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Abstract: Photovoltaic Power Plants have a considerable share among solar energy conversion technologies toward
environmentally sustainable and economically feasible electricity production. However, when a rural region's land
surface formed by natural soil types is covered by a Photovoltaic Power Plant (PVPP)'s dark-colored solar modules
in large numbers, an artificial albedo (reflectivity) change is expected on that surface. Because of the heat exchange
between these modules and the air surrounding them due to albedo alteration, the region's natural weather
conditions may experience Photovoltaic Heat Island Effect (PVHIE) as a result of external and time-dependent air
temperature oscillations caused by the warming-cooling cycles of solar modules. To observe and analyze a possible
PVHIE trend, it has been conducting a field study project since October 2017 for a PVPP near the Sekbandemirli
rural region in the Kutahya city of Turkey. The weather data, including air temperature and wind (direction and
speed) at every 10-minute and hourly intervals, are collected by the three weather monitoring stations installed at
the specific locations inside and outside the PVPP field. The plant's hourly average power output and module
temperature data can also be monitored. After conducting statistical, correlational, and graphical analyses, the
results show some temporal PVHI formations at the PVPP field center daily and on a seasonal basis. The plant
center's air temperature tends to be warmer (up to the 6°C difference) during daytimes and colder (up to the (-3)°C
difference) during nighttimes.

Keywords: Heat island effect, Air temperature, Photovoltaic power plant, Weather station, Wind direction, Wind
speed

YEREL METEOROLOJIK VERiI KAYITLARI iLE SEKBANDEMIRLI KIRSAL
BOLGESINDE GUNLUK VE MEVSIMSEL FOTOVOLTAIK ISI ADASININ
INCELENMESI VE DEGERLENDIRILMESIi

Ozet: Fotovoltaik enerji santralleri, cevresel acidan siirdiiriilebilir ve ekonomik olarak uygulanabilir elektrik
iretimine yonelik giines enerjisi doniisiim teknolojileri arasinda 6nemli bir paya sahiptir. Ancak, kirsal bir bélgenin
dogal toprak tiirlerinin olusturdugu arazi yizeyi, bir fotovoltaik enerji santralinin biiyiik sayilardaki koyu renkli
giines modiilleri ile kaplandiginda, bu yiizeyde yapay bir albedo (yansitma) degisimi beklenir. Albedo degisimi
nedeniyle bu modiiller ve onlar1 ¢evreleyen hava arasindaki 1s1 ahigverigine ve 1sinma-soguma dongiilerine bagh
olarak olusan harici ve zamana bagh hava sicakhigi salinimlari sonucunda, bolgenin dogal hava kosullar:
“Fotovoltaik Is1 Adas1 Etkisi”ne maruz kalabilir. Olasi bir fotovoltaik 1s1 adasi etkisi egilimini gézlemlemek ve
analiz etmek igin, Tirkiye'nin Kiitahya ilinin Sekbandemirli kirsal bolgesi yakinindaki bir fotovoltaik enerji santrali
icin EKim 2017'den itibaren bir saha galismas1 projesi yiiriitillmektedir. Her 10 dakikalik ve saatlik araliklarla hava
sicaklig ve riizgar (yon ve hiz) dahil olmak tizere hava durumu verileri, santral alaninin icindeki ve digindaki belirli
konumlara kurulu ti¢ meteorolojik izleme istasyonu tarafindan toplanmaktadir. Santralin saatlik ortalama gii¢ ¢ikist
ve modiil sicaklik verileri de izlenebilmektedir. istatistiksel, korelasyonel ve grafiksel analizler yapildiktan sonra
sonuglar, fotovoltaik enerji santrali sahasinin merkezinde ginliik ve mevsimsel olarak bazi gegici fotovoltaik 1s1
adas1 olusumlarin: gostermektedir. Santral merkezinin hava sicakligi, giindiizleri daha sicak (6°C farka kadar) ve
geceleri daha soguk ((-3)°C farka kadar) olma egilimindedir.
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NOMENCLATURE

°C degree Celsius

AT Temperature Difference

ANOVA One-Way Analysis of Variance

avg Average

BLUHI Boundary Layer Urban Heat Island
CLUHI Canopy Layer Urban Heat Island
HSD Honest Significant Difference

m/s meter/second

NE North East

P Hourly Average PVPP Power Output
PV Photovoltaic

PVHI Photovoltaic Heat Island

PVHIE Photovoltaic Heat Island Effect
PVPP Photovoltaic Power Plant

Tm Module Temperature

Tm_avg Hourly Average Module Temperature

Tamb_agHourly Average Ambient Temperature

UHI Urban Heat Island

UHIE Urban Heat Island Effect

W/m? Watt/square-meter

WS; i"™ number Weather Station (i=1,2,3)

WSr; Temperature measured/recorded by i
number weather station

WSti_avg Hourly Average temperature
measured/recorded by i number
weather station

WSwoi Wind Direction measured/recorded by

ith

number weather station

WSwsi Wind Speed measured/recorded by it"

number weather station
INTRODUCTION

Large-scale use of rural land areas requires utility-scale
solar energy systems referring to the immense power
plants based on Solar Photovoltaic and Concentrated
Solar technologies. While the recent R&D efforts
improve the efficiency of cells, modules, and other solar
energy devices, and solar electricity becomes more
affordable, the construction of these plants is also
expanded over cultivated/uncultivated or vacant lands.
In this expansion process, the influence of
microclimatic factors and determining the optimal
installation sites should also be considered (e.g., for the
"agrivoltaic systems" which meet the energy demand of
agricultural production (Adeh et al., 2018; Adeh et al.,
2019; Chamara and Beneragama, 2020; Mokarram et
al.,, 2020). Nevertheless, the alteration of PVPP
installations in land use brings an environmental
problem into the agenda regarding the energy transfer
between those land surfaces and the overlying
atmosphere. Because of the changes in the balance
between the incoming (shortwave) solar and outgoing
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(longwave) terrestrial radiation, a possible HIE can be
observable in the regions enclosing a solar photovoltaic
power plant site.

HIE is usually defined with prefixes, which specify the
type/source of the effect, and the most discussed one is
Urban Heat Island Effect (UHIE). Including some
researches  for  different world cities and
analysis/modeling methods, UHIs have generally been
studied according to the artificially-induced air
temperature rises caused by the high-density buildings
and low-density green spaces, lack of trees and ponds,
vehicle traffic and roads, GHG emissions, etc. of
metropolitan areas. Deilami et al. (2018) presented a
comprehensive systematic review of UHIE methodology
and Spatio-temporal factors. Spatial variability is found
in Hardin et al. (2018)'s research: The daytime and
nighttime temperatures were monitored for four U.S.
cities by utilizing weather stations to understand the
UHI intensity and regional air temperature variability
under the local weather conditions.

Some UHI-related modeling studies are introduced by
Dorer et al. (2013); Mirzaei (2015); Xu. et al. (2017).
Dorer et al. (2013) examined UHI according to heat
exchange and building energy demand depending on
urban microclimate and urban fabric design, including
city building geometries and street canyons. Mirzaei
(2015) categorized 33 UHI studies by considering their
purpose, location, methodology, and significant
finding. Xu. et al. (2017) simulated high-rise buildings
with stack-effect of split-type air-conditioners and the
solar radiation-induced thermal environment around
these buildings. Dwivedi and Khire (2014) compile
UHI measurement methods and techniques in their
work.

In the literature, there is also a variety of location-based
UHI analyses made, such as for Ankara (Turkey) by
Yuksel and Yilmaz (2008); for Istanbul (Turkey) by
Kuscu and Sengezer (2012); for Cyprus by Hadjimitsis
et al. (2013); for Chicago (U.S.) by Coseo and Larsen
(2014); for Adana (Turkey) by Yilmaz (2015); for
Nagpur (India) by Kotharkar and Surawar (2016); for
Konya (Turkey) by Canan (2017); for Kendari City
(Indonesia) by Aris et al. (2019). In these studies,
different methodologies were utilized to understand the
formation type, intensity, sources, and factors of
daily/seasonal urban heat island effect, such as Landsat
satellite images, land surface temperature analysis,
meteorological weather stations traverse surveying, etc.
The high absorptance and low reflectance of incoming
solar radiation on the urban fabric during daytime are
followed by the high thermal emittance (longwave
InfraRed (IR) radiation) of extra heat during nighttime.
Thus, daily UHIE (plus seasonally influenced) cycles
can be detectable. Table 1 shows the basic features of



the main UHI formations, Atmospheric and Surface.
Here, it is essential to note that the atmospheric UHI
observations are made for the canopy (CLUHI) and
boundary (BLUHI) layers of the atmosphere. At the
same time, Surface UHI (SUHI) is linked to the surface
temperature changes along with the urban fabric.

Table 1. Essential Features of UHI formations.
(US EPA (2014); Dwivedi and Khire (2014); Voogt (2008))

Feature Surface UHI Atmospheric UHI
Time of day | Presence: All times | Presence: Small or
and season of the day and absent during the
night day
Intensity: During the | Intensity: At night,
day and in the before dawn, and in
summer the winter
Temperature | Day: 10 — 15 °C Day:-1-3 °C
Variation Night: 510 °C Night: 7 —12 °C
Identification Fixed weather
method / monitoring stations:
instrument e Ground-
mounted
versions for
CLUHI
e Tower-mounted
Remote Sensing versions for
(3D, 2D, ground): . BLUHI )
; Mobile traverses:
o Satellites .
- o Automobiles for
o Aircrafts
e Some ground CI.‘UHI
systems o Aircraft for
BLUHI
Vertical sensing:
e SODAR (Sonic
Detection and
Ranging) for
BLUHI
Tethered balloons
for BLUHI
- N Isotherm mapping,
Depiction Thermal imaging Temperature graphs

As a similar and ensuing issue with fewer studies,
PVHIE has been discussed in the literature for the last
ten years. Nemet (2009) presents a substitution effect
between fossil fuels and the two PV installation
scenarios in terms of albedo change and radiative
forcing. Turney and Fthenakis (2011) and Hernandez et
al. (2014) give a place for this drawback of land use
within their articles concerning the environmental
impacts of utility-scale solar energy. Armstrong et al.
(2014), Barron-Gafford et al. (2016), and Barron-
Gafford et al. (2019) demonstrated the ground-
vegetation-air energy fluxes before- and after the
mounting of a PV module. A few studies associate their
field data and simulation/modeling works with PVHIE
positively and negatively (Millstein and Menon, 2011;
Fthenakis and Yu, 2013; Masson et al., 2014). As
shown in Figure 1, heat release from a PV module
surface depends on three physical processes: Radiation,
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convection, and conduction. These processes are linked
to several structural module properties such as solar
cells' efficiency (commercially % 10-25 in general) and
their packing density, electrical operating point,
module heat capacity, and anti-reflective coatings
(ARCs) as well.

Jal -
(O Conductive Heat Loss

Figure 1. Heat Release Processes between PV Module
Arrays and Surrounding Air (Demirezen et al., 2022)

In addition to the PVHIE researches above, some
studies on thermal modeling (Lobera and Valkealahti,
2013; Siddiqui and Arif, 2013; Tuncel et al., 2018),
degradation and reliability (Saadsaoud et al., 2017;
Ozden and Akinoglu, 2018), and shading effect (Kiris
et al.,, 2016) analyze PV module temperature and
efficiency/performance according to weather/climatic
and environmental conditions.

To make the contributions listed below to the previous

PVHIE-related studies, it has been conducting the

research projects of this field study since October 2017

for a photovoltaic power plant near the Sekbandemirli

Village and Rural Region in the Kutahya city of

Turkey:

e The first field study of Turkey related to this

issue

A comprehensive PVHIE analysis made by the
combination of different methods/techniques
(statistical, graphical, and correlational)

Daily and seasonal assessments made thanks to
2-year field data-collection

A simulation-based analysis planned for the
next stage of the study by using a microclimate
and heat island simulation software, ENVI-
met

A beneficial resource for the academicians,
researchers, policy-makers, and stakeholders
working on PVPP projects

FIELD STUDY AND METHODOLOGY

Sekbandemirli Village (39.52°N; 29.34°E) is a rural
settlement area 16 km away from Tavsanli, one of the
Kutahya city's districts in Turkey. As a geographic
transition location between Turkey's three regions, its
seasonal weather conditions are under Central
Anatolia, Aegean, and Marmara  climates.
Sekbandemirli has mostly mild average temperatures
and wind speeds from the category "calm" to "moderate



breeze" (Beaufort scale) throughout the year. The
village is surrounded by grasslands and shrublands
partly met some steppe fields.

