeli madde gegisi olan durumlar hesaba
katilarak, degisik ara¢ yangmlarn iizerine (30, 50, 100,
200 MW’lik yangin durumlari) ¢alisma yapilmasi faydali
olacaktir.
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Abstract: In this study, thermodynamic and economic analysis have been carried out to the determination of optimum
design parameters of Kalina Cycle. The optimization of four key parameters (turbine inlet pressure, geothermal water
outlet temperature at evaporator, condenser pressure and ammonia mass fraction) is also conducted. The
thermodynamic properties of the medium temperature geothermal resource in the Simav region are used in the system
designs. The energy efficiency and exergy efficiency of the system are evaluated through the thermodynamic analysis.
Also, the system has been investigated economically with the net present value method. As a result of the exergy
analysis, it is determined that the maximum exergy destruction occurs in the evaporator within the total exergy
destruction of the system. In the system design with 90 % ammonia mass fraction, the exergy destruction in the
evaporator constitutes 66.5 % of the total exergy destruction in the system. The geothermal water outlet temperature at
evaporator, ammonia mass fraction, turbine inlet pressure and condenser pressure of the most effective geothermal
energy powered Kalina Cycle are determined as 353.15 K, 90 %, 4808 kPa and 700 kPa, respectively. The energy
efficiency and exergy efficiency of this system are calculated as 13.04 % and 51.81 %, respectively. Also, the net
present value of this system is calculated as 119.377 Million US$ and it is seen that it is suitable for investment in
economic terms.

Keywords: Kalina cycle, Geothermal energy, Net present value, Energy, Exergy.

JEOTERMAL ENERJi KAYNAKLI KALINA CEVRIMININ TERMODINAMIK VE
EKONOMIK ANALIZi

Ozet: Bu calismada, jeotermal enerjiyle ¢alisan Kalina Cevrimi’nin optimum tasarim parametrelerinin belirlenmesi icin
termodinamik ve ekonomik analizler yapilmistir. Tiirbin giris basinci, evaporatdrdeki jeotermal akiskan ¢ikis sicakligi,
kondanser basinci ve amonyak kiitle orani sistemin degisken parametreleridir. Simav bolgesindeki orta sicaklikli
jeotermal kaynagin termodinamik 6zellikleri sistem tasarimlarinda kullanilmistir. Sistemin enerji ve ekserji verimleri
termodinamik analizler ile degerlendirilmistir. Ayrica, sistem net bugiinkii deger yontemi ile ekonomik olarak
incelenmistir. Ekserji analizi sonucunda, sistemin toplam ekserji yikimi igerisinde maksimum ekserji yikiminin
evaporatdrde meydana geldigi tespit edilmistir. Kitlece % 90 amonyak bilesenli sistem tasariminda, evaporatordeki
ekserji yikimi, sistemdeki toplam ekserji yikiminin % 66.5’ini olusturmaktadir.Ekserji analizleri sonucunde en yuksek
ekserji yitkiminin evaporatorde olustugu ve % 90 amonyak bilesenli sistem tasariminda, evaporatoérdeki ekserji yikimi,
toplam sistemdeki ekserji yitkiminin % 66.5’ini olusturmaktadir. En etkin sistem tasariminin enerji verimliligi ve ekserji
verimliligi sirasiyla % 13.04 ve % 51.81 olarak belirlenmistir. Optimum sisteme ait evaporatordeki jeotermal su ¢ikis
sicakligi, amonyak kiitle orani, tiirbin giris basinci ve kondenser basinci sirastyla 353.15 K, % 90, 4808 kPa ve 700 kPa
olarak belirlenmistir. Bu sisteme ait enerji verimliligi ve ekserji verimliligi sirasiyla % 13.04 ve % 51.81 olarak
belirlenmistir. Ayrica bu sistemin net bugiinkii degeri 119.377 Milyon ABD$ olarak hesaplanmis ve ekonomik agidan
yatirima uygun oldugu goérilmiistir.

Keywords: Kalina ¢evrimi, Jeotermal enerji, Net bugtinki deger, Enerji, Ekserji.

NOMENCLATURE h Specific enthalpy [kJ/kg]
m Mass flow [kg/s]
C Cost [$] M Molar mass [kg/mol]
c Specific heat [k// kg- K] NPV Net present value
Diube Diameter of the inlet pipe [m] 0 Heat energy [kW]
e’ Molar exergy [kJ/mol] Qus Volume flow rate of separator [m?3/s]
Ex Exergy [kW] T Temperature [K]

= Cost Factor U Heat transfer coefficient [W/m?K]
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Uz Terminal velocity of separator [m/ s]
|4 Total volume of separator [m?]
114 Power [kKW]

p Density [m3/ kg]

€ Exergy efficiency [%]

a Ammonia mass fraction [%]
v Specific exergy [kJ/kg]

7 Energy efficiency [%]
Subscripts

b Benefit

BM Bare module

c Condenser

ch Chemical

cw Cooling water

elec Electricity

eva Evaporator

g Generator

of Geothermal fluid

i Interest rate

ic Investment cost

j Discount rate

I Liquid

M Material

m,i Inlet mass flow

m,o Outlet mass flow

moc Maintenance and operating
ol Life time of system

ncf Net cash flow

p Pump

P Pressure

ph Physical

r Recuperator

sC Salvage cost

sep Separator

sys System

v Vapor

wf Working fluid

t Time (year)

tr Turbine

0 Dead state

Abbreviations

CEPCI Chemical Engineering Plant Cost
Index

GEPKC Geothermal Energy Powered Kalina
Cycle

OFC Organic Flash Cycle

ORC Organic Rankine Cycle

INTRODUCTION

Due to the increase in energy demand and the decrease in
fossil fuel reserves and pollution of the environment,
research on power generation from renewable energy
sources and increasing the energy efficiency of these
systems gained importance (Arslan, 2010; Arslan, 2011;
Deepak et al., 2014; Yari et al, 2015; Zare and
Moalemian, 2017; Acar and Arslan, 2019). Geothermal
energy is one of the most preferred renewable energy
sources in terms of sustainability. It is also important
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because of the absence of environmental pollutants in the
Kalina cycle due to the re-injection of geothermal fluid.
Also, developing countries tend to use renewable energy
sources to ensure energy diversity and energy security.
Kalina Cycle (KC) is one of the low-temperature power
cycles in which is using ammonia and water mixture as
working fluid (Arslan, 2010; Arslan, 2011; Kalina, 1984;
Saffari et al., 2016; Igobo and Davies, 2016).

In literature, different configurations of KC and operating
parameters of cycles were investigated according to the
thermodynamic and economic analysis. In the studies on
KC, the ammonia mass fraction of ammonia-water
mixture was changed between 50-90 % (Singh and
Kaushik, 2013; Modi and Haglind, 2015; Sadeghi et al.,
2015). Arslan (2010) investigated optimum geothermal
water outlet temperature at evaporator and ammonia
mass fraction of Kalina cycle system (KCS-34)
according to the exergoeconomic analysis. The results
show that energy efficiency of 14.9 % and exergy
efficiency of 36.2 % can be achieved for optimum system
design with an ammonia mass fraction of 90 %. Arslan
(2011) used artificial neural network for optimization of
geothermal energy powered KC and determined that the
optimum ammonia mass fraction ranges from 80 % to
90 % for KCS-34. Sun et al. (2014) investigated the
performance and optimum parameters of solar driven
KC. They determined that the maximum annual power
generation of system was 553520 kWh and the energy
and exergy efficiencies of the system were 6.48 % and
35.6 %, respectively. Zare and Ashouri et al. (2015)
compared the performance of fuel and solar powered KC.
They found that the levelized cost of electricity of solar
KC higher than fuel driven KC. Yari et al. (2015)
compared the low-grade heat source powered trilateral
Rankine Cycle, Organic Rankine Cycle (ORC) and KC
from the viewpoint of exergoeconomic. Moalemian
(2017) analyzed the parabolic solar collector integrated
KC in the point view of energy, exergy and economic
analysis. Saffari et al. (2016) used artificial bee colony
algorithm according to thermodynamical analysis of
Husavik power plant to determine the optimum operating
conditions of KC. The optimum value of exergy and
thermal efficiencies were determined as 20.26 % and
48.18 %, respectively.

Wang and Yu (2016) investigated the performance of a
composition-adjustable KC. They indicated that the
thermal efficiency of the composition-adjustable KC
higher than conventional KC. Wang et al. (2017)
investigated the efficiency improvement of a KC by
sliding condensation pressure theoretically and
numerically. They mentioned that the condenser pressure
has significant effects on the system performance. The
maximum energy and exergy efficiencies of the optimum
design were determined as 10.48 % and 48.10 %,
respectively. Rodriguez et al. (2013) compared the
geothermal energy powered ORC and KC according to
thermodynamical and economic analysis. They
mentioned that R-290 for ORC and the ammonia-water
mixture with 84 % ammonia mass fraction for KC are the
most effective working fluids in the point view of



economic analysis. Varma and Srinivas (2017) compared
the performance of ORC, Organic flash cycle (OFC) and
KC for low temperature heat recovery. They stated that
OFC had been generated maximum power. Zhang et al.
(2012) indicated that KC more effective than ORC in the
point view of thermodynamic analysis in their review
research. Li et al. (2013) compared the performance of
KC and e- KC in which the ejector was replaced with the
throttle valve. They mentioned that the e - KC more
effective than KC. Eller et al. (2017) analyzed the
pressure, heat exchanger capacity and power output of
ORC and KC for 473.25 K, 573.25 K and 473.25 K heat
source temperature. They mentioned that the grassroot
cost of ammonia-water KC was the lowest in the
investigated source temperature range. The grassroot
costs of KC were changed between 1203.4 €/kW and
619.4 €/kW. Cao et al. (2018) optimized the Kalina-Flash
cycles by genetic algorithm. They determined that the
Kalina -Flash cycles more effective than KC from
thermodynamic and economic point of view. Nasruddin
et al. (2009) reported that the optimum ammonia mass
fraction was 78 % for geothermal powered KC according
to thermodynamical analysis. Mergner and Weimer
(2015) mentioned that the KSG-1 was more effective
than the KCS-34 for geothermal power generation. He et
al. (2014) investigated the performance of two modified
KCS-11 cycle and KCS-11. Also, they determined the
effects of two different key parameters (ammonia mass
fraction and cooling water temperature) on the
performance of the systems. The energy efficiency,
power output and exergy efficiency of the systems were
increased with the decrease of the cooling water
temperature. According to the results, the maximum
cycle efficiency of KCS-11 yielded with at ammonia
mass fraction of 92 % for 3000 kPa turbine inlet pressure
of working fluid. The energy and exergy efficiencies of
this system were determined as 10.2 % and 50.6 %,
respectively. Singh and Kaushik (2013) parametrically
examined the performance of exhaust gas powered KC.
They reported that increasing the turbine inlet pressure
increase the maximum cycle efficiency further
corresponding to a much higher ammonia mass fraction
and the best cycle performance is determined with the
80 % of ammonia mass fraction for the turbine inlet
5

pressure of around 4000 kPa. Prananto et al. (2018)
investigated the performance of KC which generates
electrical power from the brine discharged from the
geothermal fluid at the Wayang Windu geothermal
power plant. They determined the power generation and
energy efficiency of the system as 1600 kW and 13.2 %,
respectively.

In this study, thermodynamic and economic analysis
have been carried out to determine the optimum design
parameters of the Kalina Cycle operating with a medium
temperature geothermal resource. KSG-1 (Siemens’
Kalina cycle system) Kalina Cycle is used for modeling
of the system. The outlet temperature of the geothermal
fluid from the evaporator, ammonia mass fraction,
turbine inlet pressure and condenser pressure are variable
parameters of the system. Geothermal energy Powered
Kalina Cycle (GEPKC) is evaluated by using net present
value (NPV) method from the economical point of view
for different system designs. The investment costs of
equipment of GEPKC are calculated by using Module
Costing Technique. Also, the energy and exergy
efficiencies of the GEPKC designs are calculated. The
exergy destructions and the investment costs of the
system equipment are determined.

GEOTHERMAL ENERGY POWERED KALINA
CYCLE

The geothermal energy heat source temperature, cooling
water temperature and thermodynamical properties of
ammonia-water mixture are the design parameters of the
GEPKC. In the GEPKC designs, the thermodynamical
properties of the geothermal source in the Simav region
are used (Arslan, 2008; Arslan, 2010; Arslan, 2011). The
geothermal fluid is supplied from 9 wells. The
temperature of the geothermal fluid is 406.65 K and its
mass flow rate is 462 kg/s (Arslan, 2008; Arslan, 2010;
Arslan, 2011). The vapor fraction of the geothermal fluid
has been assumed as 10 %. GEPKC flow diagram is
given in Figure 1.
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Figure 1. GEPKC flow diagram



As seen in Figure 1, the saturated liquid phased working
fluid enters the pump (1) and outlets the pump (2) at
evaporator pressure. The high-pressured working fluid
enters the recuperator (3) and takes the heat of the mixer
exhaust stream (9). The geothermal fluid (2a) is
transferred the heat to the preheated working fluid (4) at
the evaporator and re-injected to the well (2b). The
working fluid is separated into two different flows at the
separator. One is high ammonia concentration (strong
solution) and vapor phased stream (5) and the other is low
ammonia concentration (weak solution) and liquid

phased stream (6). Superheated strong solution flow is
expanded at the turbine (point 7) to produce power. At
the same time, weak solution flows pass through the
valve to expand the condenser pressure (8). And both
weak solution and strong solution flows are mixed in the
mixer and enters the recuperator (9). And it gives the heat
to the high-pressured working fluid (2-3). The low-
pressured ammonia-water mixture enters to the air-
cooled condenser (10) and leaves as saturated liquid (1).
The properties of the GEPKC equipment and parameters
are given in Table 1.

Table 1. The properties of the GEPKC equipment and parameters (Arslan, 2010; Wang et al., 2017; Acar and Arslan, 2019).

Component Parameter Values

Geothermal Inlet temperature T, 406.65 K

fluid Outlet temperature To, 353.15 K, 363.15 K, 373.15 K
Mass flow rate 1m,, 462 kgls

Evaporator Outlet temperature of mixture T, 398.15 K
Efficiency 7eva 0.85
Inlet temperature Tsa 288.15 K
Outlet temperature Tap 298.15 K

Condenser Pressure Pc 4 kPa
Efficiency ¢ 0.85

Generator Efficiency g4 0.95

Pump Isentropic efficiency #p 0.8

Recuperator Efficiency #r 0.85

Turbine Isentropic efficiency i 0.85

The GEPKC is designed for 90, 85, 80, 75, 70 % of Wy, =n, - W, (6)

ammonia mass fraction («). The thermodynamic
properties of the ammonia-water mixture are determined
by Reference Fluid Thermodynamic and Transport
Properties Database 10.1 (REFPROP) (Lemmon et al.,
2018).

THERMODYNAMIC ANALYSIS
The governing energy equations of the GEPKC were

obtained as follows. The heat transfer in the evaporator
is calculated as;

Qeva = ng = mgf ' (hza - hzb) = (mz} ' (h4 - h3))/
Neva (1)

The energy and mass equations of separator are given
as;

ﬁl4'a4=m5'a5+m6'a6 (2)
Tfl4'h4=m5'h5+m6'h6 (4)

The turbine power output can be calculated as;
Wy = s+ (hs = hy) = 1itg - (hs — hy) *ner (5)

Here, s indicates the isentropic process. The generator
electric power can be calculated as;
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The expansion through the control valve is an isenthalpic
process.

he = hg (7)
The energy and mass equations of mixer are given as;
My Qg =My a; + Mg ag (8)
Mo = 1hy + Mg (9)
Mg~ hg = M, - h, + Mg - hg (10)
The heat transfer in recuperator is given as;

Qr = Mg (hg — hyp) = (mz *(hs — hz))/nr (11)

The heat transfer in the condenser can be calculated by
as;

Qc =Ty (h1o - hl) = (mcw ' (th - h3a))/nc (12)

The pump power input can be calculated as;

W}; =1y (hy — hy) = My (hgs — hz)/np (13)
The net power output of the GEPKC is;
Wnet = VVg - VVp (14)

The energy efficiency of the GEPKC is calculated by;



Whe

= ﬁ; (15)
The exergy balance equation for steady systems is:
Exneat = Exworte T Exmi = Exmo = Exaese (16
The exergy term of heat is calculated with;
Expear = 2(1-1) 0 (17)
The exergy term of work is given as;
Eypore = W (18)
The mass flow exergy terms are given as;
By = S it Y (19)
Ex o out = & Mout * Wout (20)
where y; the physical and chemical exergy terms.
Y =Ypn+ P (21)
The physical exergy term is given as:
Ypn = (h—ho) =Ty - (s — o) (22)

where h is enthalpy, s is entropy, and the subscript zero
indicates properties of fluids at the dead state. The
reference state is 298.15 K and 101.325 kPa. The
chemical exergy term given as;

(1-a)
MHp,0

0

. _ 0
€ch,NH;

* €ch,H,0

(23)

a
¢Ch - My,

where eg, yu,and egy ., are molar exergy of the pure
component at dead state conditions (kJ/mol), M is the
molar mass (kg/mol), « is the mass ratio of ammonia in
the mixture (Bejan et al., 1996).

The exergetic efficiency of system is then calculated by
the following equation;

1— EXd,total _ Wnet

E = . = —
EXm,i (Mg (h2a—2p))

(24)

ECONOMIC ANALYSIS

The life cycle cost (Csy5) of GEPKC can be determined
as;

Csys =Cp — (Cic + Csc + Cmoc) (25)
where, C;.; the investment costs ($), C.; salvage cost ($),
Cme; Maintenance and operating costs ($) and Cj; benefit

($) of the GEPKC. The C,. of GEPKC was taken as 10%
of the C;. (Acar and Arslan, 2017).
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Cse = Cic - 0.10 (26)

The C,,. of GEPKC system was taken as 6 % of the C;,
of the GEPKC (Ashouri et al., 2015).

C;c - 0.06 (27)

Cmoc =

The benefit of GEPKC includes electricity earning.