In 2017, Sekbandemirli PVPP (25 MW) was
constructed on an adjacent uncultivated area (44000
m?) of the village with the installations of mono-
crystalline and poly-crystalline solar modules having
the conversion efficiencies of 18.4 % and 16.6 %,
respectively (Figure 3). The front edge of the PVPP's
module arrays is 0.5 m above ground, whereas this
height is 1.9 m for their rear edge. The solar module
tilt angle is 20°.

There are two web interfaces used to monitor the
study's field data: The first one, PlantMet
(http://web.plantmet.com.tr), is an agricultural and
meteorological data monitoring system for the
measurements of the weather stations WS; and WS,
(every 10-minute and hourly intervals). The second
one, SunnyPortal (www.sunnyportal.com), is to track
WS;3 (hourly intervals), the PVPP's power output, and
the module temperature. Both numerical values and
graphical demonstrations can be viewed for the selected
dates or date intervals on these interfaces. The
methodology diagram of the study is given in Figure 2.

Figure 2. Methodology Diagram of the Study

In summary, the PVHI formations in the Canopy Layer
were observed in the PVPP field and its close
surroundings, and it was planned to use “fixed (ground-
mounted) weather monitoring stations” for those
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observations. The brand/model and features of these
weather stations used are given in the following sub-
section. In addition, the interfaces where both the
meteorological data collected via these weather stations
and the PV module temperature and PVPP electrical
power output data collected from the PVPP field are
monitored on the web will be explained.

Before the construction

Sekbandemirl
Village

After the construction

Sekbandemirfi

4

. o
y b
I B

1
. B
[ ) 39;31418°4:N29:202631 . E
i .
A

\ 557 WS2 30°310610:N129:20:29.6°E

(b)
Figure 3. Site Plan (a) and Google Earth View (b) of the
Sekbandemirli rural region and PVPP
(Red drawings (a) and yellow-colored coordinates (b) show
the weather station (WS) locations)

DATA COLLECTION AND MONITORING

The analysis methods, correlation results, and graphical
comparisons of 24-month data collected from
November 2018 to October 2020 via the three weather
stations (WSi.3) are explained in the following



sections. This 24-month data includes the main
parameters below for PVHIE observation:

o hourly average (hourly averages are calculated
from the 10-minute averages between the
hours XX:00 — XX:50) air temperature (°C;
from outside to the center of the PVPP field as
WSr1,m2 138t 2 m above ground)

e photovoltaic module surface temperature (°C;
Tm_avg)

e average wind speed (m/s; WSwsiws2 at 2.5 m
above ground; WS; doesn't have wind speed
sensor)

e wind direction (degrees; WSwpiwp2 at 2.5 m
above ground; WSs; doesn't have wind
direction sensor)

The weather measurements below are also collected as

supportive data:

incoming solar radiation (W/m?;
WS3)

relative humidity (%; WSghi, WSgrhz;
doesn't have relative humidity sensor)

rainfall amount (mm; WSgai, WSraz; WS3
doesn't have rainfall amount sensor)

rainfall speed (mm/h; WSgsi, WSgs2;
doesn't have rainfall speed sensor)

barometric pressure (mbar; WSgp1, WSgp2; WS3
doesn't have barometric pressure sensor)

° WSly WSZ!

WS3

WS3

Each weather data specified above is grouped as the
monthly data sets. Microsoft Office Excel 2019 and its
Data Analysis ToolPak were used for the data filtering,
the calculations of the results given in the next section,
and chart illustrations.

Because WSs doesn not have a solar radiation sensor,
WS;’s incoming solar radiation measurements are
required to separate the daytime and nighttime
measurements from the daily data inside the PVPP
field:

e a daytime value when "not zero"

e a nighttime value when "'zero"

The statistical and graphical comparisons, correlation
results, and further work will be explained in the
following sections.

RESULTS
Error Analysis and Data Reliability

The sensor accuracy of weather station measurements
(from their technical specification documents) and the
confidence intervals calculated from the error analysis
of each weather parameter's cumulative data are given
in Table 2 (the Microsoft Excel 2019 functions used to
calculate the numerical results on the table are specified
for each category).
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If the confidence level is smaller than sensor accuracy
or equals it, this contributes to the usability of the
relevant parameter measurements as reliable data. It
should also be considered that the weather stations had
sometimes failed to send field data (null values) due to
some technical problems. As shown in Table 2, the
confidence intervals of all the weather parameters are
smaller than the accuracy of the WS sensors taking
measurements. So, the data reliability is ensured for all
the parameters.

Table 2. Confidence Intervals and Sensor Accuracy

WS WSt WSt3 | Tm_ aw Sws1 WSws2 WSwo1 | WSwo2
Standard
Deviation® 8.4 8.5 9.5 141 11 11 98.2 90.8
Standard
Error® 01 01 0.1 0.1 0.0 0.0 0.6 0.6
Teritical ©

20 20 20 20 20 20 20 20

Confidence N
Interval +0.1°C | +0.1°C o2c [ 0.2°C pom/s P.Om/s |+ 1.2 +1.1°
(% 95)¢ :
Sensor o o + o [£09 |£0.9 o °
Accuracy® +0.3°C [+0.3°C 03°C - 0.3°C mis mis +3 +3

a: SUBTOTAL (STDEV.P; Summation of the hourly averages of all the 24 month-
data)
b: Standard Deviation / (SQRT (SUBTOTAL (COUNT; Summation of the hourly
averages of all the 24 month-data)))
c: TINV(0,05; (SUBTOTAL (COUNT; Summation of the hourly averages of all the 24
month-data)) — 1))
d: Terit * Standard Error
e: Technical specification documents of the weather stations:

e WSI and WS2: Davis / Vantage Pro2™

e WS3:PV-met/ 150

e PV module temperature sensor connected to WS3: PV-met / A2101

Statistical Significance between Weather Stations

In the first publication of the study (Demirezen et al.,
2018), two statistical methods were used to compare the
first 8-month (10-minute intervals) data sets of WS;
and WS;. The first one, One-Way Analysis of Variance
(ANOVA), shows if there are statistically significant
differences between the means of three or more
independent groups (here, weather stations) or not.
Following the results of One-Way ANOVA, the second
method is a Post Hoc Test named Tukey's Honest
Significant Difference (HSD) particularly shows which
of these groups differ from each other. The nearby
Tavsanli WS's data from the Turkish State
Meteorological Service (https://www.mgm.gov.tr) was
provided to meet the requirement of a third WS to
perform these methods. Among four weather
parameters (air temperature, relative humidity,
barometric pressure, and wind speed), the only
insignificancy between WS; and WS; was found for air
temperature. That is to say; any distinct PVHI
formations had not been observed yet around the
location of the Sekbandemirli PVPP field surrounding
WS or WS; (Figure 4).

After the WSs's installation, both these methods were
applied to make the comparisons again, and this time,
the 24-month (hourly intervals) data sets of three WSs
were used. Firstly, the ANOVA results are given in



Table 3. The measurements of three WSs differ
significantly on air temperature concerning the two
conditions of ANOVA:

p-value = 0.00 < a. = 0.05 (Significance level) 1)
F-value = 47.20 > Fcritical = 3.00
Table 3. One-Way ANOVA Results
Groups Data Count Sum Average Variance
(avg)
WS, 16524 221030.80 134 76.89
WS, 16899 223615.85 132 78.08
WS3 14210 201377.55 142 90.60
Sum of Degrees Mean
Source of of F- .
o Squares Square Fcritical p-value
Variation Freedom alue
(sS) (@ (M.S)
Between 7683.87 2| 384193 | 47.20 3.00 0.00
Groups
Within 3877165.28 47630 81.40
Groups
Total 3884849.14 47632

The parameters below are used to find the HSD value
(Equation (3)) and which of the weather stations differ
from each other by Tukey's HSD test:
o  MSyitin (from Table 3);
e n (data number for the station having fewer
measurements than the other two from Table
3)
e ( (from Table 4) values

Table 4. Q Scores for Tukey's Method
(k: number of independent groups; df (within): degrees of
freedom; a: significance level (0,05))

k 2 3 4 5 6 7 8 9 10

df

1 180 270 328 37.1 40.4 43.1 45.4 47.4 49.1
2 608 833 980 10.88 1173 1243 13.03 1354 1399
3 450 591 6.82 7.50 8.04 8.48 8.85 9.18 9.46
4 393 504 576 6.29 6.71 7.05 7.35 7.60 7.83
5 364 460 522 5.67 6.03 6.33 6.58 6.80 6.99
6 346 434 490 5.30 5.63 5.90 6.12 6.32 6.49
7 334 416 468 5.06 5.36 5.61 5.82 6.00 6.16
8 326 404 453 4.89 5.17 5.40 5.60 5.77 5.92
9 320 395 441 4.76 5.02 5.24 5.43 5.59 5.74
10 315 388 433 4.65 491 5.12 5.30 5.46 5.60
1 311 382 426 4.57 4.82 5.03 5.20 5.35 5.49
12 308 377 420 451 4.75 4.95 5.12 5.27 5.39
13 306 373 415 4.45 4.69 4.88 5.05 5.19 5.32
14 303 370 411 4.41 4.64 4.83 4.99 5.13 5.25
15 301 367 408 4.37 4.59 4.78 4.94 5.08 5.20
16 300 365 405 4.33 4.56 4.74 4.90 5.03 5.15
17 298 363 4.02 4.30 4.52 4.70 4.86 4.99 511
18 297 361 400 4.28 4.49 4.67 4.82 4.96 5.07
19 296 359 398 4.25 4.47 4.65 4.79 4.92 5.04
20 295 358 396 4.23 4.45 4.62 477 4.90 5.01
24 292 353 390 4.17 4.37 4.54 4.68 4.81 4.92
30 289 349 385 4.10 4.30 4.46 4.60 4.72 4.82
40 286 344 379 4.04 4.23 4.39 4.52 4.63 4.73
60 283 340 374 3.98 4.16 431 4.44 4.55 4.65
120 | 280 336 368 3.92 4.10 4.24 4.36 4.47 4.56
0 277 331 363 3.86 4.03 4.17 4.29 4.39 4.47

If the differences (absolute values) between the
averages (Table 3) are bigger than the HSD value, the
air temperature measurements of those two weather
stations are significantly different from each other. As a
result of the comparisons in the equations (4,5,6), the
PVPP field's center might be a possible PVHIE source.
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HSD = q V(MSuyimin/n) = 3.31 V(81,40/14210) = 0.3 (3)

WS ag- WSr1 avg= 0.2 < 0.3 (Not signif. diff)  (4)
WSr1_ag - WSt3 avg = 0.8 > 0.3 (Signif. different)  (5)
WSt a - WSt3 avg = 0.9 > 0.3 (Signif. different)  (6)

@)aphical Comparisons

In the previous section, the occurrence of some
temporal PVHIs caused by the PVPP is inferred
regarding the WSs's data and statistical analyses. This
inference is supported by the graphical comparisons of
daytime (Figure 4a) and nighttime (Figure 4b) air
temperature  differences with quantitative data
presented below. Among all the 24-month collected
data, AT percentages correspond to the distribution of
AT values bigger than 1°C or smaller than -1°C. The
Tm_avg (Nourly average module temperature) and Tamb_avg
(hourly average air (ambient) temperature) curves were

added to the comparisons.
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Figure 4. Monthly AT Percentages for Daytimes (a) and
Nighttimes (b) with Tm_avgand Tamb_avg CUrves

In the daytimes of each of the 24 months, PVHIE can
be more or less observable at the PVPP field center,
where up to 6°C higher air temperatures were found in
Figure 4a. The Tm ag and Tams_avyg CUrves also have a
strong relationship with the PVHI formations. Because
the Tm avg Curve always shows a trendline in the upper
position of the Tamp_avg Curve along the 24 months, the
heat exchange (Figure 1) from the solar modules to the
overlying atmosphere causes these daytime seasonal
positive formations, and they can be observable.
Besides, a negative but less effective PVHIE with up to
3°C air temperature differences (WSr: > WSt3) is more
prominent in autumn and winter nights and less
detectable in spring and summer nights (Figure 4b) due
to the cooling process of the PV modules. Although the
Tm avg CUrve is above the Tams avg Curve along all the
seasons except winter, a distinct relation can't be



defined for the nighttime exchanges between each other
and this negative PVHIE. The trend curves of monthly
maximum daytime (Figure 5a) and minimum nighttime
(Figure 5b) air temperatures measured by the WSs
support the daily and seasonal PVHIE findings above.
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Figure 5. Monthly Daytime Maximum (a) and Nighttime
Minimum (b) Air Temperature Changes

WS

A graphical illustration of the Sekbandemirli rural
region and the measured air temperatures on weather
station locations for a day hour of November 2019 and
a night hour of August 2019 are given in Figure 6. a
PVHI occurrence can be understood towards the field
center on November 24 at noon (Figure 6a). An inverse
effect resulting in a colder PVVPP field center on August
13 at 02:00 is illustrated, too (Figure 6b).

WS; WS W3
24.11.2019
12:00

WS| WSp Ws3
13.08.2019
02:00

(b)
Figure 6. PVHI occurrences on a 2019 November day (a) and
a 2019 August night (b) in Sekbandemirli Region
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Correlation Results

Table 5. Pearson (a) and Spearman (b) Correlation Results
for AT-Tm_avg and AT-P

(closer to +1, the stronger positive linear relationship;
closer to -1, the stronger negative linear relationship)

(The correlation coefficients couldn't be given for Jan. 2020
due to a technical problem for the Tm_avg data records)

AT-Tm_avg AT-P AT-Tm_avg AT-P
Day | Night Day Day Night Day
Nov. 2018 | 0.82 | 0.11 | 0.88 Nov. 2019 | 0.81 | -0.11 | 0.88
Dec. 2018 | 0.79 | -0.04 | 0.86 Dec.2019 | 0.64 | -0.04 | 0.67
Jan. 2019 | 0.67 0.21 0.62 Jan. 2020 n/a n/a 0.76
Feb. 2019 | 0.67 | -0.17 | 0.70 Feb. 2020 | 056 | 021 | 050
March 2019 | 0.72 | 0.03 | 0.69 | March2020 | 0.75 | -0.28 | 0.79
April 2019 | 0.48 | 037 | 031 April 2020 | 0.58 | 059 | 0.38
May 2019 | 052 | 044 | 0.34 May 2020 | 049 | 040 | 031
June 2019 | 0.61 | 054 | 0.40 June 2020 | 055 | 0.69 | 0.33
July2019 | 055 | 071 | 0.35 July2020 | 051 | 070 | 0.25
Aug. 2019 | 055 | 0.65 | 0.32 Aug. 2020 | 051 | 0.83 | 0.24
Sept. 2019 | 058 | 0.68 | 0.31 Sept. 2020 | 054 | 071 | 0.32
Oct. 2019 | 057 | 0.63 | 0.33 Oct. 2020 | 053 | 057 | 0.32
(a)
AT-Tm_avg AT-P AT-Tm_avg AT-P
Day | Night Day Day Night Day
Nov.2018 | 078 | 0.10 | 091 Nov. 2019 | 0.82 | -0.06 | 0.91
Dec. 2018 | 0.73 | -0.05 | 0.86 Dec. 2019 | 0.70 | 0.07 | 081
Jan. 2019 | 049 | 013 | 065 Jan. 2020 | nla nfa_| 0.78
Feb.2019 | 0.69 | -0.24 | 0.76 Feb.2020 | 052 | 0.14 | 0.50
March 2019 | 074 | %97 | 072 | March2020 | 0.76 | -0.20 | 8%
April 2019 | 0.60 | 0.13 | 0.46 April 2020 | 0.66 | 052 | 0.47
May 2019 | 0.61 | 036 | 0.44 May 2020 | 0.59 | 0.25 | 0.47
June 2019 | 0.65 | 0.41 | 0.49 June 2020 | 0.64 | 056 | 0.47
July2019 | 054 | 0.60 | 0.38 July2020 | 052 | 063 | 0.27
Aug. 2019 | 051 | 058 | 0.31 Aug. 2020 | 0.48 | 073 | 0.24
Sept. 2019 | 0.57 | 0.62 | 0.34 Sept. 2020 | 0.54 | 062 | 0.37
Oct. 2019 | 058 | 0.61 | 0.38 Oct. 2020 | 058 | 041 | 047
(b)

In terms of linear (Table 5a) and monotonic (Table 5b)
relation strength between the air temperature difference
AT (WSrs-WSt1), hourly average PVPP power output
(P), and hourly average module temperature (Tm_av);
Pearson and Spearman correlation coefficients were
calculated for daytimes and nighttimes between
November 2018 and October 2020. Here, AT is
introduced as the primary indicator of a PVHI.




Local Winds and PVHIE

Utilizing the 10-minute average wind speed and
direction data of WS;'s measurements from October
2017 to August 2020, the wind roses for the
Sekbandemirli PVVPP field were depicted in Figure 7a,
considering the maximum speed (up to 8 m/s) and
prevailing speed intervals (0-2 and 2-8 m/s) of the
region's local winds. They show that the prevailing
winds over the PVPP field blow from the North-East
(NE) between the speed intervals as follows (according
to the Beaufort scale): 0-2 m/s: from "calm air" to
"light breeze", 2-8 m/s: from "light breeze" to
"moderate breeze".

To understand if these prevailing winds interact with
the PVPP's South-facing modules (Figure 7b) and alter
the daytime positive PVHIE trend, Figure 8 shows the
daytime AT results associated with the daytime wind
direction data (24-month), and the correlation
coefficients between the hourly average wind speed
measurements and AT are given in Table 6.
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Figure 7. Sekbandelrll Regin‘s Win Rose (a) and
Sekbandemirli PVPP's South-Facing Solar Modules (b)
(Yellow arrows show the prevailing wind direction as NE)
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Figure 8. AT associated with Wind Direction data (24-
month)

4.0 6.0 8.0 10.0

Table 6. Pearson (a) and Spearman (b) Correlation Results
for AT - Hourly Average Wind Speed

(closer to +1, the stronger positive linear relationship;
closer to -1, the stronger negative linear relationship)

(The correlation coefficients couldn't be given for Jan. 2020
due to a technical problem for the Tm_avg data records)
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AT-WSz-naws AT-WSs-naws

Day Day

Nov. 2018 0.03 Nov. 2019 0.02
Dec. 2018 0.06 Dec. 2019 -0.18
Jan. 2019 0.12 Jan. 2020 0.13
Feb. 2019 -0.06 Feb. 2020 -0.09
Mar. 2019 -0.04 Mar. 2020 -0.10
April 2019 0.29 April 2020 0.03
May 2019 0.12 May 2020 0.00
June 2019 0.37 June 2020 0.21
July 2019 0.34 July 2020 0.22
Aug. 2019 0.27 Aug. 2020 0.25
Sept. 2019 0.12 Sept. 2020 0.25
Oct. 2019 -0.18 Oct. 2020 -0.09

(@
AT-WSz-naws AT-WSs-naws

Day Day

Nov. 2018 0.09 Nov. 2019 0.03
Dec. 2018 0.07 Dec. 2019 -0.21
Jan. 2019 0.17 Jan. 2020 0.15
Feb. 2019 0.00 Feb. 2020 -0.01
Mar. 2019 -0.06 Mar. 2020 -0.08
April 2019 0.35 April 2020 0.05
May 2019 0.15 May 2020 0.02
June 2019 0.41 June 2020 0.25
July 2019 0.34 July 2020 0.18
Aug. 2019 0.27 Aug. 2020 0.24
Sept. 2019 0.09 Sept. 2020 0.27
Oct. 2019 -0.16 Oct. 2020 -0.07

(b)
DISCUSSION

As seen from the Sekbandemirli Site Plan (Figure 3),
by comparing the northern sub-field (WS;’s location)
and the North-East part outside the PVPP field (WS;’s
location), the PV module arrays are denser at the center
of the PVPP field center where WS; is installed. As a
result, stronger heat dissipation and interaction between
the PV modules and their close/surrounding
environment might occur at the field center. Thus,
significant air temperature differences between WSts
and the other weather stations are detectable (see the
“Statistical Significance between Weather Stations”
section). Thus, the center of the PVPP field and the PV
module arrays here might be a possible heat island
source.

As given in the graphical comparisons of the study, the
inferences from Figures 4a and 4b are made as follows:




- Figure 4a shows that the overall percentage of positive
PVHI formation numbers at the field center gets higher
during daytime in the summer months by varying
between 0-3°C for 24 months (up to 6°C for some
formation intensities). The term “positive” indicates
that the PVPP field center is warmer than outside the
field. The Tambay and Tmag curves are directly
proportional to the heights of the columns over 24
months. The PV module arrays warm faster than the air
surrounding them, so the Tm ay CUrve is at an upper
position. When the distance between these curves
increases in the summer months, the daytime positive
PVHI formations are stronger. Figure 5a, the monthly
daytime maximum air temperature changes measured
by the weather stations, supports these findings when
the WS curves are compared.

- As shown in Figure 4b, the overall percentage of
negative PVHI formation numbers at the field center
gets higher towards the autumn and winter months by
varying between 0-3°C for 24 months. The term
“negative” indicates that the PVPP field center is colder
than outside the field. The Tamb_avg and Tim_ayg CUrves are
inversely proportional to the heights of the columns.
The PV module arrays cool faster than the air
surrounding them on spring and summer nights
inferred from the figure; the Tm_avy CUrve is at a lower
position. In the winter months, the air in the
Sekbandemirli region cools faster than the PV module
arrays. Therefore, Tm_ avg iS at an upper position during
these months. In Figure 4b, there is not a significant
relationship between the curves and PVHI formation
intensity (percentage columns). As a supportive graph
for Figure 4b, the monthly nighttime minimum air
temperature changes measured by the weather stations
are given in Figure 5b. WS; recorded mostly lower
temperatures than WS; and WSs.

The study’s correlation results (Pearson and Spearman)
are shown in Table 5a and 5b. During daytimes, the
relation strength between AT (PVHI formation
intensity) and Tm ay tends to be getting weaker from
autumn-winter to summer months, getting stronger
from summer to winter months. AT and P also have
similar correlations. Conversely, between these seasons,
the AT-Tm ayg relation strength follows an inverse trend
for nighttimes. Because of no electricity production
during nighttimes, Table 5a and 5b do not include a
nighttime AT-P correlation column.

In Figure 8, the PVHI formations are apparent with
more data points when the wind blows from the
directions between 0-90 and 180-270 degrees. Because
the prevailing wind direction as NE (45 degrees) has
many data points to indicate a PVHI occurrence in
Figure 8, it can be concluded that their blowing angle is
not convenient to reduce the positive PVHIE at the
PVPP's field center. These local, prevailing winds
mostly blow towards the upper right corner of the PV
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modules, not their surface, where a natural cooling
effect can be provided). Although a slight increase in
the correlation strength is observed during the summer
months, the inconvenience explained above can also be
mentioned by presenting the low or small correlation
coefficients between the hourly average wind speed
measurements and AT for most of the year (Table 6).

As for the third stage, it is planned to support the study
with a microclimate and heat island simulation
software, ENVI-met  (https://www.envi-met.com)
(Huttner, 2012; Ambrosini et al., 2014; Sodoudi et al.,
2014), which provides a detailed simulation
work/analysis by considering measured weather
parameters and land cover change on a geographical
location. Thus, this extra analysis will develop the
current methodology and findings and contribute to the
related studies on PVHIE.

CONCLUSIONS

The ground-based PVPP installations alter land surface
albedo (reflectivity) due to their dark-colored solar PV
modules (and their heat radiation while operating), and
thus, Photovoltaic Heat Island (PVHI) formations
might be observable as an atmospheric environmental
impact. Although Urban Heat Island Effect is
commonly and comprehensively studied in the
literature, fewer studies investigate this effect caused by
PVPPs. This paper presents our project's two
consecutive stages showing the progressive structure of
its findings.

Following the error analysis for data reliability and the
statistical analysis for measurement significance, 25-
month data of the second stage show daily (day-night)
PVHIs occurring at the PVPP's center with up to 6°C
higher air temperatures than the ones measured outside
the PVPP field for daytimes. Some inverse (negative)
but less-effective PV heat islands are also formed with
up to 3°C higher air temperatures outside the field
during nighttimes. Monthly maximum air temperatures
for daytimes and monthly minimum air temperatures
for nighttimes support these results. A graphical
illustration of the Sekbandemirli rural region and the
measured air temperatures on the weather station
locations for a day hour of November 2019 and a night
hour of August 2019 is also given in the Results
section.