Co = Whet * Cotec * to (28)
where C,..; the unit price of electricity ($/kwh) and t,;
operating time of plant is 8400 h per annum (Arslan,
2010). C,. ic calculated by;

CEPCl3018
Cetec = ’
CEPCly014

(29)

elec,2014

where Copec2014; the unit price of electricity in 2014 is
0.06 $/kWh (Aminyavari et al., 2014), CEPCl,y4g;
Chemical Engineering Plant Cost Index in 2018 is 603.1
(CEPCI, 2018) and CEPCl,4,4; Chemical Engineering
Plant Cost Index in 2014 is 576.1 (Cao at al., 2018). The
net cash flow;

Coer = (Cp = Croc) - (A + D)1 (30)
here, i; the interest rate and t; the related year time of cash
flow. The NPV of GEPKC;

Cic) + ZOl Snef

NPV = (Csc — =0 (14 )yt

(1)

where ol; the lifetime of GEPKC, j; the discount rate. In
this study, the lifetime of GEPKC system was added to
calculations as 20 years. The discount and interest rates
were taken as 18.5 % and 19.5 %, respectively (CBRT,
2019).

The investment cost of GEPKC is calculated by using
Module Costing Technique (Cao et al., 2018; Turton et
al., 2018). The data used to calculate the purchase cots of
equipment were obtained from the literature in 2001
(Turton et al., 2018). The equipment costs were modified
for the year 2018 by CEPCI. The equipment costs in 2018
can be calculated by;

_ CEPClyg1g
€4 CEPClz001

.CO

BM (32)

here, Fg,,; the bare module cost factor, C°; the purchase
cost of equipment and CEPCI,,,,;Chemical Engineering
Plant Cost Index in 2001 is 397 (Cao at al., 2018). The
purchase cost of equipment is calculated by (Turton et al.,
2018);

logC® =K, + K, -log X + K5 - (logX)? (33)
here, K; constants are determined depending on the
equipment and X; the parameter which is related to the
equipment. These parameters are the total volume for
separator, total heat transfer area for the evaporator,



Table 2. The constants of the cost equations (Turton et al., 2018).

Equipment Constant
K1 K2 Ks B1 B2 Fwm Fem Fp C1 C2 Cs
Evaporator 4.6656 -0.1557 | 0.1547 0.9600 1.210 2.450 - 1.0000 0.0000 0.0000 0.0000
Separator 3.4974 0.4483 | 0.1074 | 2.2500 1.820 3.200 0.0000 0.0000 0.0000 | 0.0000
Recuperator 4.6656 -0.1557 | 0.1547 0.9600 1.210 2.450 - 1.0000 0.0000 0.0000 0.0000
Condenser 4.6420 0.3698 | 0.0025 - - - 3.000 | 0.0000 0.0000 0.0000 | 0.0000
Turbine 2.6259 1.4398 | -0.1776 - - - 11.600 - - - -
Pump 3.3892 0.0536 0.1538 1.8900 1.350 2.200 - -0.3935 0.3957 | -0.0023

condenser and recuperator, power consumption for pump
and power output of the turbine.

The bare module cost factors can be calculated by
(Turton et al., 2018);

FBM=B].+BZ'FM.FD (34)
here, B; the constants based on equipment types, Fy;
material factor and Fp; pressure factor. The pressure
factor of the pump can be calculated by (Turton et al.,
2018);

logFp = C + Cy - log P, + C5 - (logPZl,)2 (35)
here, P, is the design pressure of the pump. The constants

of the cost equations according to the equipment’s are
given in Table 2.

The heat transfer areas of the heat exchangers are
calculated by using the logarithmic mean temperature
difference (LMTD) method (Ashouri et al., 2015). Heat
transfer coefficient (U) values of the equipment are given
in Table 3.

Table 3. Heat transfer coefficient (U) values of the equipment
(Ashouri et al., 2015; Rodriguez et al., 2013).

Equipment U (W/m*K)
Recuperator 1000
Evaporator 900
Condenser 1100

The total volume of the separator can be calculated with
(Cao at al., 2018; Zarrouka and Purnanto, 2015);

(3-Deube)?
Vsep = ”%be (7 * Deype + 4 * Deype)

(36)

here Dyype; the diameter of the inlet pipe (m) and it is
given by (Cao at al., 2018);

Qs 0.5
47/
Diype = ( t)

T

(37)

here Q,; the volume flow rate of inlet flow of separator
(m3/s) and u,; the terminal velocity of separator (m/s).
The terminal velocity of vertical cyclone type separator
is given by (Cao at al., 2018; Zarrouka and Purnanto,
2015);

(38)
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Here p,; liquid density (kg/m?®), py; vapor density
(kg/m?3) and Z is 0.069 (Cao at al., 2018; Zarrouka and
Purnanto, 2015).

The investment cost of the mixer is considered
negligible.

RESULTS AND DISCUSSION

In this study, turbine inlet pressure, geothermal water
outlet temperature at the evaporator, condenser pressure
and ammonia mass fraction are the design and
optimization parameters of GEPKC. 125 different
GEPKC models are designed and energy efficiency,
exergy efficiency and net present values of these models
are calculated. The investment cost of each component is
considered for economic investigation. Handling the
operating parameters as P,=4808 kPa and T2,=353.15 K,
the variation of energy efficiency of the GEPKC system
with different ammonia mass fraction (¢) and condenser
pressure (P1o) obtained as seen in Fig. 2.

P, =4808 kPa, T,, =353.15 K

(%)

n (%2

600 700 800 900 1000 1100 1200
Py, (kPa)

Figure 2. The variation of energy efficiency, n of GEPKC
versus a and Pio.

According to Fig. 2, the n values of the GEPKC increase
by the decrease of Pi and the increase of the ammonia
mass fraction. The n values of the proposed system range
between 5.57 % and 13.04 %. The highest n value of
GEPKC system is obtained for 700 kPa of turbine outlet
pressure and 90 % of ammonia mass fraction at 4808 kPa
of turbine inlet pressure and 353.15 K of outlet
temperature of the geothermal fluid from the evaporator.
The n values of the system increase with the increase of
the ammonia mass fraction and decrease of the condenser
pressure. The change of exergy efficiency values of
GEPKC system for P,=4808 kPa and T1,=353.15 K



according to different ammonia mass fraction (a) and
turbine outlet pressure (P1o) are given in Fig. 3.
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Figure 3. The variation of exergy efficiency, € of GEPKC
versus o and Pio.

According to Fig. 3, the ¢ values of the GEPKC increase
by the decrease of P1p and the increase of the ammonia
mass fraction. The & values of the proposed system range
between 8.79 % and 51.81 %. The highest ¢ value of
GEPKC system is obtained for 700 kPa of turbine outlet
pressure and 90 % of ammonia mass fraction at 4808 kPa
of turbine inlet pressure and 353.15 K of outlet
temperature of the geothermal fluid from the evaporator.
The & values of the system increase with the increase of
the ammonia mass fraction and decrease of the condenser
pressure. Handling the operating parameters as P,=4808
kPa and T2=353.15 K, the variation of NPV of the
GEPKC system with different ammonia mass fraction («)
and turbine outlet pressure (P10) obtained as seen in Fig. 4.
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Figure 4. The variation of NPV of GEPKC versus o and P1o.
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Fig. 4 shows that the NPV of the GEPKC decrease by the
increase of Py and the decrease of the ammonia mass
fraction. The NPV of the proposed system range between
2.196 Million US$ and 121.446 Million US$. The
maximum NPV of GEPKC system was obtained for 800
kPa of turbine outlet pressure and 90 % of ammonia mass
fraction at 4808 kPa of turbine inlet pressure and 353.15
K of outlet temperature of the geothermal fluid from the
evaporator. The change of the net power output values
of GEPKC system for P,=4808 kPa and Tx=353.15 K
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according to different ammonia mass fraction (o) and
turbine outlet pressure (P1o) are given in Fig. 5.
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Figure 5. The variation of the net power output of GEPKC
versus a and Pio.
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According to Fig. 5, the net power output values of the
GEPKC increase by the decrease of P10 and the increase
of the ammonia mass fraction. The net power output
values of the proposed system range between 11372.672
kW and 26633.930 kW. The highest net power output
value of GEPKC system is obtained for 700 kPa of
turbine outlet pressure and 90 % of ammonia mass
fraction at 4808 kPa of turbine inlet pressure and 353.15
K of outlet temperature of the geothermal fluid from the
evaporator. The net power output values of the system
increase with the increase of the ammonia mass fraction
and decrease of the condenser pressure. Handling the
operating parameters as P1o=700 kPa and T»,=353.15 K,
the variation of energy efficiency of the GEPKC system
with different ammonia mass fraction () and turbine
inlet pressure (P.) obtained as seen in Fig. 6.
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Figure 6. The variation of energy efficiency, # of GEPKC

versus o and Pa.

According to Fig. 6, the n values of the proposed system
range between 6.47 % and 13.04 %. The minimum 7
value of GEPKC system at the same ammonia mass
fraction is obtained for the maximum value of turbine
inlet pressure. Furthermore, the variation of the n values
with the turbine inlet pressure for different ammonia
mass fractions show different trends. The highest  value
of GEPKC system is obtained for 4808 kPa of turbine



inlet pressure and 90 % of ammonia mass fraction at 700
kPa of turbine outlet pressure and 353.15 K of outlet
temperature of the geothermal fluid from the evaporator.
The change of ¢ values of GEPKC system for P1,=700
kPa and T2,=353.15 K according to different ammonia
mass fraction () and turbine inlet pressure (P4) are given
in Fig. 7.
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Figure 7. The variation of exergy efficiency, ¢ of GEPKC
versus o and Pa.

According to Fig. 7, the & values of the proposed system
range between 21.01 % and 51.81 %. The maximum &
value of GEPKC system is obtained for 4808 kPa of
turbine inlet pressure and 90 % of ammonia mass fraction
at 700 kPa of turbine outlet pressure and 353.15 K of
outlet temperature of the geothermal fluid from the
evaporator. The change of NPV of GEPKC system for
P10=800 kPa and T2,=353.15 K according to different
ammonia mass fraction (o) and turbine inlet pressure (Pa)
is given in Fig. 8.
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Figure 8. The variation of NPV of GEPKC versus o and Pa.

4808 5308 5808 6308

Fig. 8 shows that the NPV of the proposed system ranges
between 23.656 Million US$ and 122.529 Million US$.
The maximum NPV of GEPKC system is obtained for
800 kPa of turbine outlet pressure and 5308 kPa of
turbine inlet pressure. For the same system, the energy
and exergy efficiencies are calculated as 12.38 % and
46.71 %, respectively. The change of net power output
values of GEPKC system for P30=700 kPa and
T»=353.15 K according to different ammonia mass
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fraction (o) and turbine inlet pressure (P4) are given in
Fig. 9.
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Figure 9. The variation of the net power output of GEPKC
versus o and Pa.

According to Fig. 9, the variation of the net power output
values of the GEPKC with the turbine inlet pressure for
different ammonia mass fractions show the same trends.
The net power output values of the proposed system
range between 13218.33 kW and 26633.93 kW. The
highest net power output value of GEPKC system is
obtained as 26633.93 kW for 4808 kPa of turbine inlet
pressure and 90 % of ammonia mass fraction at 700 kPa
of turbine outlet pressure and 353.15 K of outlet
temperature of the geothermal fluid from the evaporator.
Handling the operating parameters as P10=700 kPa and
P4=4808 kPa, the variation of & of the GEPKC system
with different outlet temperature of the geothermal fluid
from the evaporator (T2p) and ammonia mass fraction (o)
obtained as seen in Fig. 10.

P.o = 700 kPa, P, = 4808 kPa
60

50 + $ * (%)
._ 4
i — -+90
o \ ~+ -85
s
§ 80
T30
75
[ '
2 v ¢ * 70
10
0
348.15 353.15 358.15 363.15 368.15 373.15 378.15
T (K)

Figure 10. The variation of exergy efficiency, ¢ of GEPKC
versus o and Tap.

Fig. 10 shows that the & values of the GEPKC increase
by the decrease of outlet temperature of the geothermal
fluid from the evaporator and the increase of the
ammonia mass fraction. The & values of the proposed
system range between 19.88 % and 51.81 %. The highest
exergy efficiency value of GEPKC system was obtained
for 353.15 K of outlet temperature of the geothermal fluid
from the evaporator. The € values of the system increase
with the increase of the ammonia mass fraction and outlet



temperature of the geothermal fluid from the evaporator.
Handling the operating parameters as P1o=700 kPa and
P,=4808 kPa, the variation of NPV of the GEPKC system
with different outlet temperature of the geothermal fluid
from the evaporator (T2p) and ammonia mass fraction (o)
obtained as seen in Fig. 11.
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Figure 11. The variation of NPV of GEPKC versus o and Tazb.

Fig. 11 shows that the NPV of the GEPKC increase by
the decrease of Tz, accepts 70 % of the ammonia mass
fraction. The NPV of the proposed system ranges
between 28.142 Million US$ and 119.377 Million US$.
The maximum NPV of GEPKC was obtained for 353.15
K of the outlet temperature of the geothermal fluid from
the evaporator and 90 % of the ammonia mass fraction.
The change of net power output values of GEPKC for
P,=4808 kPa and P10=700 kPa according to different
ammonia mass fraction (o) and turbine outlet pressure
(T2p) are given in Fig. 12.
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Figure 12. The variation of the net power output of GEPKC
versus o and Tab.
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According to Fig. 12, the net power output values of the
GEPKC increase by the decrease of To, and the increase
of the ammonia mass fraction. The net power output
values of the proposed system range between 10702.51
kW and 26633.93 kW. The net power output values of
the system increase with the increase of the ammonia
mass fraction and decrease of the outlet temperature of
the geothermal fluid from the evaporator. Handling the
operating parameters as P4=4808 kPa, P1o=700 kPa and
T=353.15 K, the variation of exergy destructions of the
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system equipment with ammonia mass fraction are given
in Fig. 13.
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As seen in Fig. 13, the highest exergy destruction is
determined as 16461.22 kW for the evaporator. The
minimum exergy destruction in the evaporator is
determined as 15010.84 kW at 75 % of ammonia mass
fraction. The exergy destruction of separator and
condenser decreases with the increase of the ammonia
mass fraction. The exergy destruction of the turbine
decreases with the decrease of the ammonia mass
fraction. In the system design with 90 % ammonia mass
fraction, the exergy destruction in the evaporator
accounts for 66.5 % of the total exergy destruction in the
system. The maximum exergy destruction occurs in the
evaporator within the total exergy destruction of the
system. Handling the operating parameters as P,=4808
kPa, P1o=700 kPa and T2,=353.15 K, the variation of
investment costs of the system equipment with ammonia
mass fraction are given in Fig. 14.
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Figure 14. The variation of the investment cost of system

equipment versus a.

As seen in Fig. 14, the highest investment cost is
determined as 27.9927 Million US$ for the evaporator.
The investment cost of the turbine, separator and
condenser increase with the increase of the ammonia
mass fraction. The investment costs of the evaporator and
recuperator decrease with the increase of the ammonia
mass fraction. According to the energy efficiency and



Table 4. The optimum GEPKC design parameters.

T(K) | P (kPa) | h(kd/kg) | s 1 (Kgls) | a (%) E<" (kW) | % (kJ/kg)
(kJ/kg-K)

1 290.60 | 700 358.04 | 1.6851 | 151.94 |90 2714097.31 | 196.66
2 291.72 | 4808 36591 | 1.6905 | 151.94 | 90 271409731 | 202.92
3 309.93 | 4808 44989 | 1.9697 | 151.94 |90 2714097.31 | 203.65
4 398.15 | 4808 159210 | 5.0858 | 151.94 | 90 2714097.31 | 416.80
5 398.15 | 4808 1789.10 | 56081 | 123.68 | 96.416 | 2366346.95 | 458.08
6 398.15 | 4808 72996 | 2.7998 | 28.25 61014 | 347650.36 | 178.31
7 308.37 | 700 1561.81 | 57391 | 123.68 | 96.416 | 2366346.95 | 191.73
8 323.04 | 700 72996 | 2.9558 | 28.25 61014 | 347650.36 | 189.72
9 314.93 | 700 140712 | 5.2243 | 151.93 | 90 2714097.31 | 190.53
10 | 307.21 | 700 130832 | 4.9065 | 151.93 | 90 2714097.31 | 186.48
2a | 406.65 | 300 77713 | 22030 | 462.00 |- 461.33
2b | 353.15 | 300 33521 | 1.0754 | 462.00 |- 355.61
3a | 28815 | 4 62.98 0.2244 | 345031 | - 728.59
3b | 29815 | 4 10483 | 0.3672 | 345031 |- 727.87
W, | 26633.93 KW
7 13.04 %
P 51.81%
NPV | 119.377 Million US$

exergy efficiency values of GEPKC, the optimum plant
design parameters are given in Table 4.

As seen in Table 4, the NPV, energy and exergy
efficiency of the most effective GEPKC are determined
as 119.377 Million US$, 13.04 % and 51.81 9%,
respectively. The geothermal water outlet temperature at
the evaporator, ammonia mass fraction, turbine inlet
pressure and condenser pressure of this system are
determined as 353.15 K, 90 %, 4808 kPa and 700 kPa,
respectively.

The thermodynamic model of GEPKC is validated
comparing the results obtained with published literature
results (Arslan, 2010; Wang et al., 2017), as shown in

Table 5 and Table 6. The data obtained from Arslan
(2010) are used to validate the thermodynamic model
according to the thermodynamic properties of geothermal
source and cooling water.

As seen in Table 5, the energy efficiency of the KCS-34
system, which has the same geothermal resource
characteristics, is 2.5% higher than that of the KCS-1
system. When both systems are evaluated in terms of
exergy efficiency, it is seen that the KCS-1 system is
12.6% more efficient than the KCS-34 system. The
thermodynamic properties of the key state points well
coincide with each other.

Table 5. Model validation with the results of Arslan (2017).

Parameter Arslan (2010) Present study
Cycle type KCS-34 KC-1
Mass flow rate of geothermal fluid 462 kgls 462 kgls
Geothermal fluid inlet temperature (evaporator) 406.65 K 406.65 K
Geothermal fluid outlet temperature (evaporator) 353.15 K 353.15 K
Working fluid ammonia mass fraction 90 % 90 %
Turbine inlet ammonia mass fraction of working 93 % 93.70 %
fluid

Turbine inlet temperature of working fluid 403 K 398.15 K
Turbine inlet pressure of working fluid 3000 kPa 3308 kPa
Condensing temperature 311.85 K 312.43 K
Condensing pressure 714 kPa 700 kPa
Cooling water inlet temperature (condenser) 288.15 K 288.15 K
Cooling water outlet temperature (condenser) 298.15 K 298.15 K
Mass flow rate of cooling water 3463.6 3110 kg/s
7 14.8 % 123 %

€ 36.2 % 48.8 %
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Table 6. Model validation with the results of Wang et al. (2017).