These PVHI formations have specific formation
frequencies on a monthly (seasonal) basis. Although
solar PV module temperature and power output can be
mentioned as the essential determinants or indicators
for PVHIE, their correlation weakens from winter to
summer and strengthens from summer to winter for
daytimes; and vice versa for nighttimes. Simultaneous
monitoring of solar module and air (ambient)
temperatures should be considered to understand the



PVHI formation mechanism by radiative and
convective heat transfer (Figure 1). It should also be
noted that the PV module types, which are
commercially preferable for land/ground-based PVPP
installations, have low heat capacity/high emissivity
values taking a significant role in these formations.

As for geographical location choice and sunshine
duration analysis, it is also important to investigate a
PVPP field's local wind speed and direction before PV
module placement and orientation. Wind has capable of
reducing HIE by natural convective cooling. On the
other hand, having the prevailing wind direction
(North-East), the Sekbandemirli PVPP field can't
benefit from the region's local winds: They blow onto
the solar modules from an inconvenient angle, and
thus, they can't cool them during daytimes. Another
supportive finding for this inference is that there is a
low or no correlation between wind speed and PVHI
formation almost all year round.
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Abstract: Energy consumption in buildings accounts for a notable part of the primary energy consumption all over
the world. The building industry also has a great potential to decrease the environmental impact by reducing
greenhouse gas emissions. The national strategies of many developing countries are shaped by energy conservation
issues. Improving energy efficiency and productivity is stated as one of the main elements of the Turkish national
energy strategy. An efficient way to decrease energy consumption in buildings is to implement insulation on the
building envelope. Identifying the optimum insulation thickness to be applied on the exterior walls is of prime
importance. This study adapts a stochastic approach to determine optimum insulation thickness for 81 cities in
Turkey. The stochastic approach, unlike the commonly used deterministic approach, incorporates the probabilistic
nature of the process and presents the optimum insulation thickness as a probability distribution graph rather than a
single value. For this purpose, a number of insulation thicknesses (1-20 cm) were regarded as the alternatives and
the optimum alternative was determined based on life cycle costing analysis involving the cost of insulation
application and annual energy savings. The average monthly temperature of each city and financial parameters such
as the inflation and discount rates were considered as the stochastic elements. The results of the life cycle costing
analysis were used to (i) identify the optimum thicknesses in each city as a probability distribution graph and (ii)
generate an optimum insulation thickness map for Turkey.

Keywords: Stochastic analysis, Optimum insulation thickness, Wall insulation, Energy saving

OPTIMUM DUVAR YALITIMI KALINLIKLARININ ULKE CAPINDA
HARITALANMASI: STOKASTIK YAKLASIM

Ozet: Binalarda enerji tiiketimi tiim diinyadaki birincil enerji tikketiminin 6nemli bir kismina karsilik gelmektedir.
Bina sektorii ayrica sera gazi salimmini diisiirerek gevresel etkinin azaltilmasina yonelik biiyiik bir potansiyel teskil
etmektedir. Gelismekte olan birgok iilkenin wulusal stratejileri enerjinin korunmasma iliskin konularla
sekillenmektedir. Enerji verimlili§inin ve {iretkenligin arttirilmast Tiirkiye ulusal enerji stratejisinin ana
unsurlarindan birisi olarak belirtilmistir. Bina kilifina yalittim uygulamak binalarda enerji tiikketimini azaltmak i¢in
etkili bir yoldur. Dis duvarlara uygulanacak olan optimum yalitim kalinliginin belirlenmesi 6nem arz etmektedir.
Bu calismada Tiirkiye’deki 81 ilin optimum yalittim kalinligini belirlemek amacryla stokastik bir yaklasgim
benimsenmistir. Yaygin olarak kullanilan deterministik yaklagimin aksine, stokastik yaklagim siirecin olasiliksal
dogasini biinyesinde barindirir ve optimum yalitim kalinligini tek bir deger yerine bir olasilik dagilim grafigi olarak
sunar. Bu amagla, birtakim yalittim kalinliklar1 (1-20 cm) alternatif olarak kabul edilmis ve optimum alternatif
yaliim uygulamasinin maliyeti ile yillik enerji tasarruflarin1 dikkate alan bir yasam doénemi maliyet analizi
yapilarak belirlenmistir. Sehirlerin aylik ortalama sicakliklar1 ve enflasyon ile iskonto oranlari gibi finansal
parametreler stokastik elemanlar olarak kabul edilmistir. Yagam donemi maliyet analizinin sonuglari (i) her bir
sehir i¢in optimum yalitim kalinligin: bir olasilik dagilim grafigi olarak elde etmek ve (ii) Tiirkiye i¢in bir optimum
yalitim kalinlig1 haritasi olusturmak amacryla kullanilmigtir.

Anahtar Kelimeler: Stokastik analiz, Optimum yalitim kalinlig1, Duvar yalitimi, Enerji tasarrufu



INTRODUCTION

The energy crisis in 1973 caused conservation of
energy to be considered as a national strategy especially
in developing countries that import the majority of their
energy needs from abroad. Global energy consumption
is mainly formed by the building and construction
industry, where energy consumption has been on the
rise since the 1960s (Malecite et al., 2013). Energy
consumed by the buildings corresponds to more than
40% of the primary energy consumption in the United
States and European Union (Cao et al., 2016). The
industry also has the greatest potential for decreasing
the environmental impact as it is responsible for 10%
of the global greenhouse gas emissions (IEO, 2013).

The economic and population growth in Turkey has
accelerated the energy demand. The energy demand in
Turkey has had the highest rate of growth among
OECD (Organization for Economic Co-operation and
Development) countries over the last 15 years. Turkey
is also one of the biggest natural gas and electricity
markets in its region. The national energy strategy of
Turkey is mainly shaped by the increasing energy
demand and dependency on imports. The main
elements of the national energy strategy include (i)
prioritization of energy supply security, (ii) having
environmental concerns all along the energy chain, (iii)
conducting R&D on energy technologies, and (iv)
improving the energy efficiency and productivity
(MFA, 2021).

A crucial component of Turkey’s 2023 national strategy
objectives is to promote energy efficiency. The objective
is to reduce the energy consumed per national income,
namely energy density, by 20% from 2011 to 2023 by
conducting energy efficiency studies (MENR, 2021).
Reducing heating energy consumption is known to be
an effective way of increasing energy efficiency in
residential buildings that can operate for 70 years
(Zhan et al., 2018). Heating energy consumption can be
reduced to a great extent by applying optimum
insulation thickness to exterior walls. Applying such
insulation to the exterior walls of existing buildings can
provide a great amount of energy savings in Turkey,
where the majority of the buildings are uninsulated
(Kurekci, 2016).

Implementation of insulation material to the exterior
walls of existing buildings requires an initial
investment, but it helps the building to consume
significantly less energy throughout its lifetime
(Caglayan et al., 2020). While increasing the insulation
thickness pushes up the investment cost, it leads to
greater savings in energy. In this regard, it becomes
crucial to identify the insulation thickness that is
economically most feasible. The optimum insulation
thickness can be expressed as the insulation thickness
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that provides the greatest net benefit which is obtained
by subtracting the cost from the savings.

The amounts of the investment cost and energy savings
are the major determinants of the optimum insulation
thickness. The investment cost is the cost of insulation
application to the exterior walls. Expanded polystyrene,
extruded polystyrene, and stone wool have frequently
been selected as the insulation material in the literature.
The savings are achieved by reducing the energy
consumption in buildings. Electricity and natural gas
have been mainly considered as the energy sources for
cooling and heating, respectively. The optimization
analyses have focused on certain cities representing
different climate regions of Turkey.

The optimum insulation thickness has mostly been
determined with the deterministic approach. Exact
values have been assigned to key input parameters and
the output (optimum insulation thickness) has been
determined as a single value. The deterministic
approach is useful if these parameters are subject to no
random deviations and can be obtained without any
ambiguity. Otherwise, it would be more appropriate to
consider the stochastic approach where the output is
presented as a probability distribution graph that
describes the probability of obtaining various values.

This study adapted a stochastic approach to determine
the optimum insulation thickness of a building
prototype for 81 cities in Turkey. Within this context, a
number of insulation thicknesses (1-20 cm) were
regarded as the alternatives and the optimum
alternative was determined for each city based on a life
cycle costing analysis involving the insulation cost and
annual energy savings. The results of the life cycle
costing analysis were used to (i) identify the optimum
thicknesses in each city as a probability distribution
graph and (ii) generate an optimum insulation
thickness map for Turkey. The average monthly
temperature of each city and financial parameters such
as the inflation and discount rates were considered as
the stochastic elements for which historical data or
future projections were obtained. The characteristics of
the data (mean values, standard deviations) were
identified and used for randomly generating the
stochastic elements in the analysis.

The proposed study contributes to the body of
knowledge in two ways: (i) achievement of reliable
outputs by reflecting the uncertainty on the estimates
and (ii) generation of an optimum insulation thickness
map by repeating the analysis for each city in Turkey.
The stochastic approach allows for random variation in
stochastic elements and reflects it on the estimates.
Presentation of an output as a probability distribution
graph displays the most probable outcome, and more
importantly, how much it can deviate. The latter
implies the comprehensiveness of the study as the



analysis covers all the cities. Studies in the literature
have made analysis for certain cities from different
climate regions. Marking all the cities of the country
provides the opportunity to draw an optimum insulation
thickness map.

RESEARCH BACKGROUND

Determining the optimum insulation thickness has been
an attractive academic topic both in the national and
international areas. Several studies have been
conducted in various countries to specify the optimum
insulation thickness. Daouas et al. (2010) determined
the optimum insulation thickness of building walls in
Tunisia. The optimum insulation thickness was
determined as 5.7 cm. Liu et al. (2015) identified the
optimum insulation thicknesses for three cities in the
hot summer and cold winter zones of China, which
were Changsha, Chengdu, and Shaoguan. While the
optimum insulation thicknesses for  expanded
polystyrene were found to change between 8.1 cm and
10.5 cm, the optimum thicknesses for extruded
polystyrene varied between 5.3 cm and 6.9 cm.
Baniassadi et al. (2016) determined the optimum
insulation thickness for different climatic regions of
Iran. The optimum thickness was found to be greater
than 6.0 cm in cold regions. Nematchoua et al. (2017)
calculated the optimum insulation thickness for two
cities located in two different climate regions of
Cameroon, namely Yaounde and Garoua. The optimum
thicknesses were calculated as 8.0 cm and 11.0 cm for
Yaounde and Garoua, respectively. Jraida et al. (2017)
conducted a study to identify the optimum insulation
thickness in six cities in six different climate zones of
Morocco. Optimum insulation thicknesses for extruded
polystyrene were determined as 2.3 cm, 3.7 cm, 5.2 cm,
7.7 cm, 4.1 cm, and 5.7 cm for Agadir, Tangier, Fez,
Ifran, Marrakech, and Errachidia, respectively.

Numerous studies have also been conducted to identify
the optimum insulation thickness for cities representing
different climate regions of Turkey. A total of four
different climate regions have been defined in the 2008
version of Turkish Standard 825 (TSI, 2008). Region 1
represents the hottest regions, while Region 4
comprises the coldest ones. Even though the number of
climate regions was increased to five in the 2013
version, it was not published in the official gazette. The
researchers have, therefore, considered and the
discussion has focused on the climate regions defined
in the 2008 wversion. Comakli and Yuksel (2003)
identified the optimum insulation thickness for the
coldest cities of Turkey. The optimum insulation
thicknesses were observed as 8.5 cm, 10.4 cm, and 10.7
cm for Erzincan (Region 4), Erzurum (Region 4), and
Kars (Region 4), respectively. Kaynakli (2008)
determined the optimum insulation thickness for a
prototype building in Bursa (Region 2) for different
types of fuel. The optimum thicknesses were found to
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be 5.3 cm, 10.5 cm, 11.2 cm, and 12.4 cm for natural

gas, fuel oil, electricity, and LPG, respectively.
Dombayci et al. (2017) calculated the optimum
insulation thickness for a total of four cities

representing the four climate regions of Turkey, namely
Izmir (Region 1), Trabzon (Region 2), Ankara (Region
3), and Kars (Region 4). The optimum thicknesses for
expanded polystyrene insulation were determined as 4.6
cm, 6.0 cm, 7.7 cm, and 10.7 cm for Izmir, Trabzon,
Ankara, and Kars, respectively. Canbolat et al. (2018)
determined the economic insulation thickness as 4.7 cm
for Istanbul (Region 2). Akyuz et al. (2018) determined
the optimum insulation thickness of the International
Hasan Polatkan Airport terminal in Eskisehir (Region
3) for a number of insulation materials. The optimum
thicknesses were found as 5.0 cm, 3.3 cm, 7.8 cm, and
9.7 cm for expanded polystyrene, extruded polystyrene,
glass wool, and stone wool, respectively.

In previous studies, optimum insulation thicknesses
have been determined for certain cities with a
deterministic approach. The parameter values have
been assumed deterministically and the results have
revealed certain optimum insulation thickness values
for the mentioned cities. The stochastic approach
adapted in this study possessed a number of advantages
over the deterministic approach. Generation of the
stochastic elements based on historical data or future
projections can provide more reliable outputs as the
uncertainties are reflected on the estimates. The result
is obtained as a probability distribution graph rather
than a single value. In addition, repetition of the
analysis for each city in Turkey offers the opportunity
to generate an optimum insulation thickness map.

RESEARCH METHODOLOGY

This study adapts a stochastic model to determine
optimum insulation thicknesses. A deterministic model
represents a system where the relationships are fixed,
implying that the probabilistic nature is ignored. For a
set of given initial conditions, a deterministic model
always performs the same way. On the other hand, a
stochastic model is a mathematical representation of a
system where a number of possible outputs can be
generated by a given input. The randomness of the
process makes the results obtained by the combination
of independent factors slightly different (Leuenberger et
al., 2018). The behaviours of the deterministic and
stochastic models are illustrated in Figure 1 (adapted
from Revelle et al., 2005).

A stochastic model possesses random variation in the
inputs and forecasts the probability of various outputs.
The uncertainty is built into the model through the
inputs, where historical data is used to observe
fluctuations. The probability distribution of the outputs
reflects the random variation in the inputs and thus, the
uncertainty is made explicit.



Deterministic Models

Stochastic Models

Initial Condition  Final Condition

The inherent randomness results in
generation of different outputs

Time t Time t+1

The outputs are fully determined by the
parameter values and initial conditions

Figure 1. Deterministic vs. stochastic models

The methodology part of the research is composed of
four main sections: (i) obtaining historical data and
future projections for the stochastic elements, (ii)
creating the building prototype, (iii) calculating annual
energy requirements, and (iv) conducting life cycle
costing analysis.

Obtaining Historical Data and Future Projections
for the Stochastic Elements

In this study, the average monthly temperature of each
city and financial parameters such as the inflation and
discount rates were assumed as the stochastic elements.
Inflation and discount rates are two financial
parameters that influence the results of life cycle
costing analysis to a great extent. These parameters
have been subject to alteration in previous studies based
on the time the study was conducted. Table 1 presents
the inflation and discount rates used in 20 studies
conducted in the last 15 years. According to the table,
the inflation rate has varied between 0.00% and
11.75%, while the discount rate has ranged from 4.00%
to 19.38%. Such a situation demonstrates the
uncertainty within these parameters. Considering these
parameters as stochastic elements and generating them
based on the analysis of historical data can provide
more reliable results.

Historical data was obtained for inflation and discount
rates. The rate of increase in natural gas prices was
considered as the inflation rate and data was acquired
for the period from 01.05.2006 to 01.05.2020 from the
official site of Istanbul Gaz Dagitim Sanayi ve Ticaret
AS (IGDAS, 2021). The mean and standard deviation
for the inflation rate were observed as 10.66% and
11.38%, respectively. The reason for such a great
standard deviation might be the fact that energy prices
are highly susceptible to economic and political issues.
Historical data for discount rate was obtained from
Interest Rate Statistics of the Central Bank of the
Turkish Republic for the period from 01.01.2005 to
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Initial Condition Final Condition

Time t Time t+1

01.12.2019 (TCMB, 2021). The mean and standard
deviation for the discount rate up to 1-year deposits
were observed as 13.45% and 4.28%, respectively.

Table 1. Inflation and discount rates used in previous
studies

Inflation | Discount

N Stud
° uey Rate Rate

1 | Bolatturk (2006) 9.20% | 17.89%
2 Dombayci et al. (2006) 0.00% 8.00%
3 Sisman et al. (2007) 9.32% 17.79%
4 | Bolatturk (2008) 4.00% 5.00%
5 | Ucar and Balo (2009) 5.00% 4.00%
6 Ozkan and Onan (2011) 9.67% 19.38%
7 | Ekici etal. (2012) 5.00% 4.00%
g | Kaynakli (2013) 6.00% 9.00%
g |Kayfeci (2014) 5.00% 4.00%
10 | Ozel etal. (2015) 8.39% 9.65%
11 | Kurekci (2016) 7.91% 8.25%
12 | Erturk (2016) 6.50% 13.00%
13 | Kayaet al. (2016) 6.16% 13.75%
14 | Kon and Yuksel (2016) 6.40% 9.00%
15 Aktemur and Atikol (2017) 8.53% 9.00%
16 Evin and Ucar (2019) 8.81% 9.00%
17 Aydin and Biyikoglu (2020) 10.35% 12.75%
18 | Gulten (2020) 8.50% 10.00%
19 Aydin and Biyikoglu (2021) 10.35% 12.75%
50 | Akan (2021) 11.75% | 12.50%




Average monthly temperatures of each city were
projected for the future period of 2021-2050 by using
the supercomputers in the Center for Climate Change
and Policy Studies (iklimBU) laboratory. Global
Climate Models (GCMs), which project future climate
conditions needed in studies examining the sectoral
impacts of climate change, have low spatial resolution
despite their high temporal resolution, which makes the
outputs of these models inadequate in regional or local
impact studies. This requirement leads researchers to
downscaling approaches (i.e., dynamical, statistical, or
hybrid) so that the outputs of these sophisticated tools
can provide more reliable climate data at regional and
local scales. Therefore, dynamical downscaling
approach was applied to obtain high spatial resolution
mean temperature data for Turkey, which has a high
and complex topography. The dynamical downscaling
approach is based on the principle of running a
Regional Climate Model (RCM) that takes the lateral
boundary conditions from a GCM.

MPI-ESM-MR and RegCM4.4 model pair, which have
been tested in various studies (Akbas et al., 2020; An et
al., 2018, 2020; Demircan et al., 2017; Demiroglu et
al., 2016, 2021; Turp et al., 2014) were preferred. The
outputs of MPI-ESM-MR (Giorgetta et al., 2013), one
of the GCMs developed by the Max Planck Institute for
Meteorology in Germany, were given as input to the
Regional Climate Model Version 4.4 (RegCM4.4,
Giorgi et al., 2012) developed by the Abdus Salam
International Centre for Theoretical Physics (ICTP) in
Italy. In other words, low spatial resolution
(approximately 210 km x 210 km grid size) data of
MPI-ESM-MR, one of the most widely used models in
climate change studies (Demircan et al., 2017) and has
a medium level of equilibrium climate sensitivity
(Sherwood et al., 2014), was dynamically downscaled
to higher spatial resolution (10 km x 10 km grid size)
by using RegCM4.4. RegCM (Pal et al., 2007), which
has been in use for more than three decades, is one of
the most widely used RCMs because it is free, easy to
access, user-friendly, practical, reliable, and has a
globally wide user and developer network.

Future projection (2021-2050) was realized under the
Representative Concentration Pathway (RCP) 8.5
emission scenario which is referred to the business-as-
usual case. RCP8.5 (Riahi et al., 2007, 2011), the most
pessimistic trajectory among the RCP scenarios,
predicts that the atmospheric CO- concentration, which
reached 420 ppm at the beginning of the 2020s, will
reach approximately 541 ppm in the middle of the
century and 936 ppm at the end of the century. Mean
and standard deviation of the climate projections are
presented in Appendix A, where the numbers in
parenthesis represent the standard deviations.
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Creating the Building Prototype

The building prototype represented a typical nine-story
residential building with a length of 25 m, width of 20
m, and total height of 27 m. The window areas for the
south, north, east, and west directions were determined
as 150 m?, 60 m?, 120 m? and 60 m?, respectively.
Natural ventilation was assumed for air conditioning.
Figure 2 and 3 present the cross-sectional details of the
uninsulated and insulated building envelope,
respectively. Ceiling and basement cross sections
remained the same both in the insulated and
uninsulated case. The only difference existed in the
exterior walls (both infilled and reinforced concrete).
An expanded polystyrene insulation material was added
in the insulated case at varying thicknesses. which was
the main subject of the study.

Calculating Annual Energy Requirements

A matlab code combining both the annual energy
requirements and life cycle costing analysis was
generated. The annual energy requirement of the
building was calculated according to the method
described by Turkish Standard (TS) 825 “thermal
insulation requirements for buildings” published by the
Turkish Standards Institute (TSI, 2008). The standard
considers the building geometry and the climate region
of the city. The cities are labelled by four climate
regions, where the first region represents the warmest
and the fourth region represents the coolest cities. The
annual energy requirements are calculated not for each
city, but for each climate region. In this study, however,
the annual energy requirement was calculated for every
single city based on the values generated in line with
the climate simulations prepared according to the
RCP8.5 scenario. With the exception of the climate
conditions of the cities, the methodology shown in
TS825 was strictly followed.

According to the methodology shown in TS825, the
annual heating energy consumption (Qyear) is obtained
by adding up the monthly heating energy requirements
(Qm).

Q year =2 Qnm 1)

H *(ein _eout)

*{
_U*((Din + (05)

Qm @

The specific loss (H) of the building is equal to the sum
of the heat losses resulting from conduction and
convection (Hy) and ventilation (Hven).

H =H + H yen ©)



Hy is equal to the sum of the products of area (A) and H 0.264)* na*V 5
heat transfer coefficient (U) for the exterior wall (ew), ven < )*na gross ®)

lazin 1), exterior door (ed), ceiling (ce), and floor . o . . .
?ﬂ). 9 (o) (ed) g (ce) Vgoss 1S the gross building volume. Air changing ratio

(na) was considered as 0.8 for natural ventilation. The
monthly average interior heat gain (¢in) is obtained as

_ * * *
Hir =X A*U =U ew ™ Aew U gl * Agl in the following equation:

U ed * Aed H0-8)*U ce * Ace 4)

Pin<°"An ®)
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Figure 3. Cross sections of the insulated building envelope

A, represents the building usage area and is determined permeation factor of the transparent elements. r was
by using the following equation: assumed as 0.8 for the detached building.
0.32)*

An=( ) Vigross ) Monthly average solar radiation intensities (ljx) are
presented in Table 2 (TSI, 2008). TS825 assumes
similar solar radiation intensities for all the cities.
However, solar radiation is affected from the
Ps, j=2kTj G j™1j k™ Aglk (8)  geographic information of cities such as altitude,
latitude, and longitude (Sahin et al., 2013). The
assumption of similar solar radiation might result in
higher heating energy requirement (due to
insufficiently calculated solar heat gain) and thicker
optimum insulation thickness in cities where solar

The monthly average solar energy gain (¢s) is obtained
as follows:

r represents the monthly average shading factor of the
transparent surfaces; Agk stands for the total glazing
area in direction k; and G is the solar energy
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radiation is greater than the values indicated in the
table.

Table 2. Monthly average solar radiation intensities (W/m?)

Months

Jan | Feb | Mar | Apr [ May | June | July | Aug | Sept | Oct | Nov | Dec

lsouth | 72 | 84 87 920 92 95 93 93 89 82 67 64

Inorth | 26 | 37 | 52 | 66 | 79 | 8 | 81 | 73 | 57 | 40 | 27 | 22

least/

west

43 | 57 v 920 114 | 122 | 118 | 106 81 59 41 37

The solar energy permeation factor (G) is obtained as
follows:

Gj=Fw*9 9)

The correction factor for windows (Fw) was assumed as
0.8 and the solar energy permeation factor (gi) was
considered as 0.75 for colourless glass. The monthly
average usage factor of heat gain (n) is calculated as in
the following equation:

n=l- e(_]/GLR) (10)

The gain/loss ratio (GLR) is determined by the
following equation:

(¢in+(ﬂs)

GLR =
H *(6in—Oout)

11)

If gain/loss ratio becomes equal to or greater than 2.5,
no heat loss occurs in the corresponding month.
Inserting the gain/loss ratio formula in equation 11 into
equation 10;

H*(6out—0in)

(12)
(¢’in+¢’5)

n=1-e

As suggested by the standard, the monthly average
indoor temperature (6in) was considered as 19°C. The
monthly average outdoor temperatures (6ou) were
considered as the stochastic elements and future
projection for the period of 2021-205 is presented in
Appendix A.