Present study Wang et al. (2017)
S@t T TP (kPa) | m(kgls) |« (%) T(K) P(kPa) | m (kgls) (%)
1 20879 | 700 177.06 0.750 282,35 435 32.673 0.760
2 20928 | 2808 177.06 0.750 28271 2392 32.673 0.760
3 33820 | 2808 177.06 0.750 22177 2325 32.673 0.760
2 39815 | 2808 177.06 0.750 28045 2280 3267 0.760
5 39815 | 2808 113.39 0.921 28045 2280 19914 0.964
6 39815 | 2808 58.77 0.405 28045 2280 12.759 0.441
7 34111 | 700 11339 0.921 31295 447 19.914 0.964
8 34536 | 700 58.77 0.405 23476 447 12.759 0.441
9 34320 | 700 177.06 0.750 20677 447 32.673 0.760
10 | 32731 | 700 177.06 0.750 208.29 443 32.673 0.760
2a | 40665 | 300 462 of 393.15 2000 142 of
26 | 35315 | 300 462 of 341.78 1961 142 of
3a 288.15 4 3507 water 271.85 118 2259 air
3 | 29815 2 3507 water 283,60 113 2259 air
7 | 1030% 1048 %
P 37.22% 48.10 %

As seen in Table 6, the energy efficiency value in
Reference (Wang et al., 2017) is 0.18 % higher than the
present work. The exergy efficiency of the system in
Reference (Wang et al., 2017) is 18 % higher than the
exergy efficiency of the GEPKC. The reason of this
difference is that the temperature and mass flow rate of
the resource is used in this study are higher than the
Reference (Wang et al., 2017). Considering the
properties of the geothermal resources used in the
studies, it is seen that the thermodynamic properties of
the state points coincide with each other. It is observed
that especially the pressure values and the ammonia mass
fractions of the state points are compatible with the
Reference (Wang et al., 2017).

CONCLUSION

In this study, the GEPKC is designed for different
geothermal water outlet temperature at evaporator,
ammonia mass fraction, turbine inlet pressure and
condenser pressure. The net power output, NPV, energy
and exergy efficiencies of the GEPKC are determined.
The most effective system parameters determined as
P10=700 kPa, P4=4808 kPa, Tx=353.15 K and a=90 %
according to the energy and exergy efficiencies. The
energy and exergy efficiencies of this system are
determined as 13.04 % and 51.81 %, respectively. In
addition, the NPV value of this system is calculated as
119.377 Million US$ and it is seen that it is suitable for
investment in economic terms. The net power output of
this system is calculated as 26633.93 kW. Also, the
following results were obtained:

e The net power output, energy and exergy
efficiencies of the GEPKC increase with the
decrease of the condenser pressure.
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e The investment cost of the evaporator is found to
have a significant effect on the NPV value. The
investment cost of the evaporator decreases with
the increase of the ammonia mass fraction.

e The maximum exergy destruction is realized in
the evaporator.

e The exergy efficiency values of the GEPKC
increase by the decrease of outlet temperature of
the geothermal fluid from the evaporator, turbine
outlet pressure and the increase of the ammonia
mass fraction.

e The NPV of the GEPKC increases with the
increase of ammonia mass fraction ratio.
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Ozet: Bu calismada, havuz kaynamada 1s1 transferini iyilestirme metotlarindan biri olan mekanik ¢alkalamanin 1s1
transfer katsayisina etkisi deneysel olarak arastirilmistir. Deneysel calisma kapsaminda bir deney diizenegi
kurulmustur. Deney akigkani olarak saf su kullanilmistir. Deneylerde havuz igerisinde mekanik ¢alkanti olugturmak
amaciyla farkli devir hizlarinda galigan bir adet 100 mm ¢apinda aksiyel fan kanadi kullanilmigtir. Deneylerde 100 mm
uzunlugunda 20 mm ¢apinda silindirik gelik 1sitict kullanilmistir. Deneyler havuz kaynamada en yiiksek 1s1 transfer
katsayilarinin elde edildigi kabarcikli kaynama boélgesinde (su i¢in AT 5-30 °C) gerceklestirilmistir. Deneyler 9 farkl
1s1ticr giiciinde (17, 23, 29, 38, 47, 58, 70, 83 ve 94 kW/m?) ve 5 farkli mekanik karistirict devrinde (0, 55, 139, 205 ve
212 d/d) gergeklestirilmistir. Is1 transferi katsayisinin, 1sitici giiciin ve mekanik karigtiricinin devir sayisinin artmasiyla
arttig1 tespit edilmistir. Isitict giiciin 17 kW/m? den 94 kW/m? ye yiikseltilmesiyle (mekanik karistiricinin 55 d/d da
sabit tutulmustur), 1s1 transferi katsayinin yaklasik %10 oraninda arttigi belirlenmistir. Diigiik 1sitict giictinde (17
kW/m?2de), devir sayismin 0 d/d’dan 212 d/d’ya gikartilmastyla, 1s1 transferi katsayisinin %190 oraninda iyilestigi tespit
edilmigtir.

Anahtar Kelimler: Buhar, Havuz kaynama, Mekanik karistirma, Is1 transfer katsayist

EXPERIMENTAL INVESTIGATION OF HEAT TRANSFER EFFECTS OF
MECHANICAL AGITATION IN POOL BOILING

Abstract: In this study, the effect of mechanical agitation, which is one of the methods of improving the heat transfer
in pool boiling, on the heat transfer coefficient has been investigated experimentally. Pure water has been used as the
test fluid. In the experiments, a 100 mm diameter axial fan blade operating at different rotational speeds have been used
to create mechanical agitation in the pool. In the experiments, 100 mm long, 20 mm diameter cylindrical steel heater
has been used. Experiments have been carried out in nucleate boiling regime region (for water AT 5-30 °C), where the
highest heat transfer coefficients have been obtained in pool boiling. Experiments have been carried out at 9 different
heating power (17, 23, 29, 38, 47, 58, 70, 83 and 94 kW/m?) and at 5 different mechanical agitator speeds (0, 55, 139,
205 and 212 rpm). It has been determined that the heat transfer coefficient (HTC) increases with the increase of the
heater power and the speed of the mechanical agitator. Increasing the heater power from 17 kW / m?to 94 kW / m? (the
mechanical agitator has been kept constant at 55 rpm), it has been determined that the heat transfer coefficient increased
by approximately 10%. It has been determined that the HTC improved by 190% by increasing the number of revolutions
from 0 rpm to 212 rpm at low heater power (at 17 kW/m?).

Keywords: Pool boiling, Mechanical agitation, Heat transfer coefficient, Vapor
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Birgok endiistriyel uygulamada havuz kaynama 1s1
transferi kullanilmaktadir (Guan et al., 2011). Ozellikle
tagirmali tip 1s1 esanjori, buhar kazanlari ve bir¢ok
kimyasal proses (parfiimeri, ilag, boya, saflagtirma vb.)
havuz kaynama 1s1 transferi uygulamalarindan
bazilaridir(Dikici et al., 2014; Gheitaghy et al., 2017).
Kaynama 1s1 transferi akiskanin belirli bir basingta o
basinca karsilik gelen kaynama sicakligindan daha
yiiksek sicakliktaki bir yiizey ile temast sonucunda
meydana gelen sivi fazindan buhar fazina gecisi ifade
etmektedir. Havuz kaynama ile ilgili ilk detayli calisma
Nukiyama tarafindan gergeklestirilmistir (Nukiyama,
1934). Sabit 1s1 akisinda daha diisiik yiizey sicakligi 1s1
transfer katsayisini artiracak ve en kiigiik 1s1 transferi
iyilestirmelerinde ¢ok biiyiik enerji kazanglarina sebep
olmaktadir (Kumar et al., 2018). Bu nedenle havuz
kaynamada 1s1 transferinin iyilestirme yOntemleri
iizerinde bir¢ok caligma yapilmistir (Kamel et al., 2018;
Kamel & Lezsovits, 2020). Bu ¢alismalardan bazilar1 da
stvi  c¢alkalama icermektedir (Cengel, 2014). Sivi
calkalama islemi mekanik, ultrasonik, elektrostatik,
vorteks, ve basmglandirma ile gergeklestirilmektedir
(Price, 1966). Mekanik calkalama, akigkanin kaynama
havuzu igerisinde yer alan bir karistirici yardimiyla
gerceklestirilen bir islemdir. Bu islemde genellikle
karistirict 1sitma ylizeyinin istiine konumlandirtlmigtir
(Gates et al., 1976).

Literatiirde mekanik c¢alkalamanin kaynamada 1s1
transferine  etkisi bazi  aragtirmacilar tarafindan
incelenmistir. Gates vd. mekanik ¢alkalanma etkisini stvi
siispansiyonlar i¢in aragtirmig ve siispansiyonlarda
karigtirict sistemlerin secilmesinde dikkat edilmesi gerek
hususlar tizerinde durmuslardir (Gates et al., 1976).
Smith ve Katsanevakis farkli tip karistiricilar i¢in buhar
kabarciklart olusumu olmadan ve buhar kabarcigl

olusumu olan sistemler i¢in karistiricinin  giic
gereksinimini arastirmislardir. Cift fazli kaynamada
buhar  kabarcigr  fraksiyonunun  karstirict - giig

gereksinimini etkiledigini belirtmislerdir (Jm & An,
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1993). Smith ve ark. yeni tip i¢ farkli karistiric
kullanarak karistirict igin bagil giic talebi (RPM)
formiilasyonii iretmiglerdir (Smith et al.,, 2001).
Takahashi vd. kaynama havuzuna oranla blyiik boyutlu
karistiricinin (Dkazan=0,108 m Ve Diangune=0,1 m) 1s1
transferine etkisini incelemislerdir. Karistirict  hizi
arttikca karisma siiresinin azaldigini ifade etmislerdir.
Calismada ¢ tip kanstirict kullanmiglardir. Tiim
karistiricilarin boyutsuz karistirma siiresinin, gii¢ sayisi
ile ters orantili olarak degistigini belirlemislerdir. Giig
sayisina bagl olarak degisen boyutsuz karistirma siiresi
esitligini Giretmislerdir (Takahashi et al., 2006). Durmaz
ve Ozdemir merkezcil karigtiricili kaynama kazaninda 1s1
gegisine; karigimin seker derisikligi, karistirict devir
sayisi, kanat boyutu ve kanat ile taban arasindaki
mesafenin etkisini deneysel olarak incelemislerdir.
Viskozitesi yiiksek sekerli sivilarin 1sitilmasi veya
kaynatilmasinda kanat ile yiizey tabani arasindaki
boslugun minimum degerde olmasi gerektigini, devir
sayisinin ise olabilecek en yiiksek degerde olmasi en iyi
1st  gegis hizimin  elde edilmesini  sagladigini
belirtmislerdir (Durmaz & Ozdemir, 2012). Durmaz ve
Ozdemir sonraki  calismalarinda  yine  sekerli
siispansiyonlar i¢in karistirici kenari ile kaynama kazani
taban1 arasindaki boslugun, Kkaristirict hizinin  ve
karistirict boyutunun kaynama 1s1 transfer katsayisi
lizerindeki etkilerini incelemislerdir. Is1 transfer
mekanizmasi i¢in Peclet sayisina bagli yeni bir Nusselt
formiilasyonu 6nermislerdir (Ozdemir & Durmaz, 2015).
Das vd. caligmalarinda farkli tip siispansiyonlar igin
¥=86mm, @=114mm, @=160 mm ¢apinda A310 model
karistirict kullanmiglardir. Karistiricr huzlar 100-700 d/d
arasinda degismektedir. Tank igerisinde karistirici ile
akis hareketinin iki farkli yol izlemesini saglamislardir.
Calkalamali  bir tankta karistirict  boyutlarinin
degisiminin hidrodinamik ve 1s1 transferine etkilerini
deneysel olarak incelenmeye c¢alismiglardir. Sonugta
karistirict boyutundaki degigimin siispansiyonun dibe
¢okmesini etkiledigi ve dibe ¢dkme miktarina bagh
olarak 1s1 transferinin etkilendigini ifade etmislerdir (Das
et al., 2018). Suriyawong vd. deneysel ¢aligmalarinda
havuz kaynama 1s1 transferinde 1sitma yiizeyi iizerine
farkli uzakliklarda yerlestirdikleri pasif karistiricinin
etkisini aragtirmiglardir. Bu karistiricinin 1sitma yiizeyine
uzakligi sirast ile Smm-15mm-25mm dir. Karigtirici olarak
2-3-4 bigakli, ayni yiikseklikte, ayni ¢apta ve ayni gdbek
capinda li¢ karigtirict kullanmuglardir. Sonug olarak,
karigtirict  kullanimmin  genel olarak 1s1  transferini
artirdigini ifade etmislerdir. Digerlerine gore dort bigakli
karistiricimin -+ 1s1 transferini daha ¢ok  artirdigini
sOylemislerdir. Karistiricida artan bigak sayisinin 1s1
transferini artirdigini ifade etmislerdir(Suriyawong et al.,
2017) .

Arastirmacilar mekanik c¢alkalamanin kaynama 1s1
transferi uygulamalarinda bazi zorluklar igerdigini
belirtmiglerdir (Cengel, 2014). Burada mekanik aksamin
varligt ve akigkan igerisinde kontrolii, 1sitma ylizey
sicakhigr degisimine bagli olarak hassas yonetim
gerektirmesi ve ekstra enerji tiketiminden kaynaklanan
bazi zorluklar icerdiginden bahsedilebilir. Gelisen
teknoloji ile bahsedilen tiim zorluklarin asilabilecegi



diisliniilmektedir. Kaynama 1s1 transferinde i¢in mekanik
calkalamanin 6nemi literatiirce kabul edilmis ve etkisi
iizerine caligmalar giiniimiizde de devam etmektedir
(Esonye, 2019; Takahashi et al., 2006). Bu ¢alisma ile
literatiirde ilk defa silindirik 1sitict (fisek) altina
yerlestirilen =~ mekanik  karigtiricinin,  kabarcikli
kaynamada 1s1 transfer katsayisina etkisi arastirilmistir.
Karistiriet  olarak, modern bilgisayar sogutma
fanlarindan kullanilan 7 kanatli bir model segilmistir.
Calisma bu yonii ile de literatiirden ayrilmaktadir.
Literatiirdeki c¢aligmalarda kullanilan kanat modelleri
sadece karigtirma yapmak (sivi akigina yon vermek) igin
tasarlanmis modellerdir. Bu model tasarimi itibar1 ile
hem akisa yon vermekte hemde giiclii bir tiirbiilans etkisi
olusturabilmektedir. Calisma bu yonii ile de literatiire
yeni bir bakis acist getirmeyi amaclamaktadir. Havuz
kaynamada, kabarcikli kaynama bolgesinde gerceklesen
bir kaynama prosesinde eksenel mekanik karistirict
kullanilarak 1s1  transfer katsayisinin  artirilmasi
hedeflenmistir. Bunlara ek olarak, mekanik ¢alkalamanin
kabarcik dinamigi ve 1s1 transfer katsayilar iizerindeki
etkileri de incelenmistir.

MATERYAL VE METOT

Bu ¢alisma, Nukiyama'nin kaynama egrisi bolgelerinden
en yiksek 1s1 transfer katsayilarimin elde edildigi
“kabarcikli (¢ekirdek) havuz kaynama” bdlgesinde
gerceklestirilmistir  (Nukiyama, 1934). Nukiyama
kaynama 1s1 transferi igin sicaklik farki-is1 akist egrisi
¢izmig ve kaynamayr dort Snemli bolgeye ayirmustir
(Sekil 1) (Bergman et al., 2015). Bunlardan kabarcikli
kaynama bolgesi (A-C), disiik sicaklik farklarinda
yitksek 1s1 transferi elde edilmesi sebebiyle en cok
calisma yapilan bolgedir (Nukiyama, 1934). Bu bdlge
kendi igerisinde ikiye ayrilir. A-B bolgesi, izole kabarcik
bolgesi olarak adlandirilir. Bu bélgede olusan buhar
kabarciklar sivinin serbest yiizeyine ulasmadan sonerler.
Bu kabarciklar enerjilerini  etkilesim igerisinde
bulunduklar1 ¢evre akiskana aktararak tekrar sivi faza
doniistirler. B-C bolgesi ise jet siitunlar1 bolgesi olarak
adlandirilir. Bu bdlgede olusan buhar kabarciklar
genellikle birbirlerini sira (dizi) seklinde takip ederek,
sivi serbest yiizeyine ulasirlar. Bu durumda ise buhar
kabarcig1 sivi serbest yiizeyine dogru ilerlerken bir
miktar enerji kaybeder ve buhar kabarcigi formunda az
miktar kii¢iilme g6zlenir. Bu kiigiilme buhar kabarciginin
s1v1 serbest ylizeyine ulagsmasini engelleyecek mertebede
gerceklesmez. A-C bolgesinde gerceklesen kaynama
sirasinda, 1sitict  yiizey sicakligimnin birkag derece
diistirilmesiyle ¢ok yiiksek 1s1 transfer katsayilar1 elde
edilebilir (Kim, 2003; Mehrotra et al., 2012). C-D bélgesi
gecis bdlgesi olarak tanimlanir ve 1sitma yiizeyi iizerinde
buhar filmi tabakasi ile jet slitunu olusumu goézlemlenir.
D-E bolgesi ise film kaynamay1 ifade bu bolgede 1sitma
ylizeyi {lizeri tamamen buhar filmi tabakasi ile
kaplanmigtir ve bu bolgede taginimla 1s1 transferinin yani
stira 15inmla olan 1s1 transferinin etkisi de gdzlemlenir
(Kim, 2003; Mehrotra et al., 2012).Hakem
degerlendirmelerinden sonra, yayin i¢in kabul edilmis
olan makaleler, dergimizin basim formatina tam uygun
olarak yazarlar tarafindan hazirlanmalidir. Makaleler
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yazarlarin hazirladig: haliyle basildigi i¢in, yazarlarin
makalelerini basim i¢in hazir formatta hazirlarken burada
belirtilen esaslar titizlikle takip etmeleri cok 6nemlidir.
Asagida, basima hazir formatta makale hazirlamak i¢in
uyulmasi gereken esaslar detayli olarak agiklanmustir.

Dogal Tagmim Kabarciklanma Gegis Film

et
Izole Jet
Kabarcik Sutunlart

107

 Kaitik st aos, g “maks
| g maks
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I gmin
Leidenfrost noktast, g "min
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10 30

AT=Ty-Tdoy (°C)

120 1000

Sekil 1. 1 atm basingta saf suyun kaynama egrisi (Bergman et
al., 2015)

Bu caligmada izole edilmis kabarcik rejimi bdlgesi
incelenmistir. Bu bdlgenin 6nemi yiiksek 1s1 akilarinda,
diisiik sicaklik farklar1 elde edilmesi ile yiiksek miktarda
enerji transfer edilebilirligidir (Rashidi et al., 2020;
Yagov, 2009). Bu bolgede calisan bir uygulama,
kaynama 1s1 transferi en yiiksek verimle gerceklestiriyor
demektir. Bu rejim bolgesi, saf su i¢in, yaklagik AT=5°C
civarinda baglar ve yaklasik AT=10°C civarinda
bitmektedir. Bu c¢alismada, tiim deneyler atmosferik
basingta doyma sicakliginda saf su kullanilarak
yapilmigtir. Sekil 2°de deney setinin sematik gosterimi
yer almaktadir.