Calculating Life Cycle Costing Analysis

The life cycle costing analysis considered the insulation
cost (IC) and operational saving (OS) achieved through
insulation implementation. The operational saving was
obtained by taking the difference between the annual
energy requirement of the uninsulated and insulated
case for each insulation thickness. The cost of energy
was considered as 0.02 $/kWh. The insulation cost was

determined by taking offers from insulation companies
(material supply + installation) and taking their
average. The cost of insulation implementation is
summarized in Table 3. It could be noticed that even
the thinnest insulation implementation had a certain
total unit cost amount mainly due to the fixed amount
of installation cost for each insulation thickness.
Increasing the insulation thickness generated only
incremental movements in the total unit cost.

Life cycle costing analysis was conducted for insulation
alternatives (1 cm to 20 cm) in each city to determine
the alternative resulting in the most desired economic
outcome. The insulation alternative having the highest
net saving (NS) value was regarded as the optimum
insulation thickness. As the stochastic elements
(average monthly temperature of each city, inflation
rate, discount rate) were generated 1,000 times with the
mentioned means and standard deviations, optimum
insulation thicknesses were also determined 1,000
times. Net saving was calculated for each alternative as
follows:

NS =0S * PWF - IC (13
The present worth of the operational savings was
determined by multiplying the operational saving with
the present worth factor (PWF), which was calculated
as follows:

N
pwe - &) 1 (14)

N
r* @)

The lifespan (N) was considered as 20 years and the
interest rate adapted for inflation (i*) was determined
by using the following equation:

i-g .
—2 i>g

= 1g+gi (15)
14 <9

Inflation rate (g) and discount rate (i) were the
stochastic elements generated based on historical data.

FINDINGS AND DISCUSSION

The histogram of the optimum insulation thicknesses
represents the probability distribution graph and is
shown in Appendix B. It could be noticed that the
optimum insulation thicknesses showed great variation
under different scenarios. In extreme cases, the
optimum thickness moved up to 20 cm insulation in the
coolest cities and became even 0 cm insulation
(implying the uninsulated case) in the warmest cities. It
was also noticed that insulation thicknesses from 1 to 3
cm were not selected as the optimum insulation
thicknesses for any city under any scenario. Within this



range of thicknesses, the cost of insulation
implementation was dominated by the relatively fixed
amounts of installation and auxiliary items costs that
overweighed the energy savings.

Figure 4 illustrates the histogram of optimum
insulation thickness graphs for certain cities from four
different climate regions, namely izmir, Gaziantep,
Ankara, and Kayseri. The most likely thicknesses were
concentrated on 5-8 cm for Izmir, 6-10 cm for
Gaziantep, 8-11 c¢cm for Ankara, and 9-13 cm for
Kayseri. For izmir, the most frequently selected
insulation thickness was 6 cm followed by 7 cm. The 6
cm insulation was selected in 218 of the 1,000 cases,
corresponding to 21.8%.

Table 3. Cost of insulation implementation

The probabilities of optimum insulation thicknesses for
each city are shown in percentages in Appendix C.
Generation of the stochastic elements 1,000 times
resulted in the determination of the optimum insulation
thickness for 1,000 times in each city. A number in
Table C1 and C2 represented the number of times (in
percentages) the corresponding insulation thickness
was selected as the optimum insulation thickness. To
illustrate, it could be observed from the case of
Afyonkarahisar that 9 cm insulation was selected as the
optimum thickness 159 times in 1,000 trials,
corresponding to 15.9% of the cases.

Insulation Material Cost Auxiliary Items Cost | Installation Cost | Total Unit Cost Total Cost ($)
Thickness ($/m?) ($/m?) ($/m?) ($/m?)
lcm 0.40 2.70 4.00 7.10 18.247
2cm 0.80 2.84 4.00 7.64 19.635
3cm 1.20 2.98 4.00 8.18 21.023
4cm 1.60 3.12 4.00 8.72 22.410
5cm 2.00 3.26 4.00 9.26 23.798
6 cm 2.40 3.40 4.00 9.80 25.186
7.cm 2.80 3.54 4.00 10.34 26.574
8.cm 3.20 3.68 4.00 10.88 27.962
9cm 3.60 3.82 4.00 11.42 29.349
10 cm 4.00 3.96 4.00 11.96 30.737
11cm 4.40 4.10 4.00 12.50 32.125
12 cm 4.80 4.24 4.00 13.04 33.513
13cm 5.20 4.38 4.00 13.58 34.901
14 cm 5.60 4.52 4.00 14.12 36.288
15cm 6.00 4.66 4.00 14.66 37.676
16 cm 6.40 4.80 4.00 15.20 39.064
17 cm 6.80 4.94 4.00 15.74 40.452
18 cm 7.20 5.08 4.00 16.28 41.840
19 cm 7.60 5.22 4.00 16.82 43.227
20 cm 8.00 5.36 4.00 17.36 44.615
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Figure 4. Optimum insulation thickness graphs for cities from four different climate regions
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The expected value can be described as the weighted
average of all possible values a discrete variable can
take. In this case, the discrete variable was the
insulation thickness and the weights were represented
by the probabilities of being selected as the optimum.
The expected value of optimum insulation thickness
was calculated as:

E(X)=22%xi* pj

(16)
=X0* Pgt+x1* P1+Xx2* Po+...+Xx20% Pog

where Xo, X1, Xz, , Xo0 represented the insulation
thicknesses (from 0 to 20 cm) and po, p1, P2,
were the corresponding probabilities (or the weights).

To illustrate, the expected value of the optimum
insulation thickness for VVan can be calculated as;

E(X) = 0%0 + 1*0 + 2*0 + 3*0 + 4*0 + 5%0 + 6*0 +
7%0.006 + 8*0.012 + 9%0.042 + 10*0.075 + 11*0.113
+ 12%0.134 + 13*0.123 + 14*0.106 + 15%0.084 +
16%0.089 + 17*0.057 + 18*0.031 + 19%0.037 +
20%0.091 = 13.93 cm
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Table 4 summarizes the expected values of optimum
insulation thicknesses calculated for 81 cities of
Turkey. A great variation was observed among the
expected values of different cities. The expected value
varied between 6.73 cm (for Hatay) and 14.25 cm (for
Ardahan) throughout Turkey. The expected value also
showed great variation among the cities in the same
climate region. The expected value in Region 1, Region
2, Region 3, and Region 4 ranged between 6.73-8.97
cm, 7.16-12.26 cm, 8.65-12.73 cm, and 10.95-14.25
cm, respectively. Such a finding also pointed out the
discrepancies in the categorization. For example, even
though Rize was located in Region 2, the expected
value of Rize (12.26 cm) was greater than that of
Kastamonu (10.95 c¢cm) in Region 4. The reason behind
such an inconsistency could be the changing climate
conditions. The calculations in this study were based on
the climate projections for the period 2021-2050 rather
than historical records.

An optimum insulation thickness map was generated
for Turkey (Figure 5). The cities were painted based on
their expected values of optimum insulation thickness.
A total of 9 different categories were painted in 9



different colours changing from white to black, where
the darker colours represented greater thicknesses. The
numbers in parentheses represented the number of
cities falling into that category. Hatay was the only city
with the lightest colour (6 cm < thickness < 7 cm),
while Ardahan and Erzurum were painted with the
darkest black (14 cm < thickness < 15 cm). The darker
colours were observed mostly in the northeast of
Turkey.

CONCLUSION

In this study, a stochastic approach was adapted to
determine the optimum insulation thickness of a
building prototype for 81 cities in Turkey. Stochastic
elements were randomly generated based on the
characteristics of historical data or future projections.
The optimum insulation thickness of each city was
obtained as a probability distribution graph indicating
the most likely thicknesses. The expected value of each
probability distribution graph was calculated and an
optimum insulation thickness map was generated by
categorizing the cities based on their expected values.
The scientific contribution of the proposed study to the
body of knowledge can be summarized as reliability
and comprehensiveness.

The scientific value of the study stems mainly from the
reliability of the adapted stochastic approach. Previous
studies have adopted the deterministic approach to
calculate the optimum thicknesses, which takes into
consideration  various assumptions for  certain
parameters. Since this approach incorporates
uncertainties of these parameters, there might be a
problem of consistency of the obtained results. As
observed in the literature, varying values have been
reported for the optimum insulation thicknesses in the
studies done for the same cities. The stochastic
approach, on the other hand, reflects these uncertainties
on the estimates and is expected to provide more
accurate results.

Another notable scientific value of the study is its
comprehensiveness. The optimum insulation thickness
graphs were drawn and the optimum insulation
thickness map was generated for 81 cities in Turkey. In
previous studies, optimum insulation thicknesses have
frequently been determined for a couple of cities from
certain climate regions. The results have been assumed
to be valid and generalized for all the cities in the same
climate region. Having identified the optimum
insulation thickness for all the cities in this study
provided the opportunity to check whether the optimum
insulation thickness varied across the cities within the
same climate region.

The identified optimum insulation thicknesses showed
great variation across different parts of Turkey. The
results revealed that the expected values varied from
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6.73 cm (Hatay) to 14.25 cm (Ardahan) depending on
the climate properties of the city. Accordingly, the
optimum insulation thickness map listed the cities
under 9 different categories. The results also
emphasized the changing climate conditions as the
expected value of a city in Region 2 (Rize: 12.26 cm)
was observed to be greater than the expected value of a
city in Region 4 (Kastamonu: 10.95 cm). The study had
a number of limitations. Firstly, the climate feature
obtained for the city center was assumed to be valid for
the whole city. The climate features might show
variation across different parts of certain cities.
Another limitation is that the method presented in
TS825 focuses solely on heating and ignores cooling
energies. Incorporation of cooling energies into annual
energy requirements might result in slightly greater
optimum insulation thicknesses in cities that belong to
the climate Region 1. It should also be noted that
historical data for the inflation rate was obtained from
one of the distributers of natural gas (due to the
availability of data) and the rate of increase in natural
gas prices was determined accordingly. Collecting
product-based data rather than energy cost-based data
might lead to variation in results. Moreover, the
assumption for the cost of natural gas reflects the
situation when the analysis was conducted. The price
might be subjected to variation as the energy prices are
highly vulnerable to the changes in both local and
global conditions.

The optimum insulation thickness map obtained as a
result of this study is expected to benefit several
organizations to improve the energy efficiency of
buildings in Turkey. Relevant bodies may adopt the
map to revise the current regulation and the
recommended thickness; sector professionals may
consider the thickness values proposed in this study in
their practices; and investors may evaluate their
insulation decisions from a financial point of view. A
further study should incorporate the cooling
calculations in the energy efficiency analysis.
Moreover, similar studies can be conducted in other
countries based on their own national standards to
promote energy efficiency countrywide. Achieving the
national strategic objectives requires collaborative
studies on energy efficiency. Academic studies should
be encouraged and supported by public bodies, non-
governmental organizations, and private sector
associations. The outcomes of the studies should be
interpreted to create social awareness.