1. DOLDURMA TANKI
2. KURESEL VANA
3 TERMOMETRE

4. BAROMETRE
ﬁ ﬁ 5. YOGUSTURUCU
— 6. ON ISITICT
7. FiSEK ISITICI
8. TERMOKUPL
9. KARISTIRICI

10. KAYNAMA KAZANI
11. IS ISTASYONU
12. KAMERA
13. VARYAK
14. BOSALTMA DEPOSU
15. AYDINLATMA

1——@I

b £

Sekil 2. Deney setinin sematik géstefimi
Deney Seti Teknik Ozellikleri ve Deneyin Yapihist

Tamamen kapali ve dikdortgen seklindeki kaynama
kazani, 25 litre akigkan kapasitesine sahiptir ve temperli
camdan yapilmistir. Sistemde bir adet kondenser vardir.
Bu kondenser silindirik 1siticinin  {irettigi  buhari
yogusturarak sisteme tekrar kazandirmakta ve sistem
basincinin artmasini engellemektir. Kazan igerisindeki
stvi sicaklig1 doyma sicakliginda sabit tutulmaktadir. On



isitict,  siviyt  doyma  sicakliginda  tutmak  igin
kullanilmistir. Her deneyde mekanik karistirict devri
sabit tutularak 1s1 akisi degistirilmistir. Her 1s1 akist
degisiminden sonra 10 dakika sistem sartlarimin sabit
olmast beklenmistir. Kaynama kazanina silindirik 1sitic
tabandan 120 mm yiikseklige yerlestirilmistir. Silindirik
isitict  paslanmaz  celikten imal edilmistir, yiizey
pliriizliligii Ra=1,275 pum ve 1sitict uzunlugu 100 mm’dir.

Bu calismada modern bilgisayarlarda kullanilan yedi
kanatli mekanik karigtirict kullanilmistir. Bu karistiricilar
bilgisayarlarda farkli devir hizlarinda ¢aligarak yiiksek
verimlilikle sogutma islemi gerceklestirebilmektedir.
Karistirmali kap tasarimlarinda klasik tip karigtiricilar
oldukca kullanilsa da bu tip bir mekanik karistirict
litertiirde ilk defa kullanilmistir. Yiizey piiriizliliigi ¢ok
diistik olan modern fan kanadinin kaynama 1s1 transferine
yapabilecegi etki arastirilarak literatiire kazandirilmustir.
Mekanik karistirict  plastik  enjeksiyon yOntemiyle
iretilmistir ve deney sicakliginda sekil degisimine
ugramamaktadir. Sekil 3’de karigtirict modeli verilmistir.
Karigtiricinin - dis ¢apt @100 mm’dir ve silindirik
isiticinin - altina  yerlestirilmistir. Isitict ve karistirict
arasindaki dikey mesafe 25 mm’dir. Deneyleri gorsel
olarak kayit etmek icin bir adet siiper agir c¢ekim
kameras1 kullanilmistir. Isiticidaki elektrik giicli varyak
ile kontrol edilmistir. Elektriksel glriltlnin dnlenmesi
icin varyak faraday kafesi ile ¢evrilmistir. Ek onlem
olarak varyak,’a ana kumanda panosundan harici elektrik
hatti ve topraklamasi c¢ekilmistir. Termokupol
termometreden elde edilen veriler ve varyak degerleri is
istasyonu araciligiyla kayit edilmistir. Veriler usb
destekli, 4-kanalli  termokupl termometre ile
aktarilmigtir. Varyak giicii her degistirildikten sonra 10
dk beklenmistir. Bu siire¢ igerisinde 1sitict yiizey
sicakligindaki degisimin sabitlendigi gézlenmistir. 10 dk
sonunda elde edilen sicaklik verileri usb yardimu ile
bilgisayara aktarilmistir Mekanik bir manometre
kullanilmustir. Deneyler atmosferik basingta
gerceklestirilmigtir. Her deney liger kez tekrar edilmis ve
ortalama degerler alimuigtir.

saglanmistir ve bu disli 12 V’luk DC elektrik motoru ile
tahrik edilmistir. Farkli karistirict devri elde etmek icin,

Sekil 4. Kaynama kazani 3-B modeli
Géoriintii isleme Teknigi

Goriintii isleme teknigi ¢ogunlukla askeri, su alti, tip,
parmak izi analizi ve havacilik sistemi gereksinimlerinde
kullanilir. Birgok arastirmaci havuz kaynama analizi i¢in
bu teknigi kullanmistir. Lee vd. tek buhar kabarcigi
hareketini ve kabarcik boyutunu belirlemek i¢in stiper hizli
¢ekim kamerasi kullanmuglardir (Lee et al., 2003). Sarafraz
vd. silindirik yiizeyde gergeklesen havuz kaynamada
saniyede maksimum 1200 kare gorintl alabilen 6 mega-
piksel (MP) bir kamera ile buhar kabarcigi goriintiisii
almiglardir (Sarafraz et al., 2012). Bu c¢aligmada ise
saniyede 1000 kare alabilen, 20,2 MP siiper hizli bir
kamera kullanilmistir. Alinan goriintiler 1920x1080
piksel karedir. Sekil 5’te bu calismada gergeklestirilen
goriintii isleme teknigi akis semasi yer almaktadir.

Sekil 3. Karistirict modeli sematik gésterimi

Kaynama kazaninin Solidworks R2019 programinda
olusturulan 3 boyutlu kati modeli Sekil 4’te
gosterilmistir. Karigtiricinin donme hareketi, iki digli ile

Sekil 5. Goriintii isleme teknigi is akig semasi



Stiper hizli video kaydi yapildiktan sonra ekran
goriintiisii alma islemi gergeklestirilmistir. Daha sonra
MATLAB 2017’de goriintii isleme ve buhar kabarcigi
capt hesab1 gerceklestirilmisti. MATLAB goriintii
isleme ile, dairesel sekilleri yakalayabilmektedir (Alig et
al., 2018; Atherton & Kerbyson, 1999; Schuster &
Katsaggelos, 2004). Sekil 6°da bu ¢alismada islenmis bir
gorsel yer almaktadir. Bu caligmada goriintii kalitesi
hassasiyeti 0,85 kullanilmistir. Bu deger MATLAB’1n 6n
tanimli kullanict degeridir (Image Processing Toolbox
User’s Guide Revised for Version 11.1 (Release 2020a),
n.d.). Burada secilen goriintu kalitesine gore yakalanan
kabarcik sayisi, kalitesi ve boyutunun degisebilecegi
belirtilmelidir. Ayrica program dairesel sekilleri
yakalamaktadir. Yakalanacak obje daire bigiminden
uzaklagtikca yakalanamamaktadir.

Sekil 6. Ornek goriintii isleme

Sekil 7° de buhar kabarcigi kalkis ¢ap1 goriintii islemesi
yer almaktadir. Burada, heniiz yeni kopmus yada
kopmakta olan buhar kabarciklari ortalama cap1 hesap
edilmistir. Yeni olugmakta olan veya birden fazla buhar
kabarciginin koptuktan sonra birlesmesiyle dairesel
formun disina ¢ikmis kabarciklar buhar kabarcigi capi
hesabina  dahil edilmemistir.  Literatiirde  buhar
kabarciginin dinamik hareketi ile ilgili bir¢ok ¢aligmada
buhar kabarcig1 kopma ¢api1 dairesel forma sahip buhar
kabarciklarinin kopma anindaki cap1 hesap edilerek
gerceklestirilmigtir. (Chen et al., 2017; Jung & Kim,
2016; Sathyabhama & Dinesh, 2017)

Teori Rehberi

Kaynama 1s1 transferinde, 1s1 transfer performansi 1si
transfer katsayisi ile hesaplanir. Yerel 1s1 transfer
katsayis1 Esitlik 1°de verilmistir. Esitlik 1°de Tx yerel
Olgiilen sicakligi, q" 1s1 akisimi T yigm akiskan
sicakligim1 ve hy yerel 1s1 transfer katsayisini ifade
etmektedir(S. A. Alavi Fazel et al., 2011).

o
¥ Ty-Teo

)

Silindirik 1siticilarda ortalama 1s1 transfer katsayisi
Esitlik 2’deki gibi hesaplanmaktadir. Esitlik 2’de Ty
ortalama yiizey sicakligini, Tqoy s1vi doyma sicakligini, q"
1s1 akisini ve hor ortalama 1s1 transfer katsayisini ifade
etmektedir.

q"
Ty=Tdoy

)

hore =
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Bu calismada ortalama ylizey sicaklign Esitlik 3 ile
hesaplanmistir. Bu ifadede Tt termokupol sicakligini, s
termekupolun yiizeye olan mesafesini, k ise 1siticinin 1s1
iletim katsayisini ifade etmektedir. Esitlik 4’te deneysel
1s1 akisi ifadesi yer almaktadir. Esitlik (4)’te V voltu, 1
amperi ve A ise 1sitma yiizey alanini ifade etmektedir.

Ty =T -4 3)
¢ =" )

(b)
Sekil 7. Yiizeyden kopma asamasi, a) goriintii isleme
yapilmadan once, b) goriintii isleme yapildiktan sonra

Hata Analizi

Esitlik (3) ve (4)’ de hesaplanan parametrelerin hata
oranlari, Tablo 1’de verilmistir. Literatiirde kabul
gormiis kaynama 1s1 transferi ¢aligmalari ile benzer
sonuglar elde edilmistir (Ciloglu et al., 2015). Olgiilen
verilerdeki okuma hatalarini en aza indirmek igin
multimetre okumalar1 ve termokupl okumalar1 iiger kez
tekrarlanmigtir. Isitic1 yiizey sicaklik 6l¢iimii icin CEM
DT 8891E 4 kanalli dijital termometre kullanilmistir. Bu
termometrede K ve J tipi termokupllar ile 6l¢cim
yapilabilmektedir. K tipi termokupl ile -50 +1350 °C
arast Ol¢im alinabilmektedir. Bu termometrenin
¢ozlinirligii 0,1 °C veya 1 °C olarak ayarlanabilmektedir.
Bu termometrenin kizil 6tesi 6l¢iim probuda vardir. Bu
calismada kizil Otesi Olgim probu kullanilmamistir.



Termometre kullanilmadan 6nce kalibrasyon yapilmistir.
Deneysel veriler her &limden sonra termometrenin
yazilimi araciligtyla bilgisayara aktarilmustir. Sicaklik
degerlerinin  ortalamast i¢gin EXCEL  programi
kullanilmustir. Deneysel verilerden faydalanilarak
hesaplanan 1s1 akist i¢in hata analizi, esitlik (5) ile
hesaplanmistir. Bu ifade de U olciilmesi gereken
parametreyi T,Z,K ise bu biiyiikliige etki eden bagimsiz
parametreleri ifade etmektedir (Holman, 2001).

Tablo 1. Olgiilen parametrelerin belirsizligi

Olgiilen Parametre | Cihaz modeli Belirsizlik
Voltaj Entes EVM +1V
Akim Entes Epm +0,1A
Yiizey sicakligi K-tipi 0,2°C
Yi1gn sicakligi Pt-100 0.1°C
Is1 akis1 (kW/m2) +3,35
U U Unz U
=20+ () + () ®

Literatiirde havuz kaynama 1s1 transferinde en g¢ok
kullanilan hata analiz metodu kullanilarak (Akbari et al.,
2019), 1s1 transfer katsayisi i¢in bagil hata £%3,1 ve 1s1
akist i¢in bagil hata +%3,35 hesap edilmistir.

ARASTIRMA SONUCLARI

Bu c¢alismada, silindirik tip 1siticinin  kullanildig
kaynamada 1s1 transferine, mekanik karistiricinin etkisi
deneysel olarak aragtirilmistir. Deneyler 9 farkli sitic
glictinde (17, 23, 29,38,47,58,70,83 ve 94 kW/m?) ve 5
farkl karistirict devrinde (0, 55, 139, 205 ve 212 d/d)
gerceklestirilmistir.

Deney setinden alinan verilerin dogrulamas, literatiirde
yaygin olarak kullanilan Rohsenow(1951) korelasyony
ile saglanmistir. Rohsenow korelasyonu Es.6’da yer
almaktadir (Rohsenow, 1951).

(6)

" g(P1—pv) 0.5 Cpi(Ty—Tdoy) 3
q = thfg[ - ] [

n
CsfhygPr

Es.6’dan elde edilen sonuglar ile deneysel sonuglarin
karsilagtirtlmasi  Sekil 8’de  verilmistir. Deneysel
sonuclar ile Rohsenow korelasyonundan elde edilen
degerlerin uyumlu oldugu goriilmistir. Rohsenow
esitliginin hata miktarlarinin %30 ile % 100 arasinda
oldugu ifade edilmektedir (Cengel, 2014). Bu ¢aligmada
yer alan Rohsenow Es. haricinde, tiim kaynama 1s1
transferinde kullanilan esitliklerinde benzer sekilde
yliksek hata oranlarina sahip oldugu literatiirde farkli
caligmalarda belirtilmistir (Ahmadreza Zahedipoor & ,
Shahab Eslami, 2017)(S. Ali Alavi Fazel, 2017).
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Sekil 8. 0 d/d deneysel sonuglarin literatiir ile karsilastirilmasi

Silindirik 1sitic1 yiizey sicakliginin 1s1 akisi ile degisimi
Sekil 9’de gosterilmigtir. Tiim deneylerde, artan 1s1 akisi
ile, beklendigi gibi, silindirik 1sitic1 yiizey sicakliinin
arttig1 tespit edilmistir. Akigkanin, karistirici ile hareketi
olmadiginda (karistirict devri 0 d/d) Ty-Tgoy degerinin
maksimum oldugu, karistirict devir sayisi arttik¢a Ty-Tdoy
degerinin azaldigi belirlenmistir. Bu durumun sebebi
olarak, karistirict devri arttik¢a 1sitma yiizeyi ile temas
eden s1vi miktar1 ve yiizeyin yeniden sivi ile kaplanma
hiz1 arttigindan, 1sitma yilizeyinden tasinimla gecen enerji
miktarimi artirdigr diigiiniilmektedir.

Karistiricinin yiiksek devir sayilarinda (205 d/d ve 212
d/d), isitict ylizey sicakligt Ty-Tgoy un, Nukiyama’nin
(Nukiyama, 1934) egrisine gore (Sekil 1), dogal tasinim
bolgesi sicakligina yaklastigt goriilmektedir. Yani 0 d/d
da Ty.Taoy’un 6.5 °C iken 212 d/d’da Ty-Tgey’un 4,6
°C’ye distigii goriilmektedir. Bu durumda kaynama
olay1 kabarcikli kaynama bdlgesinden dogal tasinim
bolgesine ge¢mistir.  Kaynamanm dogal tasimim
bolgesine gegmesi, yiizeyden buhar kabarcigi olusumuna
meydan verilmeden yiiksek miktarda 1s1 transferi
saglanabildigi anlamina gelmektedir. Bu sekilde artan 1s1
transferi 1sitict yiizeyinde buhar kabarcigi olusumuna
izin vermezken, sivi serbest yiizeyinde olusan buhar
miktarini da artirdig1 gozlenmistir.
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Sekil 9. Is1 akisinin ile sicaklik farki ile degigimi
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Sekil 10. Is1 transfer katsayisinin 1s1 akisi ile degisimi

Farkli 1s1 akilarinda ve farkli karigtiric1 devirlerinde, 1s1
transfer katsayisinin degisimi Sekil 10°da verilmistir.
Sekil 10 igerisinde verilen gorseller en iistten baslayarak
sirastyla  0-139-212 d/d ve sabit 1s1 akisinda
(16kW/m? 58kW/m?,94kW/m?) alinan videolardan elde
edilen deney gorselleridir. Karistirict devir sayisinin
artmasiyla, 1s1 transfer katsayisinin artt1g1 belirlenmistir.
Diisiik 1s1 akisinin oldugu 1.bdlgede, yiiksek karistirici
devri, dogal tasimmim etkisini artirmistir. Bu etki ile
maksimum karistirict  devrinde, disiik 1s1 akisinda
maksimum 1s1 transferi katsayisi elde edilmis, 1s1 akisinin
artmastyla 1s1 transfer katsayisinda azalma olmustur.
Bunun sebebinin karigtirict devir sayisinin, artan 1si
akisinda yeterli kadar bir karistirma etkisi saglayamadigi
distiniilmektedir. Birinci bolgede 212 d/d’da %60 varan
1s1 transfer katsayist iyilestirmesi elde edilmistir.
2.bolgede ise 1s1 akisi ve karistirict devri arttikga 1s1
transfer katsayist artmigtir. Bu bolgede 0 d/d’de 1sitict
tamamen kabarcikli kaynama bdolgesindedir. Karistirict
etkisi ile yliksek devirlerde dogal taginim bolgesine
kayma gerceklesmis ve 1s1 transfer katsayisi artmustir.
Ikinci bolgede yiiksek devirlerde %30 varan 1s1 transfer
katsayisi iyilestirmesi elde edilmigtir. 3.bolgede ise
maksimum devirde 1s1 tagimim katsayist bir miktar
diigsmiis ancak karigtiricinin hareketsiz olmasi durumuna
gore artis olmustur. Bu bolgede yuksek devirlerde %5
varan 1s1 transfer katsayisi iyilestirmesi elde edilmistir.
Ist akisinin yiiksek degerlere ¢ikmasi karistirict etkisini
nétlirlemeye dogru bir yonelime sebep olmustur. Bunun
sebebinin, buhar kabarcigi olusumundaki artigin
hizlanarak tiirbiilans olusturdugu diisiiniilmektedir. zole
bolgede gerceklesen kaynamada buhar kabarcigi ilk dnce
yiizeyde olugmakta, daha sonra yiizeyden kopmakta ve
stvi serbest yiizeyine dogru harekete gegmektedir. Sivi
serbest yiizeyine hareketi esnasinda buhar kabarcigi
enerjisini, etkilesim igerisinde bulundugu ¢evre sivisina
vermekte ve sivi serbest yiizeyine ulasmadan tekrar
soniimlenmektedir. Baz1 arastirmacilar1 bu olayin ¢ok ve
hizli bir sekilde gerceklesmesinin sonucu olarak 1sitici
ylizeyi civarinda tiirblilans meydana gelecegini ifade
etmektedir (Abadi & Meyer, 2018; Minocha et al., 2016;
Noori Rahim Abadi et al., 2018).
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Sekil 11. Buhar kabarcik ¢apinin 1s1 akist ile degisimi

Sekil 11°de buhar kabarcik ¢apinin 1s1 akist ile degisimi
gosterilmistir. Birinci bolgede, en biiyiik buhar kabarcik
capmin 0 d/d’da, en kiiciik ¢capin ise 212 d/d’de oldugu
tespit edilmistir. Bunun sebebinin, karistirici etkisi ile
buhar kabarcigi olusumunu tam olarak
tamamlayamadan, 1sitict yiizeyinden kopmasidir. ikinci
bolgede en kiigiik buhar kabarcigi gap1 yine en yiiksek
mekanik karistirict devrinde (212 d/d) elde edilmistir. Bu
boliimde 1sitic1 yiizeyinin farkli bélgelerine olusan artan
sayida buhar kabarcig1 olusumu genel olarak bir miktar
buhar kabarciklarmin ¢apmi kiigiiltmiistiir. Uciincii
bolgede ise 1s1tic1 yiizeyinde artan sayida buhar kabarcigi
olusumu ve daha homojen bir kaynama gozlenmis, bu
durumda buhar kabarcigr capr 1st akisi ile artarken
karistirict etkisi ile azalmustir. Yiiksek 1s1 akilarinda
buhar kabarcigi c¢apinda karistirict devir sayisi azalan
miktara etki etmistir. Bu hususun buhar kabarciginin
olusumu-sonmesi  olayr boyunca gergeklestirdigi
hareketinden kaynaklanan tiirbiilans etkisinin olabilecegi
distinilmiistiir.

Buhar kabarcik c¢apimin, 1s1 akisi ile arttigt ancak
karistirict devrinin artmasi ile azaldigi gortilmiistiir. En
biiylkk kabarcik ¢apmin, mekanik karistiricinin
donmedigi durumda (0 d/d) oldugu tespit edilmistir.
Literatiirde farkli calismalarda da buhar kabarcik ¢capinin
1-2,5 mm arasinda degistigini ve 1s1 akisinin artmasi ile
arttigin1 ortaya koyan c¢alismalar mevcuttur (Alig et al.,
2018; Bovard et al., 2017).

Literatiirdeki bazi galismalar, mekanik karigtiricinin 1s1
transferi {izerine etkisini arastirirken, karistiriciyt 1sitma
yiizeyi lizerine konumlandirmiglardir (Hu et al.,
2020)(Babu & Prasanna Kumar, 2011). Ayrica bu
caligmalar farkli siispansiyon karigimlar, ¢ozeltiler ve
gida isleme proseslerinin 1s1 transferi iizerine etkilerini de
icermektedir (Babu & Prasanna Kumar, 2011,
Rajasekaran et al., 2018; Saha et al., 2020; Sarafraz et al.,
2020). Literatiirde, mekanik karistiricinin  yatay
silindirik 1siticinin alt yiizeyine konumlandirilarak 1s1
transferine  etkisinin  incelendigi  bir  ¢alisma
bulunmamaktadir. Bu calismada mekanik karistirici,
isiticinin - altina konumlandirilarak  kaynama  1s1
transferine ne gibi etkiler yapacagi arastirilmustir.



2)

Is1 akis1 16 kW/m? iken karistirici devri 139 d/d

b)

c) Isiakis1 16 kW/m? iken karistirict devri 212 d/d
Sekil 12. Isitict yiizeyinde kabarcik yogunlugu ile karistirici
devir hiz1 arasindaki iligki

Sekil 12° de sabit 1s1 akisinda farkli karistirict devrinde
buhar kabarcig1 olusumu ve yogunlugu yer almaktadir. 0
d/d karistiricr devrinde ve 16 kW/m2 1s1 akisinda (Sekil
12-a) silindirik 1sitict etrafinda sayica digerlerinde fazla
miktarda buhar kabarcigi olustugu goriilmektedir. 139
d/d karigtirict devrinde (Sekil 12-b) silindirik 1sitict
etrafinda daha az sayida buhar kabarcigi olusumu
gozlenmektedir. 212 d/d karistirict devrinde (Sekil 12-c)
silindirik 1sitict etrafinda nadiren buhar kabarcigi
olusumu goriilmektedir. Karistiric1 etkisi ile 1sitic
civarinda olusan akig hareketinin 1s1 transfer hizimni
artirdigmi - ve  akigkanin  faz  degisimine maruz
kalmaksizin  1s1  transferini  gergeklestirebildigi
gorulmektedir.

TARTISMA VE SONUCLAR

Bu ¢alismada, 1sitma yiizeyinin altina konumlandirilan
yedi kanatli mekanik karigtiricinin  kaynama 1s1
transferine  etkisi deneysel olarak arastirilmustir.
Deneysel c¢alismada elde edilen sonuclar asagida
verilmigtir.

1. Mekanik karistiricinin devir sayist arttikga 1s1 transfer
katsayis1 artmistir. En yiiksek devirde kabarcikli
kaynama bolgesinde %30 lara varan ve mekanik
karigtiricinin etkisiyle dogal tasinim bolgesine gegmis
kaynamada %190 lara varan oranlarda 1s1 transfer
katsayis1 iyilestirmeleri elde edilmistir.

2. Isttict ylizey sicakligr ile sivi doyma sicakligi
arasindaki fark, dogal tasimim bolgesi sicakligina
yaklastik¢a azalmistir ve 1s1 transferinin daha da arttigi
belirlenmistir.

3. Buhar kabarcik ¢apiin 1s1 akisimin artmasiyla
biiyiidiigii, devir sayisiin artmasiyla da kiiciildiigi
belirlenmistir.
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4. Yiksek devir sayilarinda galisan karistiricinin diigiik
1s1 akisi bdlgesinde buhar kabarcigi olusumunu en aza
indirdigi belirlenmistir.
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Abstract: The Fukushima accident has proved that passive safety systems in reactors are necessary to avoid
hydrogen accumulation. One of these systems are PAR (passive autocatalytic recombiner) to remove the hydrogen
gases inside the containment in case of an accident. This paper aims to investigate a PAR device with catalyst sheets
to calculate the hydrogen consumption, determine the temperature distribution, and PAR performance in the test
facility. Test series were carried out in the test facility REKO-4 under atmospheric pressure and natural flow
conditions. For the test purposes, hydrogen between 2.0 and 6.0 vol.% was injected into the vessel with the
volumetric flow, 1.9 m%h. The first rise in the temperature of the PAR inlet was found after 100 seconds of first
hydrogen injection, this result demonstrated that hydrogen consumption started. The results from the test series show
that the PAR device can remove hydrogen and the PAR performance can be determined from the test results.
Keywords: Nuclear safety, Light water reactor, Hydrogen recombination, PAR, Recombiner, Nuclear accident

REKO-4 TEST DUZENEGINDE HiDROJEN REKOMBINASYONU iCIN PAR
CIHAZININ DENEYSEL iNCELENMESI

Ozet: Fukusima kazasi, hidrojen birikimini 6énlemek icin reaktorlerdeki pasif givenlik sistemlerinin gerekli
oldugunu kanitladi. Bu sistemlerden biri olan PAR (pasif otokatalitik rekombiner), bir kaza durumunda koruma
kabinda olusabilecek hidrojen gazlarinin uzaklastirilmasinda kullanilir. Bu makalenin amaci, test diizeneginde PAR
cihazinin performansimi ve sicaklik dagilimini belirlemek, hidrojen tiiketimini hesaplamak icin katalizér levhali bir
PAR cihazini arastirmaktir. Testler atmosferik basing ve dogal akis sartlar1 altinda REKO-4 test diizeneginde
gergeklestirildi. Test igin, hacimce 2-6 % arasinda hidrojen 1,9 m®h hacimsel debi ile kaba enjekte edildi. PAR
girisinin sicakligindaki ilk artig, ilk hidrojen enjeksiyonundan 100 saniye sonra gerceklesti, bu sonu¢ hidrojen
tiketiminin bagladigin1 géstermektedir. Testlerden elde edilen sonuglar, PAR cihazinin hidrojeni tiiketebildigini ve
PAR performansinin test sonuglarindan belirlenebilecegini gostermektedir.

Anahtar Kelimeler: Nikleer glivenlik, Hafif su reaktort, Hidrojen rekombinasyonu, PAR, Rekombiner, Nukleer
kaza

INTRODUCTION the control of hydrogen inside the containment. So-
called passive auto-catalytic recombiners (PARS) have
In March 2011, an earthquake of magnitude 9.0 been back-fitted to European NPPs since the 1990s
occurred off the eastern coast of Japan causing a  (Reinecke etal., 2013) (Hafele 2012).
15-metre tsunami. This disaster resulted in a loss of
coolant accident in the Fukushima Daiichi Nuclear ~ Experiments performed on PARs aim to analyse device
Power Plant. Insufficient cooling of the core led to ~ behavior and performance. In order to process data, the
zircaloy oxidation and hydrogen generation by the  computer code REKO-DIREKT was developed in
interaction of overheated steam with zircaloy fuel ~ cooperation of RWTH Aachen and Forschungszentrum
cladding. Hydrogen leaking into the reactor buildings Julich (FzJ). Before this research, other researchers
resulted in explosions in NPP units 1,3 and 4. The  have worked on PAR performance with different
explosions damaged structures of units and conditions. First experiments were performed in the
radionuclides were released to the atmosphere =~ REKO-3 facility under well-defined forced-flow
contaminating land and sea ( Simon et al., 2012). conditions that were focused on the processes inside the
catalyst section of a PAR device. In a next step, REKO-
One of the lessons learned from the Fukushima accident 4 has been developed to focus more on chimney flows,
is the necessity of installing passive safety systems for
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PAR design and its interaction with the surrounding
conditions ( Simon et al., 2012).

This paper describes an investigation of hydrogen
recombination in REKO-4 under natural flow
conditions. On this project at IEK-6/FZJ, the research
was performed to illustrate PAR reaction capability.
Moreover, the catalyst temperatures at different heights
of the catalyst sheets were measured by thermocouples
to have a better understanding of the reaction process.
During the experiments, measurements such as
temperature, pressure, and hydrogen concentration
were taken by using measurement devices such as
thermocouples, pressure gauges, thermal conductivity
gauges (katharometers). Different analyses were done,
and final data was discussed and evaluated to have a
better understanding of PARs working principle and
hydrogen recombination.

Hydrogen recombination by PARs

Hydrogen recombination is one method of hydrogen
consumption by a device in order to prevent hydrogen
accumulation and explosion. The release rate and the
total amount of hydrogen depend on the reactor type and
the particular severe accident.

In case insufficient core cooling, zirconium as fuel
cladding material reacts with steam at the temperature
above 1200 °C and zirconium oxidation occurs. This
adds extra thermal load due to the exothermic reaction.
Additionally, hydrogen is produced as product of the
reaction. The stoichiometric equation for oxidation of
the zircaloy cladding with steam is:

VAS + 2H20 d ZrOZ + ZHZ + Q (l)
where Q =—586 kJ mol™! is the exothermic heat release
per unit mole of zirconium oxidized. (Hafele 2012)

PARs are used to consume hydrogen. Hydrogen and
oxygen react exothermally on the catalytic sheets inside
a PAR device. This reaction generates steam and heat.
The reaction heat creates a buoyancy-driven flow,
which makes PAR devices completely passive, as PARS
do not need external energy supply.

Hy +20, > Hy0 +Q @)

where Q is heat.

In Figure 1 and Figure 2, recombination process and
schematic size of PAR are shown shortly. In the leading
part of PAR, catalyst sheets are located. The catalyst
sheets are surfaces where recombination reaction
occurs. They form a set of parallel vertical flow
channels. Hydrogen inside the PAR is consumed with
oxygen, and steam is produced as the reaction product.
Since heat is generated during the reaction, the
buoyancy-driven flow occurs. The buoyancy-driven
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flow is induced inside the chimney part, which ensures
a continuous gaseous flow through the PAR
(Reinecke et al.,2013). It is vital for the continuous
hydrogen consumption in the recombination process. In
order to assess the efficiency of PAR applications,
studies of PARs modeling focus on;

outlet
air + Hy(»

chimney
buoyancy effect

catalyst
H; + ¥ 0y = H0 + heat

inlet
H; + air

Figure 1 Recombination steps (Simon et al., 2014)
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! '
g
P Hood
o
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E
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n
@
£
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Figure 2 Schematic Size of PAR (Simon et al., 2014)

o hydrogen consumption and buoyancy-driven
flow

o preventing of catalyst poisoning

o possible ignitions at the hot parts as a result of

exothermic reactions

The PAR (Figure 2), which has been used in the test
series, consists of three parts: catalyst section, chimney
section, and hood. It has a rectangular square section of
approximately 5 x 15 cm? and a total height of 120 cm.



The catalyst section is equipped with four catalyst
sheets (Figure 3), each with a thickness of
approximately 1.5 mm (Bachellerie 2003). The catalyst
sheets consist of stainless-steel plates and are coated
with an aluminum oxide wash-coat and then with
platinum.

DESCRIPTION OF THE TEST FACILITY
Test facility REKO-4

The test facility REKO-4 (Figure 4) is designed to
investigate the operational behavior of PARs under
natural flow conditions and consists of a pressure vessel
with a free volume of approximately 5.3 m3. The vessel
has an internal height of 3.7 m, an internal diameter of
1.4 m, and allows experiments with a maximum
operating pressure of 2.0 bar (a). The design pressure of
the vessel is 25 bar (a) at 280 °C to withstand possible
hydrogen combustion loads. 32 flanges allow the
equipment of the vessel with different measurement
techniques and a manhole ensures good accessibility for
the installation of the PAR and the inner
instrumentation. Hydrogen is injected through a
horizontal pipe with a diameter of 10 mm and the
hydrogen injection rate is controlled by a mass flow
controller (Bachellerie 2003).

Measurement devices

For the analysis of the behavior of the PAR and the
interaction with the surrounding atmosphere inside the
REKO-4 test facility, sensors for the measurement of
the hydrogen concentration, temperature, humidity, and
pressure are installed at different measurement
positions.

Thermal conductivity gauges are used for the
measurement of the hydrogen concentration. In total, 20
hydrogen sensors are distributed inside the REKO-4
vessel. Two (KR-07_H2 / KR-20_H2) of them are
positioned at the PAR inlet and another one at the PAR
outlet (KR-08_H2). Sensor KR-07_H2 (Figure 5) is
located directly below the catalyst sheets and is strongly
affected by the heat radiation of the catalyst sheets
leading to measurement errors during the experiments.
Therefore, sensor KR-20 H2 is laterally attached
allowing a more accurate measurement. The remaining
hydrogen sensors are attached to different mounting
rails at the bottom, middle and top of the vessel.

The temperature measurement is another vital
measurement technique used for the analysis of the
PAR behavior. Therefore, thermocouples (TC) (Type
K) are used to measure the temperature of the catalyst
sheets, the PAR housing, and also the temperature of the
surrounding atmosphere (Simon et al.,2012). To
measure the temperature distribution along the catalyst
sheets, drillings with a diameter of 0.6 mm inside the
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catalyst sheets are equipped with TCs (Figure 3 and
Figure 6) (Bachellerie 2003). Further TCs are installed
at the PAR inlet, PAR outlet, and inside the PAR
chimney. To determine the surrounding conditions,
approximately 40 TCs are positioned at the mounting
rails and at the vessel wall.

7
/

/

TR-50-RK to TR-53-RK O TRtE T a o

Figure 3 Catalyst sheets

Figure 4 REKO-4 facility

Humidity sensors are located at the bottom and top of
the vessel and register humidity changes due to the
recombination reaction. Additionally, a manometer is
installed within REKO-4 to measure the course of the
pressure during the experiments.

Two different manometers are placed in REKO-4, these
are analogue manometer and capacitive pressure
sensors which measure pressure by detecting changes in
electrical capacitance ( Simon et al.,2012).

The position of the PAR, the hydrogen injection, the
manometer, and the mounting rails for the TCs and
hydrogen sensors are shown in Figure 7.



Thermal conductivity gauges

KR-07_H2 and KR-20_H2

I\
Figure 5 Hydrogen sensors at PAR inlet

RK
RK
RK
RK
RK
RK

: TR-57-RK
: TR-58-RK

: TR-59-RK
: TR-63-RK
: TR-64-RK
: TR-65-RK
: TR-66-RK
: TR-67-RK
: TR-68-RK

mm
mm.

e I [

73 [mm] : TR-60-RK

111 [mm] : TR-61-RK
115 [mm] : TR-62-RK

100
132
132
113
56
139
5
124
115
104

>

& Catalyst 1 3 Catalyst 2
Figure 6 Thermocouples position inside catalyst sheet 1 and
catalyst sheet 2

REKO-4 TEST PROCEDURE

After the completion of the test setup the manhole is
closed, sealed carefully, and a pressure test performed
to ensure that there is no leakage. The experiments have
been performed under natural flow conditions with an
initial temperature of 28 °C, an initial pressure of 1 bar
(a), and an initial absolute humidity of 1.42 g/m3. All
the tests are performed under these conditions.

The experiments were started with the injection of
hydrogen. The amount of hydrogen was chosen in
accordance with the vessel pressure and the targeted
hydrogen concentration. The hydrogen was injected
with a rate of 1.9 m¥/h.

During the experiments, the PAR inlet hydrogen
concentration varied between 2.0 and 6.0 vol.% and
further hydrogen was injected as soon as approximately
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2.0 vol.% was reached. With the start of the hydrogen
injection (t=0), the experimental data such as
temperatures, hydrogen concentrations, and pressure
were measured and recorded continuously by the
measurement devices and the process control system,
respectively. The first hydrogen injection phase took
approximately 10 minutes. However, reaction at the
catalyst sheets started already after 100 seconds, which
was observed by the TCs inside the sheets (Figure 8).
The reason for this temperature rise is the exothermic
reaction of hydrogen with oxygen.

Several hydrogen injection phases followed to observe
the operational behavior under quasi steady state
conditions.

After the last hydrogen injection, the hydrogen
concentration inside the vessel decreased within
approximately 18 minutes from 5 to 1 vol.%, which is
measured by a hydrogen sensor at the PAR inlet
(Figure 9, deviating is t=0 defined as the moment when
the last hydrogen injection is completed).