Table 4. Expected value of optimum insulation thickness for 81 cities

Expected

Province Clim_ate Expected Province C"”!a‘e Value Province C“”!ate Expected
Region | Value (cm) Region (cm) Region | Value (cm)
Adana 1 8.86 Edirne 2 8.07 Malatya 3 11.22
Adiyaman 2 9.59 Elazig 3 10.87 Manisa 2 8.27
Afyonkarahisar 3 10.59 Erzincan 4 12.95 Mardin 2 8.66
Agn 4 13.61 Erzurum 4 14.01 | Mersin 1 8.97
Aksaray 3 10.29 Eskisehir 3 10.15 | Mugla 2 7.18
Amasya 2 10.51 Gaziantep 2 8.71 Mus 4 12.70
Ankara 3 10.47 Giresun 2 11.77 Nevsehir 3 10.68
Antalya 1 8.59 Giimiighane 4 13.61 | Nigde 3 11.69
Ardahan 4 14.25 Hakkari 4 12.97 Ordu 2 10.28
Artvin 3 12.57 Hatay 1 6.73 Osmaniye 1 7.65
Aydin 1 7.61 1gdir 3 11.99 |Rize 2 12.26
Balikesir 2 8.23 Isparta 3 10.84 | Sakarya 2 8.47
Bartin 2 8.92 Istanbul 2 7.16 Samsun 2 9.28
Batman 2 9.49 zmir 1 7.06 Sanlurfa 2 8.18
Bayburt 4 13.75 Kahramanmaras 2 10.95 | Siirt 2 10.63
Bilecik 3 9.65 Karabiik 3 10.54 | Sinop 2 9.72
Bingol 3 12.73 Karaman 3 10.97 | Sivas 4 12.63
Bitlis 4 12.54 Kars 4 13.77 Sirnak 2 10.42
Bolu 3 11.38 Kastamonu 4 10.95 | Tekirdag 2 7.79
Burdur 3 10.17 Kayseri 4 12.07 | Tokat 3 11.16
Bursa 2 8.76 Kilis 2 8.30 Trabzon 2 11.14
Canakkale 2 7.48 Kirikkale 3 10.42 | Tunceli 3 12.11
Cankir 3 11.29 Kirklareli 3 8.65 Usak 3 9.59
Corum 3 10.81 Kirsehir 3 10.44 | Van 4 13.93
Denizli 2 9.63 Kocaeli 2 7.77 Yalova 2 7.37
Diyarbakir 2 9.58 Konya 3 10.40 | Yozgat 4 11.10
Diizce 2 9.47 Kiitahya 3 10.76 | Zonguldak 2 8.75

6¢cm < thickness < 7em (1)

7cm < thickness < 8cm (9)

8cm < thickness < 9ecm (15)

9cm < thickness < 10cm (9)

@ 10cm < thickness < 11cm (21)
B 1icm <thickness < 12cm (9)

Figure 5. Map of optimum insulation thicknesses
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@ 12cm <thickness < 13cm (10)
@ 13cm <thickness < 14cm (5)
@l 14cm < thickness < 15cm (2)
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APPENDIX A: MEAN AND STANDARD DEVIATION OF THE CLIMATE PROJECTION

Table Al. Mean and standard deviation of the climate projection for Adana-Diizce (°C)

Province Jan. | Febr. | Mar. | Apr. | May | June | July | Aug. | Sept. | Oct. | Nov. | Dec.
Adana 332 | 464 | 8.05 | 12.88 | 18.08 | 22.67 | 25.35 | 25.97 | 22.20 | 16.30 | 9.89 | 4.64
(2.62) | (3.11) | (3.31) | (3.72) | (4.18) | (3.31) | (2.24) | (2.90) | (3.34) | (3.72) | (2.94) | (2.95)

Adiyaman 143 | 298 | 6.79 | 12.53 | 18.91 | 24.33 | 27.46 | 27.44 | 23.06 | 16.10 | 856 | 2.85
(2.61) | (3.20) | (3.59) | (4.19) | (4.28) | (3.42) | (2.59) | (3.04) | (3.62) | (4.11) | (3.17) | (3.03)

Afyonkarahisar 089 | 192 | 483 | 9.41 | 1498 | 19.70 | 22.54 | 22.79 | 18.16 | 11.87 | 6.46 | 2.03
(2.97) | (3.37) | (3.54) | (3.90) | (4.22) | (3.62) | (2.71) | (3.09) | (3.71) | (4.02) | (3.04) | (3.26)

Agr -558 | -4.48 | -0.93 | 4.36 | 10.19 | 15.33 | 19.09 | 18.92 | 14.24 | 7.69 | 1.49 | -3.85
(3.42) | (4.06) | (3.93) | (3.56) | (3.55) | (3.32) | (3.21) | (3.15) | (3.43) | (3.73) | (3.04) | (3.62)

Aksaray 1.11 | 240 | 582 | 1094 | 16.42 | 21.10 | 23.90 | 24.21 | 19.66 | 13.27 | 7.21 | 2.24
(2.99) | (3.48) | (3.84) | (4.18) | (4.28) | (3.64) | (2.85) | (3.25) | (3.90) | (4.29) | (3.28) | (3.31)

Amasya 156 | 2.65 | 580 | 10.43 | 15.26 | 19.12 | 21.05 | 21.77 | 17.82 | 1252 | 7.39 | 2.79
(2.99) | (3.58) | (3.91) | (4.10) | (4.17) | (3.75) | (3.25) | (3.74) | (4.28) | (4.19) | (3.17) | (3.21)

Ankara 086 | 1.96 | 5.08 | 9.76 | 15.12 | 19.84 | 22.57 | 23.00 | 18.34 | 12.05 | 6.49 | 2.00
(2.93) | (3.40) | (3.62) | (3.89) | (4.19) | (3.70) | (2.87) | (3.29) | (3.94) | (4.21) | (3.04) | (3.16)

Antalya 475 | 557 | 8.01 | 12.30 | 17.61 | 22.06 | 25.06 | 25.19 | 21.14 | 15.47 | 10.22 | 6.05
(2.46) | (2.69) | (2.99) | (3.62) | (4.14) | (3.53) | (2.43) | (2.73) | (3.19) | (3.41) | (2.66) | (2.68)

Ardahan -6.49 | -558 | -2.38 | 257 | 7.98 | 12.41 | 1551 | 15.95 | 11.63 | 5.99 | 0.49 | -4.78
(3.42) | (4.12) | (4.13) | (3.81) | (3.75) | (3.58) | (3.64) | (3.63) | (3.89) | (3.96) | (3.19) | (3.69)

Artvin -2.71 | -1.78 | 1.26 | 6.06 | 11.21 | 14.89 | 17.19 | 17.94 | 14.27 | 9.20 | 3.97 | -1.15
(3.24) | (3.95) | (4.10) | (4.01) | (3.90) | (3.78) | (3.70) | (4.10) | (4.32) | (4.22) | (3.26) | (3.51)

Aydin 6.57 | 7.36 | 9.68 | 13.84 | 19.44 | 24.76 | 27.93 | 27.84 | 23.26 | 17.15 | 11.93 | 7.71
(2.87) | (2.96) | (3.05) | (3.59) | (4.20) | (3.77) | (2.81) | (2.95) | (3.53) | (3.52) | (2.96) | (3.22)

Balikesir 537 | 6.19 | 854 | 12.59 | 18.01 | 22.63 | 25.09 | 25.29 | 20.89 | 15.31 | 10.72 | 6.67
(3.02) | (3.20) | (3.19) | (3.47) | (3.97) | (3.46) | (2.81) | (3.01) | (3.70) | (3.53) | (2.93) | (3.25)

Bartin 443 | 525 | 7.87 | 12.04 | 16.79 | 20.70 | 22.56 | 23.13 | 19.05 | 14.35 | 10.17 | 5.78
(3.03) | (3.53) | (3.94) | (4.06) | (4.25) | (3.78) | (3.49) | (3.81) | (4.11) | (3.88) | (3.12) | (3.20)

Batman 122 | 2.88 | 6.83 | 12.68 | 19.29 | 25.20 | 28.54 | 28.25 | 23.67 | 16.46 | 8.66 | 2.66
(2.61) | (3.27) | (3.65) | (4.08) | (3.90) | (3.05) | (2.20) | (2.48) | (3.10) | (3.85) | (3.15) | (3.05)

Bayburt 575 | -4.61 | -1.30 | 3.69 | 9.22 | 13.95| 16.90 | 17.16 | 1292 | 7.08 | 1.38 | -4.18
(3.27) | (3.93) | (4.00) | (3.71) | (3.89) | (3.76) | (3.61) | (3.81) | (4.03) | (3.99) | (3.17) | (3.66)

Bilecik 294 | 392 | 6.78 | 11.13 | 16.38 | 20.55 | 22.80 | 23.16 | 18.78 | 13.27 | 8.62 | 4.22
(3.19) | (3.65) | (3.88) | (4.05) | (4.35) | (3.77) | (3.13) | (3.57) | (4.10) | (4.10) | (3.19) | (3.35)

Bingol -430 | -3.01 | 059 | 598 | 12.03 | 17.97 | 21.76 | 21.61 | 16.78 | 9.89 | 3.14 | -2.70
(3.10) | (3.72) | (3.80) | (3.66) | (3.82) | (3.42) | (2.63) | (2.87) | (3.39) | (3.81) | (3.17) | (3.53)

Bitlis -3.36 | -2.25 | 0.96 | 5.84 | 1152 | 16.93 | 20.42 | 20.17 | 15.83 | 9.43 | 3.21 | -1.85
(2.83) | (3.39) | (3.44) | (3.44) | (3.46) | (2.98) | (2.39) | (2.52) | (3.00) | (3.45) | (2.83) | (3.14)

Bolu -0.12 | 0.84 | 3.79 | 822 | 13.38 | 17.82 | 20.12 | 20.73 | 16.36 | 10.80 | 5.81 | 1.20
(3.15) | (3.60) | (3.89) | (4.01) | (4.27) | (3.87) | (3.34) | (3.82) | (4.32) | (4.24) | (3.20) | (3.33)

Burdur 164 | 266 | 540 | 10.08 | 15.77 | 20.56 | 23.70 | 23.70 | 19.01 | 12.71 | 7.20 | 2.81
(2.79) | (3.02) | (3.32) | (3.84) | (4.21) | (3.60) | (2.50) | (2.89) | (3.43) | (3.75) | (2.93) | (3.08)

Bursa 468 | 553 | 812 | 12.28 | 17.56 | 21.82 | 24.05 | 24.37 | 19.99 | 14.66 | 10.18 | 5.99
(3.00) | (3.38) | (3.61) | (3.85) | (4.19) | (3.62) | (3.02) | (3.33) | (3.91) | (3.76) | (2.98) | (3.17)

Canakkale 7.01 | 772 | 9.69 | 13.38 | 18.39 | 22.92 | 25.47 | 25.63 | 21.54 | 16.43 | 12.22 | 8.52
(3.27) | (3.21) | (2.89) | (2.92) | (3.41) | (3.08) | (2.54) | (2.61) | (3.22) | (3.05) | (2.98) | (3.40)

Cankin -0.32 | 0.68 | 3.83 | 8.44 | 1355 | 17.99 | 20.42 | 21.02 | 16.53 | 10.78 | 5.47 | 0.94
(3.04) | (3.52) | (3.82) | (3.96) | (4.14) | (3.76) | (3.16) | (3.57) | (4.18) | (4.18) | (3.10) | (3.19)

Corum 089 | 202 | 525 | 994 | 15.02 | 19.29 | 21.56 | 22.19 | 17.89 | 12.08 | 6.65 | 2.10
(2.92) | (3.47) | (3.81) | (4.03) | (4.20) | (3.79) | (3.17) | (3.61) | (4.19) | (4.25) | (3.13) | (3.14)

Denizli 280 | 3.83 | 6.60 | 11.22 | 17.01 | 22.07 | 25.16 | 25.21 | 20.49 | 14.08 | 8.46 | 3.97
(2.94) | (3.17) | (3.49) | (3.98) | (4.35) | (3.67) | (2.66) | (3.01) | (3.58) | (3.89) | (3.09) | (3.20)

Diyarbakir 113 | 275 | 6.65 | 12.61 | 19.26 | 25.29 | 28.71 | 28.40 | 23.67 | 16.31 | 8.51 | 2.57
(2.62) | (3.22) | (3.56) | (3.99) | (4.03) | (3.20) | (2.27) | (2.61) | (3.22) | (3.90) | (3.10) | (3.03)

Diizce 3.68 | 459 | 7.30 | 11.47 | 16.22 | 19.99 | 21.87 | 22.37 | 18.38 | 13.65 | 9.48 | 5.00
(3.12) | (3.61) | (4.02) | (4.13) | (4.33) | (3.78) | (3.37) | (3.77) | (4.09) | (3.97) | (3.24) | (3.29)
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Table A2. Mean and standard deviation of the climate

rojection for Edirne-Kiitahya (°C)

Province Jan. | Febr. | Mar. | Apr. | May | June | July | Aug. | Sept. | Oct. | Nov. | Dec.
Edirmne 525 | 6.73 | 9.34 | 13.48 | 18.74 | 23.67 | 26.24 | 26.24 | 21.75 | 15.87 | 10.97 | 6.76
(4.31) | (3.85) | (3.17) | (2.89) | (3.46) | (3.31) | (2.79) | (2.86) | (3.62) | (3.62) | (3.82) | (4.27)

Elazi -1.04 | 0.35 | 4.06 | 9.67 | 15.86 | 21.69 | 25.27 | 25.05 | 20.29 | 13.20 | 6.12 | 0.47
(2.84) | (3.39) | (3.60) | (3.81) | (4.01) | (3.51) | (2.62) | (2.93) | (3.53) | (3.98) | (2.99) | (3.23)