Catalyst Temperature

38 -
36 -
34

32 1
30 4
28 -
26
24
22
20

TR-4-55-RK

TR-4-54-RK

Temperature (°C)

100 200 300

Time (5)
Figure 8 Catalyst sheet temperature during start-up phase

(TR-4-54-RK is trailing edge of the catalyst; TR-4-55-RK is
leading edge of catalyst)

The relative humidity inside the vessel increased as
soon as the catalytic reaction started. After 500 seconds
the relative humidity decreased due to the rise of the
atmospheric temperature (Figure 10).

During the experiment, four hydrogen injections up to
6 vol.% of hydrogen were conducted with a total
experiment duration of 5 hours. Figure 11 and Figure 12
show the changes of the temperature, hydrogen
concentration, pressure, and humidity during the
experiment. Numbers on the figures indicate number of
hydrogen injections. For the pressure measurement, the
values were read from PRSAH 4.01 sensor. Sensor
TR_4 55 RK at the leading edge and sensor
TR_4 54 RK at the trailing edge of catalyst sheet 1
were used to observe the temperature changes due to the
exothermic reaction. Hydrogen sensor KR_4 20 at the
PAR inlet and sensor KR_4_19 at the PAR outlet were
employed to determine the recombination efficiency.
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For the humidity measurement, HR_4_01 and HR_4_02
were used. As soon as the first hydrogen injection
started, both hydrogen sensors show an increase of the
hydrogen concentration inside the vessel. During the
injection phase, hydrogen reached the catalyst and the
TCs indicated a temperature increase. Moreover, a
pressure and humidity rise occurred relating to the
hydrogen concentration and reaction, respectively.
After the injection was completed, the hydrogen
concentration started to decrease due to the
recombination reaction. The catalyst temperature
decreased with the hydrogen concentration and lead to
a reduced recombination rate.

Hydrogen Consumption
6,00

5,00

—KR 4 20
4,00

3,00
2,00 " "Q&\

1,00

0,00 : : :
500 1000 1500

Hydrogen Concentration [vol.%]

Time [s]

Figure 9 Hydrogen consumption after the last injection

Humidity after first injection
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Figure 10 Humidity measurement and temperature change
inside the vessel after start-up phase

EXPERIMENTAL RESULTS

The data from this experiment are used to evaluate PAR
performance and catalysts working conditions.
Furthermore, the analyses illustrate the operational
behavior of PARs.

Hydrogen removal coefficient (1)

PARs performance is a vital parameter of consuming
hydrogen in the vessel. The hydrogen concentration is
exponentially decreased with A. A gives hydrogen
concentration decrease at a rate proportional to its



current value, its unit iss™!. The equation can be
expressed as;

C=Cyxe M

Cy; initial hydrogen concentraion

C; hydrogen concentraion after t time
A; hydrogen removal coef ficient

©)

Figure 9 shows hydrogen consumption after the last
hydrogen injection and this equation is applied to the
measurement data to find A. For this test, A is found to
be 0.00148 s~1. A defines the performance of the PAR
device and depends on temperature, pressure, and
hydrogen concentration. It is an important parameter for
the modelling of PARs.

Correlation between hydrogen concentration and
catalysts temperature

The correlation of the hydrogen conversion and
maximum catalyst temperatures provide clarification of
the interactions of reaction kinetics, heat, and mass
transfer, and the flow conditions inside the PAR. Since
a maximum catalyst temperature was expected in the
leading part of catalysts, “TR_4 55 RK” thermocouple
data was analysed. For hydrogen conversion, PAR inlet

hydrogen concentration was considered. Therefore,
data was read from KR_4_20 katharometer.

Figure 13 clearly illustrates the correlation maximum
catalysts temperature and hydrogen concentration at the
inlet of PAR. With the increasing hydrogen
concentration, the maximum temperature of catalysts is
seen to have a logarithmic rise. Increasing temperature
is the proof of exothermic recombination process.

Comparison of the measured catalyst temperature in
dependence on the height of the catalysts

The temperature of the catalyst is measured with
thermocouples that are inserted into the catalyst sheets
at different heights. Thermocouples exact positions are
illustrated in the Measurement section, Figure 6. It is
expected to have variable temperatures with catalyst
sheet heights. The reason of this expectation is arriving
of rich hydrogen on the lower part (leading part) of
catalyst sheets. Rich hydrogen with oxygen increases
the temperature of the lower part of the catalyst sheet
due to the exothermic reaction. The higher points are
exposed to lower concentration since most of the
hydrogen gases are already recombined in the lower
part of catalyst sheets. Therefore, it is expected to
observe higher temperature on the lower part.
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Figure 14 shows briefly that temperatures decrease with
the height of the catalyst sheet. (“0” reference point
indicates the leading part of catalyst sheet in Figure 14.)
In the experiment, different concentrations were
measured such as 2, 4, 5.9 vol.%. In the 5.9 vol.%
concentration measurement, the higher temperature
difference occurs due to high concentration difference
between the leading part and the trailing part of catalyst
sheet.
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Figure 13 Correlation between PAR inlet concentration and
maximum catalysts temperature
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Figure 14 Catalyst 1, temperature over catalyst sheet height

CONCLUSION

Prior work has been performed in the REKO-3 facility,
which was focused on the processes inside the catalyst
section of the PAR. Those tests were performed under
well-defined forced-flow condition.

In this experiment, the PAR in REKO-4 facility was
tested. The main aims of these test series were to
investigate detailed hydrogen recombination under
natural convection conditions and to examine the PAR
performance. Tests were performed under atmospheric
pressure with hydrogen injection concentration between
2 and 6 vol.%.
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The first temperature rise was found after 100 seconds
of first hydrogen injection. The meaning of temperature
rise is that hydrogen recombination started on the
catalyst sheets after this time. However, it required
more time, at least 200 seconds for start-up of PAR
operation on the leading part of the PAR. After start-up
of the PAR operation, a sharp decrease in the hydrogen
concentration was observed and a reduction from 5to 1
vol.% was achieved in approximately 18 minutes. This
data provides that the PAR is a suitable device for
removing hydrogen from a vessel under atmospheric
conditions and conforms the purpose of installing PARS
to prevent hydrogen accumulation. Additionally, this
study indicates that the PAR is a completely passive
device and can work without supplying any energy.

Moreover, another important correlation was seen
between hydrogen concentration and catalyst sheet
temperature after the catalyst sheet reached the working
temperature. The experimental data showed that an
increase of hydrogen concentration provides a rise in
the catalyst temperature.

Finally, this study has revealed that the test facility,
REKO-4, is suitable to perform hydrogen
recombination tests with PARs wunder natural
conditions. Test results and analyses support the idea
that PAR devices can consume hydrogen gases released
to the vessel and avoid hydrogen accumulation. As a
summary, conclusion of this study with new boundary
conditions,

Hydrogen consumption proved that PAR device
is ideal device for hydrogen recombination
passively, several hydrogen concentrations were
consumed successfully.

o

REKO-4 is suitable test utility for detailed
investigation of hydrogen recombination.

PARs operational behavior (e.g. response time;
first rise in temperature) is illustrated.
PARs performance (e.g. hydrogen removal
coefficient) is measured.

However, some limitations are observed. These test
series were performed only under atmospheric pressure
conditions. This study results should be compared with
tests under different boundary conditions (e.g. different
pressure) to verify the performance of the PAR.
Secondly, the number of measurement devices should
be increased in REKO-4 facility to get more detailed
results. Using these analyses, future studies can be
illustrated, and results can be used for modification of
PARs.
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Abstract: In this study, the contribution of phonon to the thermal conductivity in the In-Bi (Indium-Bismuth) system
due to its composition variation was determined from their electrical and thermal conductivity measurements. Because
of the common usage of In-Bi system in many technological applications, thermal and electrical conductivity
variations with temperature for different compositions of Bi component were measured. Four-Point Probe (FPP) and
Linear Heat-Flow (LHF) methods were used for electrical and thermal conductivity measurements respectively.
Intermetallic systems' electrical conductivity values were determined between 0.8524 (1/Q m) x10° and 2.8381(1/Q
m) x10® and thermal conductivity values were found between 14.50 (W/Km) and 35.93 (W/Km) at the melting
temperature. Electron and phonon contributions to the thermal conductivity were calculated by using Wiedemann-
Franz Law (WFL) from the measured values. The temperature coefficients values (o) of electrical and thermal
conductivity were calculated between 0.46-2.54 (K1) x10% and 1.29-4.34 (K'Y) x1073 respectively. In order to observe
microstructure of the Bi-In intermetallic alloy Scanning Electron Microscopy (SEM) and to determine the
composition of the phases in the structures, Energy Dispersive X-Ray Analysis (EDX) were used. Also melting
temperatures (349.03 K-387.24 K), enthalpy of fusion (17.97 J/g- 42.37 J/g) and specific heat change (0.159 J/gK-
0.372 J/gK) of Bi-In alloy systems were measured by using Differential Scanning Calorimeter (DSC).

Keywords: Microstructure, Electrical properties, Thermal properties.

BI-IN SISTEMINDE ELEKTRIKSEL VE ISIL iLETKENLIK VE ISIL iLETKENLIGE
FONON KATKISI

Ozet: Bu ¢aligmada, elektriksel ve sl iletkenlik dliimleri kullanilarak 1sisal iletkenlige fonon katkist kompozisyon
degisimine bagl olarak belirlenmistir. In-Bi sistemlerinin bir¢ok teknolojik uygulamalarda yaygin olarak kullanilmasi
sebebiyle farkli kompozisyonlardaki Bi bilesimlerinin sicaklia bagli elektriksel ve 1sil iletkenlik degisimleri
Olciilmiistiir. Elektriksel ve 1sil iletkenlik dl¢limlerinde sirasiyla Dort Nokta Prob (FPP) ve Lineer Is1 Akisi (LHF)
yontemleri kullanilmigtir. Erime sicakliginda, intermetalik sistemlerin elektriksel iletkenlik degerleri 0.8524 (1/Q m)
x10% ve 2.8381(1/Q2 m) x10° arasinda ve 1sisal iletkenlik degerleri 14.50 (W/Km) ve 35.93 (W/Km) arasinda
bulunmustur. Olgiilen degerlerle, Wiedemann-Franz Kanunu (WFL) kullanilarak, 1s1l iletkenlige elektron ve fonon
katkis1 hesaplanmustir. Intermetalik alasim sistemleri igin, elektriksel ve 1s11 degerlerin sicaklik katsayilar (o) sirasiyla
0.46-2.54(K1) x10° ve 1.29-4.34 (K)x10® arahginda hesaplanmustir. Bi-In Intermetalik alasim sistemlerinin
mikroyapilari1 gozlemlemek i¢in Taramali Elektron Mikroskobu (SEM) ve yapilardaki fazlarin kompozisyonlarini
belirlemek i¢in, Enerji Dagitict X-Isin1 (EDX) analizi kullanilmistir. Bi-In alagim sistemlerindeki erime sicakliklari
(349.03 K-387.24 K), fuzyon entalpisi (17.97 J/g- 42.37 J/g) ve spesifik 1s1 degisimi (0.159 J/gK-0.372 J/gK)
Diferansiyel Taramali Kalorimetre (DSC) ile 6l¢tilmiistiir.

Anahtar Kelimler: Mikroyapi, Elektriksel 6zellikler, Isil zellikler.



NOMENCLATURE
In Indium

Bi Bismuth

Zn Zinc

Ag Silver

Sh Antimony
Sn Tin

wt. Weight

mm Milimeter
mL Mililiter

g Gram

FPP Four-point probe

LHF  Linear heat flow

WFL  Wiedeman Franz law

SEM  Scanning electron microscopy

EDX  Energy dispersive X-ray

DSC  Differential scanning calorimeter

Kierma  Total thermal conductivity

Ke Electron  contribution to the thermal
conductivity

Koh Phonon  contribution to the  thermal
conductivity

o Electrical conductivity

OETC Eectrical conductivity's temperature coefficient

To Set reference temperature

oo Electrical conductivity at Temperature Tg

RCF  Resistivity correction factor

\Y/ Voltage

| Current

A Amper

K Kelvin

G Coefficient that includes the surface geometric
boundaries and thickness of the sample.

S The difference between probes,

t The thickness of the sample

d The diameter of the sample.

Q Input power

A Cross-sectional area of the specimen

AT Temperature difference

AX Distance between two measurement points

H Enthalpy

ACp The change of specific heat

Twm The melting temperature

Tmax Peak temperature

Tend End temperature

Tonset  Onset temperature

INTRODUCTION

Electrical and thermal conductivity values are very
crucial parameters for intermetallic and metallic alloy
systems owing to their wide variety of the use in
practical application in industry and electronics. In
reported works, there is no detailed investigation and
explanation about thermal and electrical conductivities
of intermetallic alloy systems. Therefore, providing
thermal and electrical conductivity values for
intermetallic alloy systems will be beneficial for
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researchers. In this work, seven different intermetallic
compositions of Bi-In system were chosen to measure
the electrical and thermal conductivities.

The thermal conductivity of a material can be defined as
the rate of heat transfer through an unit thickness of the
material per unit area per unit temperature difference. In
solids, heat conduction depends on two effects: the
lattice vibrational waves induced by the vibrational
motions of the molecules positioned at relatively fixed
positions in a periodic manner called lattice, and the
energy transported via free flow of electrons in solid.
The thermal conductivity of a solid is obtained by
adding the lattice and electronic components. Thus, the
total value of thermal conductivity (K) can be identified
with the equation below.

1
K themal :g ch v, | @)
j

Here j shows sort of the carrier, Cj means specific heat
per unit volume, v; is the velocity of the carrier and I; is
mean free path.

In a metal, major heat carriers are electrons and
phonons. The total thermal conductivity can be written
as the sum of both electron and phonon contributions as
shown below;

K K

thermal — e

+ K (2)

ph

here K. is the electron contribution and Kp is the
phonon contribution (Touloukian et al., 1970). In pure
metals, the electrons' contribution is bigger than the
phonons'. However, in impure metals they are nearly
same (Kittel, 1965).

The value K. can be calculated by using the Wiedeman
Franz Law (WFL) (Kittel, 1965) as shown in Eq. (3).
Here o is the electrical_conductivity value, L is Lorentz
number that equals to 2.44x108WQK? (Kittel, 1965)
and T is the given temperature value.

e 17
(o)

®)

The main idea behind of this research was to calculate
the phonon contribution in binary alloys. In order to
determine this contribution, we measured the variation
of the electrical and thermal conductivity with respect
to different temperatures by using Four-Point Probe
(FPP) and Linear Heat Flow (LHF) methods. The
electron contribution to thermal conductivity (K¢) was
calculated from WFL at given temperature by the help
of calculated electrical conductivity (o) values. Then
the phonon contribution (Kpn) was calculated by Eq. (2)
providing K¢ and Kierma Values which were obtained
before.


http://en.wikipedia.org/wiki/Electrical_conductivity
http://en.wikipedia.org/wiki/Temperature

In the present work, Bi-12 wt.% In, Bi-15 wt.% In, Bi-
35.4 wt.% In, Bi-45 wt.% In, Bi-47.6 wt.% In, Bi-53
wt.% In, Bi-62 wt.% In binary alloys' thermal and
electrical conductivity values were measured.

It is difficult to produce wires or sheets by using Bi-
based alloys because of bismuth’s brittle nature and its
tendency to segregation. Therefore, Bi-based alloys are
inappropriate  for many technological applications.
Although some particular compositions of Bi-In binary
alloys are used for lead-free solders owing to their low-
melting point (Sun et al., 2014; Takahashi et al., 1977;
Sammes et al., 1999; Jiang et al., 2002). Bi-In based
ternary alloys including Zn, Ag, Sb and Sn are mostly
used as lead-free solders in electronical industry. Bi-In-
Sn is the most promising one within these ternary alloy
systems. The mechanical properties improve
significantly by adding Sn into the Bi-In binary alloy. At
the previous studies (Pandher and Healey, 2018;
Pandher et al., 2007; Huang and Wang et al., 2005; Liu
and Shang, 2001; Zhao et al., 2004; Cheng at al. 2017),
it has been found that adding Bi to lead-free solders has
healing properties in alloys such as wettability, solder
spreading, and reducing melting temperature and Bi can
reduce the surface tension of the alloy compared to Sn.
However, there are several binary and eutectic
compounds that have low melting points as a result of
melting in the Bi-In system. At a relatively high
operating temperature of some soldering interconnects,
serious problems arise regarding the effect of reaction
products at the solder/substrate interface on the
performance and reliability of the connections. Even
small changes in the chemical composition of the
interface between solder alloy and substrate, can lead to
large changes in macroscopic behavior of soldered zone.
Hence this effects the reaction behavior and
morphological evolution of the solder-substrate system
and therefore further progress in these areas become
difficult (Biglari et al., 2018). In addition to use of Bi-In
intermetallic compounds containing Zn in the
production of alkaline batteries, Bi-In amalgams have
been used to improve the properties of the fluorescent
lamps. Thus, the knowledge of thermophysical
properties of the Bi-In based ternary alloys, which have
many technological applications, are very crucial (Sun et
al., 2014; Takahashi et al., 1977; Sammes et al., 1999;
Jiang et al., 2002; Rudnev et al., 2003; Yang et al.,
2011; Liu et al., 2010; Bencze, 2006; Vizdal et al.,
2007; Yang and Messler, 1994). In this study, in order to
contribute to the thermophysical properties of Bi-In
based ternary alloys, electrical and thermal
conductivities of seven different intermetallic phases of
Bi-In binary alloy have been investigated. These
intermetallic phases of the Bi-In binary alloy system are
Bisln, BisIn, Biln, Bizlns, Bislns, Biln, and Bilns (ASM,
1992). In order to obtain these metallic phases, the
compositions of Bi-In binary alloys were chosen as Bi-
12 wt.% In, Bi-15 wt.% In, Bi-35.4 wt.% In, Bi-45 wt.%
In, Bi-47.6 wt.% In, Bi-53 wt.% In, Bi-62 wt.% In by
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the help of phase diagram in previously published work
(ASM, 1992).

In this study, the first step was to measure electrical and
thermal conductivity variations with temperature. The
second step was to obtain the phonon contribution to
thermal conductivity. Finally, the microstructure and
structural characteristics of Bi-In intermetallic alloys
were investigated by using Scanning Electron
Microscopy (SEM), Energy Dispersive X-Ray Analysis
(EDX) and Differential Scanning Calorimeter (DSC).

EXPERIMENTAL PROCESS
Production of the samples

Bi-12 wt.% In, Bi-15 wt.% In, Bi-35.4 wt.% In, Bi-45
wt.% In, Bi-47.6 wt.% In, Bi-53 wt.% In and Bi-62
wt.% In alloys were prepared in a vacuum furnace
system. Graphite crucibles that used in production, are
drilled with 50 mm depth and 8 mm diameter for
thermal conductivity —measurements. During the
experimental process, an alumina tube was used to
facilitate the insertion of the thermocouples that used to
determine the temperature difference into the sample.
For this reason, 1.2 mm diameter hole was drilled at the
rear end of the sample crucible. The sample crucibles
that used for electrical conductivity measurements were
also processed on a lathe to be 50 mm depth and 4 mm
in diameter. Two different castings were made for both
electrical and thermal conductivity measurements.
Metals with 99.9% purity were melted in a vacuum
melting furnace. The melted metals were stirred at
regular intervals to form an alloy. The molten alloy was
placed in a heated casting furnace for unidirectional
solidification and left to solidify for one day. Also the
same process was repeated for the production of the
other alloy systems. The produced alloys have been
prepared for the measurements and analyzes by cutting
them in appropriate sizes according to their usage areas
like thermal and electrical conductivity, microstructure

and thermal properties. The samples used for
conductivity measurements were prepared under
directionally  solidification. The details of the

experimental system can be found in Refs Gundiiz and
Hunt (1985), Marash and Hunt (1996), Akstdz (2013).

Microstructure of the Systems

In order to observe microstructure and determination of
the phases in the sample, SEM was used for different
compositions of the In-Bi alloy system. Well-known
metallographic process as polishing and etching were
used to pick out the different phases in the
microstructure. Bi-12 wt.% In, Bi-15 wt.% In, Bi-35.4
wt.% In were etched for 5-10 seconds in the mixture of
20 mL hydrogen chloride, 4 g picric acid and 400 mL of
ethanol. Bi-45 wt.% In, Bi-47.6 wt.% In, Bi-53 wt.% In,
Bi-62 wt.% In were etched for 5-10 seconds in proper
solution prepared with 1.3 g of potassium dichromate,



4.3 mL of sulfuric acid, 2.7 mL of sodium chloride, 17.7
mL of hydrogen fluoride, 8.8 mL of nitric acid and 66.3
mL of water. SEM images of the microstructures and
EDX analysis of the In-Bi alloy samples with different
composition were carried out to obtain the phases of Bi-
In intermetallic alloys. As an example, in Figure 1, SEM
image and EDX analysis results are given together for
Bi-12wt. %In system.

Region: Intermetallic Phase (Bis In
Elmt. Elmt.(at. %)  Elmt(wt. %)
Bi 81.31 88.79
In 18.69 11.21

Bi-12wt.% In

Region: Bi Phase

Elmt. Elmt.(at. %) Elmt. (wt. %
Bi 95.60
In 4.40

9227
773

Figure 1. The chemical composition analysis of Bi-12 wt.% In
alloy by using EDX.

Electrical Conductivity

Electrical conductivity is an essential characteristic for
metallic alloy systems and affected by many parameters
such as impurities, heating process, grain size and
plastic deformation. However, the temperature and the
chemical composition affect the electrical conductivity
more than other parameters (Rudnev et al., 2003).

The vibration of the atoms increases with the increasing
of the temperature and these vibrations result in some
dislocations (Meydaneri et al., 2012). Probability of the
electron waves deviation increases owing to the
dislocations that are formed in the corners of the blank
lattice, grain boundaries, and via substituted atoms
(Onaran, 2009). These dislocations result in increasing
inelastic collisions between electrons-phonons and mean
free path decreases with increasing collisions. So,
electrical resistivity of the metal increases and electrical
conductivity decreases by the rise in temperature. The
dependency of electrical conductivity to the temperature
is shown in Eq. (4)

o(T) = oL+ aerclT —To] )
where, agrc is electrical conductivity's temperature
coefficient, Ty is the set reference temperature (generally

room temperature), oo is the conductivity at temperature
To. o value can be expressed as;

-0, _140

=—— 70 _ 5
Y T o (T-T,) oo AT ©
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The resistivity of a sample in FPP system as shown in
Figure 2 can be written aS

V
p= RCF —measured (6)

measured

here RCF called resistivity correction factor which is
obtained from thickness, the size of structure, electrode
and the position of electrodes (Valder, 1954). Electrical
resistivity is calculated by measuring the current and
voltage values of four probes that positioned with a
distance of 1 mm. Two inner probes measure voltage
(V) and outer two probes measure current (I) values.

,«9‘\6&’
&5

Solid sample (Iongifudinal section)

Figure 2. The schematic diagram of four-point probe method
used for measuring electrical resistivity/conductivity.

The geometric properties of the materials are also
important for determining the electrical resistivity values
of the materials. The electrical resistivity expression is
given as;

()
l1a

where G is a coefficient that includes the surface
geometric boundaries and thickness of the sample. The
geometry of the samples are discs with a thickness t and
a circle geometry of diameter d. The dimensions of these
discs and the distance s between the terminals are
measured. Also the ratios of geometry are calculated.
Looking at these rates, it is seen that s>1 and d / s <40.
In this case, the required geometric correction factor is
calculated by the following equation.

G = 27sF4(t/s)F2(d/s) (8)
where s is the difference between probes, t is the
thickness and d is the diameter of the sample. F1 and F
are correction functions (Yilmaz, 2008). In order to
determine the electrical resistivity value, the cast alloys
are cut in 35 mm length in the precision cutting device
and made ready to be placed in the FFP system. FPP



system consists of Keithley 2400 programmable power
supply, Keithley 2700 multimeter, Proterm ash furnace
and a computer. For each sample the electrical
resistivity values were calculated by writing the current
and voltage values that measured from the FPP system
into Eq. (7). Electrical resistivity values were
determined with approximately 5 % error.

Thermal Conductivity

In this study, a LHF apparatus which can reach up to
673 K and can be set to the desired temperature has
been used to measure the thermal conductivity of solids.
The system has three parts called hot-stage, cold-stage
and sample holder as shown in Figure 3. The specimen
is heated from one side by using the hot stage in steps of
20 K up to approximate 10 K below the melting
temperatures of the materials and the other side of the
specimen was kept cool by using a cold stage to get
linear temperature gradient. The hot-stage is composed
of two brass plates, which are heated by NiCr wires. A
transformer was placed in the supply circuit to maximize
the thermal stability of the hot-stage, stepping the
maximum current down to 4 A. The temperature of the
hot-stage was controlled with an accuracy of £0.01 K
with a Eurotherm 2604 type controller. The cold-stage's
design is similar with the hot-stage. However, cooling is
accomplished by using a Poly Science digital 9102
model heating/refrigerating circulating bath that contains
an aqueous ethylene glycol solution.

Power input

Measurement
thermocouples

Transformer

Temperature
controller

Figure 3. Block diagram of linear heat flow apparatus used for
measuring thermal conductivity.

The baths temperature were kept constant at 278 K with
an accuracy of + 0.01 K. The distance between the hot
stage and cold stage was kept by 10 mm to get a linear
temperature gradient into specimen. Sample holder
consists of two copper plates. To place the specimen
between the hot and cold stages and get good heat
conduction trough to specimen, two holes were drilled at
cross sections of cold and hot copper plates. At the same
time, a hole was also drilled to insert the measurement
thermocouples into specimen. The ends of specimen
were tightly fitted into holes at cold and hot copper
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plates. Thermocouples were then placed into specimen
by inserting thermocouples through the hole of cold
plate. Then, top and bottom copper plates include the
specimen were placed together into hot and cold stages
(Glindiiz and Hunt,1985; Marash and Hunt, 1996;
Valder, 1954; Ocak et al., 2008; Ata Esener et al., 2019;
Akbulut et al., 2008; Akbulut et al., 2009; Keslioglu et
al., 2006; Karadag et al., 2018; Altintas et al., 2016;
Pietenpol and Miley, 1929).

The thermal conductivity (K) at steady-state condition
could be determined by the one-dimensional Fourier-
Biot equation, (Kittel, 1965; Touloukian et al., 1970)

__QAX
AAT

©)

here Q is the input power and A is the cross-sectional
area of the specimen. AT =T, —T,is the temperature

difference and AX =X, — X, is the distance between
two measurement points.

To have a constant linear temperature gradient at the
LHF system, while one side of the specimen was heated
with a hot stage and the other side of specimen was
cooled by the help of cold stage. The specimen has been
kept for at least two hours to reach equilibrium at each
measurement temperature.

One has to measure Q, A, AT and AX, to evaluate the
thermal conductivity of a binary alloy system from Eq.
(9. Q was determined for every measurement
temperature by measuring the input power given into the
linear heat flow system for without (Qwos) and with
specimen (Q,,)- The cross-sectional area of the

specimen (A= Tcrz) was calculated by measuring the
radius of the specimen. The temperature difference (AT)
between two thermocouples was determined via a data-
logger. The distance between two measurement points
(AX) was determined from the photos of the
thermocouple’s positions. After the measurement of A,
Q= Qws - Qwos, AT and AX values, the thermal
conductivities of Bi-In intermetallic alloy systems were
determined from Eq. (9).

For solid phase, the temperature dependency of the
thermal conductivity is given as (Touloukian, 1970;
Callendar and Nicolson, 1897)

Ks = Kso[L+ arrrc(T = To)] (10)

here Ks and Ksp are thermal conductivity values of the
solid phase at temperature T and reference temperature

To, respectively and arrc is thermal temperature
coefficient. By using Eq. (10),
Ks — Ks0 1 AK
dTTC = = — (12)

KsO(T-T0) KsO AT



AK
can be written. The i expression is the slope of the

graph of thermal conductivity with temperature. So arrc
can be determined by Eq. (11) with the help of this
graph.

Experimental error in measuring thermal conductivity is
equal to the sum of the uncertainties in the
measurements of the heat flow rate, the temperature
difference, the cross sectional area of the sample and the
thermocouple locations. The total uncertainty in the
measurements of thermal conductivity in this study is
approximately 9%, since there is an error of around 5%
from the heat flow rate, around 2.5% from the
measurement of temperature differences, around 0.5%
from the measurement of the cross-sectional area and
around 0.3% from the fixed distance measurement.

The Enthalpy of Fusion and the Specific Heat
Change of the Materials

The specific heat of a material (at a constant pressure) is

given as
(5)
arly

By integration of Eq. (12), the enthalpy of a material,
can be obtained as (H=0 at 298 K)

C

, (12)

T

H=[_ CpdTl

gg P (13)
During the phase transformation from solid to liquid
phase with given heat, the temperature of the sample
doesn’t increase. This heat has been called enthalpy of
fusion or latent heat of melting and used to transform
from solid to liquid phase. The enthalpy of fusion can be
given as

AH %= AC, Ty 14)
here ACp is the change of specific heat and Tw is the
melting temperature. Since the enthalpy of fusion and
the specific heat of Bi-In alloys are necessary for
practical application in industry, these parameters have
been measured in present work. Bi-In intermetallic
alloys have been heated by using a Perkin Elmer
Diamond model DSC with a heating rate of 10 K/min up
to 823 K. The variations of heat flow with temperature
for Bi-In intermetallic alloys.

RESULTS AND DISCUSSION

Microstructure

Different amounts of In were added to the Bi-[x] wt.%
In systems in order to improve the properties of them.
The amounts of In in the Bi-[x] wt.% In system were
chosen from the phase diagram (ASM, 1992) as 12, 15,
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35.4, 45, 47.6, 53 and 62 wt.%, respectively. By
scanning every region of the used phase diagram (ASM,
1992), changes in the microstructure were observed with
the dependence of In amount.
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Figure 4. The thermal conductivity variations with
temperature and microstructure images for Bi-In intermetallic
alloys.

As can be seen in SEM images of Bi-53wt.% In and Bi-
62wt.% In alloys, as the amount of In in alloys
increases, the intermetallic Biln is less observed. The
pattern for Bi-45 wt.% In alloy indicate two phases,
BizIns intermetallic phase and a secondary phase of
Biln, intermetallic phase. The matrix phase with the
dark grey colour is BizIns, the dark needle like and
platelet phase is the Biln, intermetallic phase as shown
for Bi-62wt.% In alloy, too. Bi-47.6 wt.% In alloy show
simple structure that Bislns phase is homogenously
dispersed in the Bi-rich phase y. Bi-62 wt.% In has
fewer of the Biln intermetallic phase than Bi-35.4 wt.%
In alloy. But it has different intermetallic phase which
the white platelet is the Bilnz. EDX results show that Bi,
v (Bi Rich), Bisln, Bisln, Biln, Bizlns, Bizlns, Biln; and
Bilns phases were determined respectively in compatible
with the phases on the phase diagram (ASM, 1992).



The Enthalpy of Fusion and the Specific Heat
Change of Material

The variations of heat flow with temperature for Bi-In
alloys have measured by DSC equipment and the graphs
have been given in Figure 5.
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Figure 5. The heat flow versus temperature curve for Bi-In
intermetallic alloys at heating rate of 10 K/min.

Onset, maximum and end peak temperatures, the pasty
range temperature, enthalpy and specific heat for
melting progress were calculated from the Figure 5 and
given in Table 1. Melting points of the Bi-[x] wt.% In
(x=12, 15, 35.4, 45, 47.6, 53 and 62) alloys decreases
with of In concentration, and the pasty ranges of the
alloys are enlarged simultaneously.

As seen from Table 1, the increment in transition
temperature range is considered as a disadvantage.
Because when phase transition temperature range is
increased, the soldering wire may be solidified later than
expected. However, at this point it is also an advantage
because of decreasing the melting temperature. The
specific heat change for Bi-[x] wt.% In (X=12, 15, 35.4,
45, 47.6, 53 and 62) alloys are calculated and presented
in Table 1.

In Figure 5, two peaks were observed from the DSC
curves of Bi-15 wt.% In ve Bi-47.6 wt.% In alloy
systems. When the Bi-In phase diagram is examined for
the Bi-15 wt.% In alloy, the melting temperature of
BisIn intermetallic is observed approximately 382.7 K.
It was concluded that the sharp peak in the DSC curve is
intermetallic Bisln. The curve where the peak
temperature arises to 355.171 K was considered as Bi
phase. The peak temperature for the Bi-47.6 wt.% In
alloy system was analysed as 368.11 K. From the phase
diagram, it was observed that there is an intermetallic
Bislns phase with a melting temperature of 363 K. It was
concluded that the curve with the peak temperature of
364.88 K is the y1 phase which is rich in Bismuth.
Although one sharp peak was observed in other alloys,
two phases were revealed in the microstructures. Since
the phases in the Bi-12wt.% In alloy remain in the same
curve and the Bi-[x] wt.% In (X=35.4, 45, 53 and 62)
alloys are close to the eutectic point, it is thought that
the phases exposed in the microstructure are coincident
in the peaks in the DSC curves. Therefore, it is
concluded that the coincident phases have the same
thermal properties.

Table 1. Some thermodynamic properties of the Bi-In binary alloys as a function of In content.

End .
.. Onset Peak Temperature,  AT=Teng —Tonsee Enthalpy of Specific H eat
Composition (wt.%) Temperature, Temperature, Toua () Fusion (J/g) of Fusion
Tonset (K) Tnax (K) (fg) J/gK)
Bi-12 In 383.84 385.78 386.78 2.94 17.97 0.159
Bi 354.43 355.17 355.98 1.55 0.003 0.364x10"
Bi-15In
Bi:In 38247 384.61 385.54 3.07 25.14 0.225
Bi-35.41In 384.27 387.24 388.23 3.96 42.37 0.371
Bi-45In 366.18 368.27 370.84 4.66 35.36 0.372
vl 363.38 364.88 365.62 2.24 0.40 0.004
Bi-47.6 In
BisIns 365.62 368.11 369.03 3.41 31.79 0.334
Bi-53 In 362.30 367.09 368.08 5.78 29.26 0.311
Bi-62 In 347.01 349.03 353.53 6.52 24.71 0.325
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Electrical Conductivity-Temperature Relation

Electrical conductivity-temperature graphs are given in
Figure 6. As seen in the graphs electrical conductivities

of the systems decrease linearly with increasing
temperature.
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Figure 6. The temperature dependency of electrical

conductivity for Bi-In intermetallic alloys.

For Bi-12 wt.% In, Bi-15 wt.% In, Bi-35.4 wt.% In, Bi-
45 wt.% In, Bi-47.6 wt.% In, Bi-53 wt.% In and Bi-62
wt.% In alloys, at their melting temperatures, the
electrical conductivity values were obtained as 0.8524,
0.9128, 1.6567, 2.1422, 2.0622, 2.1146 and 2.8381
(x10%)/Q m, respectively.

In Figure 6, calculated electrical conductivity values
were compared to the values of pure Bi and pure In. The
electrical conductivity lines for Bi-In intermetallic alloys
are between pure Bi and pure In lines. Since Bismuth is
semimetal, its electrical conductivity value is about 30
times smaller than Indium's. Therefore, the electrical
conductivities of Bi-In intermetallic alloys change with
the Bismuth addition in the alloy. As can be seen from
the phase diagram and the images of microstructures
given in Figure 5, while the amount of Indium in the
alloy increases, phase numbers and volume fraction of
intermediate phases between Bi and In increase.
Therefore, the electrical conductivity of Bi-In alloy
increases with increasing the amount of In content in Bi-
In alloys and the electrical conductivity lines for Bi-In
intermetallic alloys approach to the line of pure Indium.

From electrical conductivity-temperature  graphs,
electrical conductivity's temperature coefficients were
obtained as 2.41, 1.61, 1.95, 2.28, 2.54, 0.46 and 1.65
(x107%) K- respectively (Table 2).

Thermal Conductivity-Temperature Relation

Pure metals have high thermal conductivities, and
generally it has been supposed that metal alloys should
also have high conductivities. Thermal conductivity of
the binary alloy can be expected to lie between the
thermal conductivity of its components. However, this
turns out not to be the case. The thermal conductivity of
binary alloy is usually much lower than that of either
metals. Even small amounts in a pure metal of “foreign”
molecules that are good conductors themselves seriously
disrupt the flow of heat in that metal.

Table 2. Some electrical and thermal properties of solid phase for In-Bi intermetallic alloys.

T 6 Temperature Electrical Conductivit Thermal
Melting empel,‘a ure Coefficient of ectricatton lfc R Conductivity
. Coefficient of at the Melting .
Materials Temperature . .. Thermal at the Melting
K. OC Electrical Conductivi Conductivit Temperature T
» (O) o (K" x10° onductivity o (1/2 m) x105 emperature
a (K" x10? K (W/Km)
Bi-12 wt.%In 385.78 (112.78) 2.41 1.36 0.8524 14.50
Bi-15 wt.%lIn 384.61(111.61) 1.61 1.29 0.9128 16.23
Bi-35.4 wt.%In 387.24 (114.24) 1.95 3.27 1.6567 19.42
Bi-45 wt.%lIn 368.27 (95.27) 2.28 2.86 2.1422 25.63
Bi-47.6 wt.%In 368.11(95.11) 2.54 2.47 2.0622 25.98
Bi-53 wt.%In 367.06 (94.06) 0.46 1.79 2.1146 31.83
Bi-62 wt.%In 349.03 (76.03) 1.65 434 2.8381 35.93
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Thermal conductivity-temperature graphs were shown in
Figure 4 and the related data are given in Table 3. In
Figure 4, a linearly decrease in the values of thermal
conductivity is seen with increasing temperature at high
temperatures [T >>Debye temperature (Qp)]. The
number of phonons is proportional to the temperature.
So the higher the temperature, the more will be the
phonon collusion frequency, resulting in smaller mean
free paths. Since Cy approaches the constant Dulong-
Petit value, the change in the thermal conductivity has
overwhelmingly controlled by the variance in mean free
path. So that with increasing temperature, thermal
conductivity decreases (Touloukian et al., 1970).

Table 3. The experimental data in the measurement of
thermal conductivity variations with temperature for Bi-In
intermetallic alloys

Bi-12 wt.%In Bi-15 wt.%In
TK) T(C) QW) ATK) KWKm) TEK TCC) QW) AT(K) KWKm)
313 40 141 501 16.84 313 40 17 5.63 18.18
333 60 202 764 15.76 333 60 2.66 9.02 17.62
353 80 269 1024 15.70 353 80 n 1282 1731
313 100 337 13.06 15.41 373 100 4.72 16.99 16.58
Bi-35.4 wt.%In Bi-45 wt.%In
TK T'C) QW) AT(K) KWKm) TEK TCC) QW) AT(K) KWKm)
313 40 LIS 257 2675 313 40 185 363 30.44
333 60 148 389 nmn 333 60 274 5.60 2924
353 80 1.86 512 21.67 353 80 357 151 2.16
KIK] 100 1.96 557 2097 363 %0 4.09 937 25.49
Bi-47.6 wt.%In Bi-53 wt.%In
TK) T'O QW) AT(XK) KWKm T®K T(C) QW) AT®K) K(WKm)
313 40 1.58 313 30.12 KIK] 40 284 41 3557
333 60 207 438 2827 333 60 3 6.57 3434
353 80 241 530 21.20 353 80 431 783 3291
Bi-62 wt.%In
TK) T(C) QW) AT(K) K(WKm)
313 40 265 369 42.88
33 60 3.69 558 39.52
343 70 4.75 7.66 3104

T: Temperature, Q: Heat flow rate into specimen, AT:
Temperature difference into specimen, K: Thermal
conductivity of specimen.

The melting temperature is the transformation
temperature from solid state to liquid state. Thus,
thermal properties of materials such as specific heat,
thermal conductivity and enthalpy change with the
melting temperatures. These kinds of thermal properties
play critical role in transformation from liquid to solid
or vice versa progress. One of them is the thermal
conductivity of materials at its melting temperature.
Solidification rate or solid phase growth rate exactly
depends on conduction heat transfer rate and their
thermal conductivity values and conduction can take
place through either solid or liquid depending on the
temperature gradients and thermal conductivity of
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phases at the interface and their thermal conductivities at
the melting temperatures, respectively. Consider for
example solid growing at a velocity v with a planar
interface into a superheated liquid. The heat flow away
from the interface through the solid must balance that
from the liquid plus the latent heat generated at the
interface. The value of thermal conductivity at the
melting temperature is a required parameter for all kinds
of materials. Therefore, the values of K at their melting
temperature for Bi-12 wt.% In, Bi-15 wt.% In, Bi-35.4
wt.% In, Bi-45 wt.% In, Bi-47.6 wt.% In, Bi-53 wt.% In
and Bi-62 wt.% In alloys were obtained as 14.50, 16.23,
19.42, 25.63, 25.63, 31.83 and 3593 W/Km,
respectively as seen from Table 2.

Also the temperature coefficients of thermal conductivity
for same alloy systems were calculated as 1.36, 1.29,
3.27, 2.86, 2.47, 1.79 and 4.34 (x10%) K1, respectively.
Electrical temperature coefficient (oerc) and thermal
temperature  coefficient (orrc) are main  physical
properties of materials. Variations of electrical and
thermal conductivities with temperature for solid materials
depend on the values of aerc and arre. The values of oerc
and orc are usually the highest and the smallest values
for good conductor and insulator materials, respectively.
As can be seen from Table 2 and Figure 4, it is concluded
that the values of aerc and orre increase with increasing
In content in the Bi-In alloys.

A comparison was done to obtained and pure Bi, In
thermal conductivity values (Figure 4). The thermal
conductivity lines for Bi-In intermetallic alloys were
occurred between pure Bi and In that shown in Figure 4.
As the amount of Indium in the alloy systems increases,
the measured thermal conductivity values are close to
the thermal conductivity lines of pure Indium. It's seen
in Figure 4 that the measured thermal conductivity data
are in good compatibility with the thermal conductivity
values of pure alloying elements.

Thermal Conductivity's Electron and Phonon
Components

As explained above, a LHF system was used to measure
the thermal conductivity and a FPP system was used to
measure the electrical conductivity values of the binary
alloy systems. K. value was calculated by using the
measured o from Eq. (3) at given temperature. Than Kp,
was calculated by using the measured Kinermar and
calculated K. from Eq. (2). The data that were used is
given in Table 4. Also in Figure 7 the electron and
phonon contribution to the thermal conductivity versus
temperature is given. In Table 4 and Figure 7, it is
clearly seen that the value K. wasn't changed with
temperature and stayed constant. Thus it can be said that
the results convenient with the WFL. According to this,
the K. is proportional to the product of electrical
conductivity with temperature. Because of electrical
conductivity decreases with increasing temperature Ke
stays constant according to the WFL. Also in Figure 4



and Figure 7 it is seen that Kiema and Kpn values
linearly decrease with increasing temperature. The
percentages of Ky, were found as 49-54 %, 49-57 %, 37-
52 %, 23-39 %, 30-40 %, 49-52 %, 35-46 % for Bi-12
wt.% In, Bi-15 wt.% In, Bi-35.4 wt.% In, Bi-45 wt.% In,
Bi-47.6 wt.% In, Bi-53 wt.% In and Bi-62 wt.% In
alloys at between 313-373 K temperature, respectively.

Bi-15 wt.% In

Bi-12 wt.% In

}[

Thermal Conductivity K,(W/Km)

Thermal Conductivity K(W/Km)

370 380

M0 350 360

330 340 350 360 3%

Temperature T(K) Temperature T,(K)

Bi-45 wt.% In

Bi-35.4 wt.% In
30 {

Thermal Conductivity K,(W/Km)
Thermal Conductivity K (W/Km)

30 30 350 360

330

340 350 360 370 380

Temperature T,(K) Temperature T,(K)

Bi-47.6 wt.% In Bi-53 wt.% In

‘Thermal Conductivity K,(W/Km)

Thermal Conductivity K(W/Km)

330 340 310 320 330 340 350

Temperature T,(K) Temperature T,(K)

Bi-62 wt.% In

g
¥

Thermal Conducti

530 325 30 33

Temperature T,(K)
Figure 7. The temperature dependency of the phonon and

electron contribution to the thermal conductivity for Bi-In
intermetallic alloys.

CONCLUSIONS

The results that were obtained from the study
summarized below;

(1) The microstructure of Bi-In intermetallic alloy
systems was observed through SEM images and all
phases on the samples were determined by EDX
analyses. As shown in Figure 4, Bi, Bialn, BisIn, Biln,
BizIns, Bislns, Biln, and Bilns phases have been
detected. The phases obtained on the samples are
compatible with the phases on the phase diagram
reported in ASM (1992).
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Table 4. The temperature dependency of the electron and
phonon components to the thermal conductivity for Bi-In
intermetallic alloys.

Bi-12 wt.%In Bi-15 wt.%In
T T Ke K, Koernsl T T Ke K,  Koem
K (0 (WKm) (WKm) (WKm) (K (O (WKm) (WKm) (WKm)
313 4 171 907 1684 313 4 780 1818 1818
333 60 775 801 1576 3360 820 1762 1762
353 80 790 780 1570 353 80 858 1731 1731
373 100 793 748 1541 373 100 845 1658 1658
Bi-35.4 wt.%In Bi-45 wt.%In
T T Ke K Kivermat T T Ke K» Kesermal
K (0 (WKm) (WKm) (WKm) ® (O (WKm) (WKm) (WKm)
313 40 1465 1579 2674 313 40 1848 1196 304
333 60 1509 1414 2273 333 60 1860 1064 2924
353 80 1565 1250 2167 353 80 1929 887 2816
373 100 1599 950 2097 363 9% 2000 592 2549
Bi-47.6 wt.%In Bi-53 wt.%In
T T K, K, Koerns T T Ke K, Kinerma!
® (0 (WKm (WKm) (WKm) ® (O (WKm (WKm) (WKm)
313 40 1802 1210 3012 33 40 1718 1840 3557
333 60 1836 991 2827 33 60 1754 1680 3434
353 80 1894 826 2720 353 80 1816 1474 3291
Bi-62 wt.%In
T T Ke K Kinermal
K (0  (WKm) (WKm) (WKm)
33 40 2324 1964 4288
333 60 2399 1553 3952
343 70 2465 1309 3104

(2) The melting temperatures, the enthalpy of fusion and
the specific heat change of Bi-In alloy systems were
determined by using DSC measurements. As seen from
the results, the measured melting temperatures are in
good agreement with the values in Ref ASM (1992).

(3) For the studied systems, it was seen that electrical
conductivity and thermal conductivity decrease linearly
with increasing temperature between the values of
0.8524 and 2.8381 (x10%)/Qm and 14.50 and 35.93
WI/Km, respectively. In addition, it mightily related with
the composition of the elements in the system. As the
amount of indium increases, the thermal conductivity
value increases too.

(4) Ke and Kph values for the systems were obtained with
the measured Kinermai and o values by using WFL. It is
clearly seen that the K. values seem to be constant while
the values of Ky, decrease linearly with increasing
temperature. In other words, since the electron mean
free path is longer in pure materials, K. value is
dominant at all temperatures. However, in impure
materials, Kpn approaches to the K. because of the
reducing of the mean free path by collisions with
impurities.
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ISI BiLiMi VE TEKNiGi DERGISI iCIN MAKALE HAZIRLAMA ESASLARI

Is1 Bilimi ve Teknigi Dergisi’nde, 1s1 bilimi alanindaki 6zgiin teorik ve deneysel galigmalarin sonuglarmimn sunuldugu
makaleler ve yeterli sayida makaleyi tarayarak hazirlanmis olan literatiir 6zeti makaleler yayilanmaktadir. Makaleler,
Tiirkge veya Ingilizce olarak kabul edilmektedir. Makaleler ilk sunumda serbest formatta hazirlanabilir. Ancak yaymn
icin kabul edilmis olan makaleler dergimizin basim formatina tam uygun olarak yazarlar tarfindan hazirlanmalidir.
Asagida, ilk sunus ve basima hazir formatta makale hazirlamak igin uyulmasi gereken esaslar detayli olarak

aciklanmustir.

ILK SUNUS FORMATI

Ik sunusta, makale A4 boyutundaki kagida tek siitun
diizeninde, 1.5 satir aralikli ve sayfa kenarlarindan 25’er
mm bosluk birakilarak yazilmalidir. Yazi boyutu 11
punto olmali ve Times New Roman karakter
kullanilmalidir. Sekiller, tablolar ve fotograflar makale
icinde olmalar1 gereken yerlere yerlestirilmelidir.
Makale, elektronik olarak editoriin e-posta adresine
gonderilmelidir.

BASIMA HAZIR MAKALE FORMATI

Hakem degerlendirmelerinden sonra, yayin icin kabul
edilmis olan makaleler, dergimizin basim formatina tam
uygun olarak vyazarlar tarafindan hazirlanmalidir.
Makaleler yazarlarin hazirladigi haliyle basildig igin,
yazarlarin makalelerini basim i¢in hazir formatta
hazirlarken burada belirtilen esaslar titizlikle takip
etmeleri ¢ok Onemlidir. Asagida, basima hazir formatta
makale hazirlamak i¢in uyulmasi gereken esaslar detayli
olarak agiklanmustir.

Genel Esaslar

Makaleler genel olarak su bagliklar altinda
dizenlenmelidir: Makale baghgi (title), yazar(lar)in
ad(lar)1, yazar(lar)in adres(ler)i, 6zet (abstract), anahtar
kelimeler (keywords), semboller, giris, materyal ve
metod, aragtirma sonuglari, tartisma ve sonuglar,
tesekkiir, kaynaklar, yazarlarin fotograflari ve kisa
Ozgecmisleri ve ekler. Yazilar bilgisayarda tek satir
aralikli olarak, 10 punto Times New Roman Kkarakteri
kullanilarak Microsoft Office Word ile iki siitun
diizeninde yazilmahdir. Sayfalar, st kenardan 25 mm,
sol kenardan 23 mm, sag ve alt kenarlardan 20 mm
bosluk birakilarak diizenlenmelidir. Tki sutun arasindaki
bosluk 7 mm olmalidir. Paragraf baglari, sutunun sol
kenarina yaslanmali ve paragraflar arasinda bir satir
bosluk olmalidir.

Birinci seviye bagliklar bityiik harflerle kalin olarak,
ikinci seviye bagliklar bold ve kelimelerin ilk harfleri
biiyiik harf olarak ve ii¢ilincii seviye bagliklar sadece ilk
harfi biiyiikk olarak yazilir. Biitiin bagliklar sutunun sol
kenar1 ile aym hizadan baglamalidir ve takip eden
paragrafla baslik arasinda bir satir bogluk olmalidir.
Sekiller, tablolar, fotograflar v.b. metin iginde ilk atif

yapilan yerden hemen sonra uygun sekilde
yerlestirilmelidir. 1k ana bolim bashg, Ozetten
(Abstract’tan) sonra iki satir bosluk birakilarak birinci
sutuna yazilir.

Abstract ve

Bashk, Yazarlarmm Adresi, Ozet,

Anahtar Kelimeler

Yazilar Tiirk¢e veya Ingilizce olarak hazirlanabilir. Her
iki durumda da makale Ozeti, basligt ve anahtar
kelimeler her iki dilde de yazilmalidir. Eger makale
Tirkge olarak kaleme alinmussa, Tlrk¢e bashk ve 6zet
once, Ingilizce baslik ve Ozet (Abstract) sonra yazilir.
Eger makale Ingilizce olarak kaleme alinmigsa once
Ingilizce baslik ve dzet (abstract) sonra Tiirkge baslik ve
Ozet yazilir. Bagslik, sayfanin iist kenarindan 50 mm
asagidan baglar ve kalin olarak 12 punto biiyiikliigiinde,
biiyiik harflerle biitiin sayfay1 ortalayacak sekilde yazilir.
Yazar(lar)in adi, adresi ve elektronik posta adresi
bagliktan sonra bir satir bosluk birakilarak yazilmalidir.
Yazarlarin adi kiigiik, soyadi bilyiik harflerle yazilmali
ve bold olmalidir. Yazarlarin adresinden sonra ii¢ satir
bosluk birakilarak, Ozet ve Abstract 10 punto
biiyiikliigiinde biitiin sayfa genisliginde yazilir. Ozet ve
Abstractan sonra anahtar kelimeler (Keywords) yazilir.

Birimler
Yazilarda SI birim sistemi kullanilmalidir.
Denklemler

Denklemler, 10 punto karakter boyutu ile bir situna (8
cm) sigacak sekilde diizenlenmelidir. Verilis sirasina
gore yazi alaninin sag kenarina yaslanacak sekilde
parantez i¢inde numaralanmahidir. Metin iginde,
denklemlere  ‘Es.  (numara)’  seklinde atifta
bulunulmalidir.

Sekiller

Sekiller 8 cm (bir siitun) veya 16 cm (iki sdtun)
genigliginde olmalidir ve makale icerisinde olmalari
gereken yerlere bilgisayar ortaminda sutunu (veya btln
sayfa genisligini) ortalayacak sekilde yerlestirilmelidir.
Sekil numaralar1 (sira ile) ve isimleri sekil altina, 9
punto biiyiikliigiinde yazilmalidir.



Tablolar

Tablolar 8 cm (bir situn) veya 16 cm (iki sutun)
genisliginde olmalidir. Makale igerisinde olmalari
gereken yerlere bilgisayar ortaminda sutunu (veya biitiin
sayfa genisligini) ortalayacak sekilde yerlestirilmelidir.
Tablo numaralar1 (sira ile) ve isimleri tablo Ustline, 9
punto biiyiikliigiinde yazilmalidir.

Fotograflar

Fotograflar, siyah/beyaz ve 8 cm (bir siitun) veya 16 cm
(iki stitun) genisliginde olmalidir. Fotograflar digitize
edilerek, makale i¢inde bulunmalar1 gereken yerlere
bilgisayar ortaminda sutunu (veya bitin sayfa
genisligini) ortalayacak sekilde yerlestirilmelidir ve sekil
gibi numaralandirilmali ve adlandirilmalidir.

Yazar(lar)mn Fotograf ve Kisa Ozgecmisleri

Yazarlarin fotograflar1 digitize edilerek, makalenin en
sonuna Ozgecmisleri ile birlikte uygun bir sekilde
yerlestirilmelidir.

SEMBOLLER

Makale iginde kullanilan biitin semboller alfabetik
sirada Ozetten sonra liste halinde tek siitun diizeninde
yazilmalidir. Boyutlu biyuklikler birimleri ile birlikte
ve boyutsuz sayilar (Re, Nu, vb.) tanimlar1 ile birlikte
verilmelidir.

KAYNAKLAR
Kaynaklar metin sonunda, ilk yazarin soyadina gore

alfabetik sirada listelenmelidir. Kaynaklara, yazi iginde,
yazar(lar)in soyad(lar)1 ve yayin yili belirtilerek atifta

bulunulmalidir. Bir ve iki yazarli kaynaklara, her iki
yazarin soyadlar1 ve yayin yili belirtilerek (Bejan, 1988;
Tiirkoglu ve Farouk, 1993), ikiden ¢ok yazarh
kaynaklara ise birinci yazarin soyadi ve "vd." eki ve
yaym yili ile atifta bulunulmahdir (Ataer vd, 1995).
Asagida makale, kitap ve bildirilerin kaynaklar listesine
yazim formati i¢in drnekler verilmistir.
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