Erzincan -4.77 | -3.57 | -0.11 | 5.10 | 10.83 | 15.88 | 19.17 | 19.31 | 14.83 | 852 | 2.43 | -3.20
(3.18) | (3.82) | (3.87) | (3.73) | (3.93) | (3.69) | (3.33) | (3.53) | (3.94) | (3.99) | (3.12) | (3.58)

Erzurum -6.17 | -5.07 | -1.65 | 3.44 | 9.05 | 1398 | 17.30 | 17.41 | 1295 | 6.86 | 0.97 | -4.51
(3.32) | (4.02) | (3.99) | (3.64) | (3.66) | (3.44) | (3.22) | (3.33) | (3.61) | (3.80) | (3.14) | (3.65)

Eskisehir 161 | 268 | 572 | 10.32 | 15.79 | 20.43 | 23.01 | 23.39 | 18.77 | 12.61 | 7.27 | 2.76
(3.09) | (3.56) | (3.76) | (4.01) | (4.30) | (3.69) | (2.88) | (3.30) | (3.93) | (4.18) | (3.18) | (3.33)

Gaziantep 323 | 480 | 8.48 | 14.06 | 20.16 | 25.30 | 28.01 | 28.35 | 24.23 | 17.45 | 9.96 | 4.46
(2.60) | (3.05) | (3.43) | (4.10) | (4.32) | (3.28) | (2.47) | (2.94) | (3.39) | (3.92) | (3.04) | (3.01)

Giresun -1.09 | -0.10 | 291 | 7.62 | 12.43 | 16.02 | 17.91 | 18.61 | 15.19 | 10.46 | 5.49 | 0.35
(3.06) | (3.70) | (3.95) | (4.00) | (4.04) | (3.73) | (3.44) | (4.00) | (4.31) | (4.09) | (3.25) | (3.41)

Giimiishane -4.88 | -3.80 | -0.58 | 435 | 9.76 | 13.95 | 16.47 | 16.93 | 13.02 | 7.54 | 2.05 | -3.34
(3.24) | (3.89) | (3.97) | (3.81) | (3.97) | (3.79) | (3.65) | (3.98) | (4.25) | (4.06) | (3.21) | (3.60)

Hakkari -5.05 | -3.67 | 0.09 | 553 | 11.29 | 16.84 | 20.62 | 20.40 | 15.96 | 9.10 | 2.42 | -3.29
(3.37) | (3.89) | (3.92) | (3.78) | (3.49) | (3.04) | (2.71) | (2.62) | (3.18) | (3.59) | (3.24) | (3.68)

Hatay 7.08 | 8.30 | 11.32 | 15.62 | 20.04 | 23.98 | 25.92 | 27.08 | 24.21 | 19.29 | 13.17 | 8.15
(2.53) | (2.83) | (2.97) | (3.58) | (4.11) | (3.15) | (2.31) | (3.06) | (3.16) | (3.49) | (2.78) | (2.87)

ladir -2.39 | -1.19 | 252 | 8.20 | 14.01 | 18.47 | 21.98 | 22.03 | 17.53 | 10.82 | 4.22 | -0.86
(3.17) | (3.82) | (3.79) | (3.81) | (3.65) | (3.52) | (3.90) | (3.52) | (3.84) | (4.05) | (3.04) | (3.30)

Isparta 081 | 1.74 | 443 | 8.87 | 14.32 | 18.87 | 21.82 | 21.98 | 1753 | 11.45 | 6.21 | 1.95
(2.77) | (3.06) | (3.26) | (3.75) | (4.13) | (3.55) | (2.56) | (2.95) | (3.49) | (3.82) | (2.86) | (3.02)

istanbul 7.36 | 7.97 | 10.02 | 13.57 | 18.22 | 22.24 | 24.38 | 24.81 | 21.22 | 16.70 | 12.73 | 8.66
(3.09) | (3.01) | (2.87) | (2.93) | (3.29) | (2.83) | (2.38) | (2.54) | (2.87) | (2.92) | (2.93) | (3.35)

trmir 7.63 | 8.28 | 10.26 | 13.96 | 19.23 | 24.46 | 27.44 | 27.51 | 23.11 | 17.41 | 12.77 | 8.88
(2.87) | (2.90) | (2.75) | (3.08) | (3.84) | (3.58) | (2.71) | (2.86) | (3.43) | (3.28) | (2.81) | (3.16)

Kahramanmaras -0.88 | 0.46 | 4.09 | 9.33 | 15.03 | 20.03 | 23.13 | 23.35 | 19.07 | 12.59 | 6.02 | 0.59
(2.97) | (3.51) | (3.63) | (3.91) | (4.17) | (3.42) | (2.49) | (3.01) | (3.58) | (3.91) | (3.04) | (3.30)

Karabiik 131 | 226 | 5.18 | 9.59 | 1453 | 18.79 | 20.83 | 21.51 | 17.17 | 12.01 | 7.26 | 2.64
(3.17) | (3.69) | (4.08) | (4.18) | (4.33) | (3.92) | (3.53) | (3.98) | (4.44) | (4.25) | (3.32) | (3.37)

Karaman 0.13 | 1.33 | 462 | 9.76 | 15.21 | 19.77 | 22.89 | 22.99 | 18.48 | 12.14 | 6.29 | 1.45
(3.17) | (3.59) | (3.86) | (4.15) | (4.21) | (3.50) | (2.55) | (2.90) | (3.56) | (3.97) | (3.21) | (3.43)

Kars 572 | -469 | -1.28 | 398 | 9.70 | 1428 | 17.61 | 17.72 | 13.21 | 7.00 | 1.13 | -3.98
(3.40) | (4.05) | (3.90) | (3.56) | (3.55) | (3.32) | (3.43) | (3.29) | (3.62) | (3.73) | (2.99) | (3.56)

Kastamonu 089 | 1.79 | 470 | 9.05 | 13.85 | 17.83 | 19.74 | 20.49 | 16.38 | 11.49 | 6.81 | 2.24
(3.07) | (3.61) | (4.03) | (4.08) | (4.16) | (3.75) | (3.35) | (3.81) | (4.29) | (4.11) | (3.21) | (3.25)

Kayseri -2.07 | -0.89 | 2.63 | 7.76 | 13.18 | 17.83 | 20.80 | 21.22 | 16.86 | 10.58 | 4.59 | -0.70
(3.25) | (3.80) | (3.90) | (4.07) | (4.22) | (3.73) | (3.14) | (3.47) | (4.07) | (4.20) | (3.26) | (3.58)

Kilis 403 | 559 | 9.22 | 14.68 | 20.56 | 25.55 | 28.04 | 28.61 | 24.71 | 18.17 | 10.77 | 5.23
(2.54) | (3.01) | (3.47) | (4.23) | (4.51) | (3.42) | (2.66) | (3.13) | (3.50) | (3.96) | (3.10) | (2.97)

Kirikkale 143 | 2.60 | 5.82 | 10.67 | 15.97 | 20.55 | 23.18 | 23.63 | 19.00 | 12.70 | 7.02 | 2.49
(2.91) | (3.44) | (3.73) | (4.02) | (4.24) | (3.76) | (2.96) | (3.35) | (3.97) | (4.23) | (3.13) | (3.17)

Kirklareli 4.07 | 555 | 825 | 12.46 | 17.63 | 22.19 | 24.45 | 2454 | 20.29 | 14.72 | 9.89 | 5.49
(4.04) | (3.74) | (3.27) | (3.11) | (3.60) | (3.36) | (2.90) | (3.04) | (3.58) | (3.59) | (3.71) | (4.07)

Kirsehir 065 | 1.85 | 522 | 10.16 | 15.58 | 20.18 | 22.84 | 23.30 | 18.74 | 12.42 | 6.52 | 1.76
(2.98) | (3.52) | (3.81) | (4.12) | (4.35) | (3.81) | (3.08) | (3.49) | (4.11) | (4.39) | (3.22) | (3.27)

Kocaeli 6.69 | 7.28 | 9.48 | 13.25 | 17.96 | 21.84 | 23.83 | 24.27 | 20.44 | 15.87 | 11.99 | 8.04
(2.81) | (3.11) | (3.32) | (3.46) | (3.72) | (3.21) | (2.73) | (2.96) | (3.31) | (3.20) | (2.77) | (2.94)

Konya 098 | 2.16 | 531 | 10.28 | 15.71 | 20.24 | 23.12 | 23.35 | 18.76 | 12.44 | 6.77 | 2.12
(3.03) | (3.43) | (3.71) | (4.02) | (4.14) | (3.54) | (2.67) | (3.02) | (3.69) | (4.05) | (3.14) | (3.31)

Kiitahya 1.00 | 2.04 | 486 | 9.20 | 14.75 | 19.58 | 22.22 | 22.56 | 17.97 | 11.86 | 6.71 | 2.25
(3.10) | (3.48) | (3.61) | (3.92) | (4.37) | (3.76) | (2.97) | (3.43) | (4.01) | (4.11) | (3.12) | (3.37)
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Table A3. Mean and standard deviation of the climate projection for Malatya-Zonguldak (°C)

Province Jan. | Febr. | Mar. | Apr. | May | June | July | Aug. | Sept. | Oct. | Nov. | Dec.
Malatya 161 | -0.28 | 3.40 | 8.93 | 14.82 | 20.12 | 23.52 | 23.49 | 18.91 | 12.08 | 5.31 | -0.15
(2.99) | (3.51) | (3.66) | (3.89) | (4.06) | (3.60) | (2.90) | (3.18) | (3.79) | (4.05) | (3.03) | (3.33)

Manisa 503 | 599 | 854 | 12.88 | 18.76 | 24.09 | 26.97 | 27.09 | 22.24 | 15.87 | 10.50 | 6.18
(2.97) | (3.13) | (3.24) | (3.72) | (4.35) | (3.79) | (2.86) | (3.22) | (3.86) | (3.87) | (3.04) | (3.29)

Mardin 258 | 443 | 856 | 14.71 | 21.53 | 27.36 | 30.43 | 30.24 | 25.74 | 18.37 | 10.09 | 3.94
(2.50) | (3.11) | (3.70) | (4.36) | (4.05) | (3.00) | (2.16) | (2.48) | (3.11) | (3.86) | (3.25) | (2.92)

Mersin 344 | 458 | 7.68 | 12.55 | 17.79 | 22.24 | 25.07 | 25.47 | 21.48 | 15.66 | 9.54 | 4.76
(2.57) | (2.99) | (3.36) | (3.88) | (4.25) | (3.43) | (2.37) | (2.89) | (3.30) | (3.61) | (2.88) | (2.83)

Mugle 735 | 7.95 | 9.94 | 13.69 | 18.82 | 23.69 | 26.90 | 26.81 | 22.87 | 17.35 | 12.54 | 8.62
(2.39) | (2.50) | (2.69) | (3.32) | (4.06) | (3.67) | (2.69) | (2.71) | (3.18) | (3.09) | (2.61) | (2.65)

Mus 421 | -293 | 066 | 6.03 | 12.28 | 18.08 | 21.77 | 21.44 | 1657 | 9.67 | 3.08 | -2.51
(3.26) | (3.84) | (3.70) | (3.47) | (3.67) | (3.24) | (2.56) | (2.73) | (3.21) | (3.63) | (2.95) | (3.52)

Nevsehir 027 | 1.49 | 4.99 | 10.09 | 1554 | 20.18 | 22.91 | 23.34 | 18.87 | 12.56 | 6.49 | 1.45
(3.12) | (3.70) | (3.97) | (4.28) | (4.40) | (3.83) | (3.15) | (3.52) | (4.18) | (4.41) | (3.35) | (3.45)

Nigde 183 | -0.60 | 2.87 | 8.03 | 13.49 | 18.19 | 21.32 | 21.60 | 17.21 | 10.91 | 4.80 | -0.44
(3.30) | (3.80) | (3.95) | (4.20) | (4.28) | (3.66) | (2.89) | (3.20) | (3.84) | (4.14) | (3.33) | (3.60)

ordu 1.89 | 2.82 | 569 | 10.12 | 1450 | 17.72 | 19.27 | 20.12 | 16.93 | 12.67 | 8.16 | 3.26
(3.04) | (3.72) | (4.05) | (4.14) | (4.11) | (3.63) | (3.24) | (3.89) | (4.26) | (4.06) | (3.33) | (3.34)

Osmaniye 533 | 6.87 | 10.29 | 15.03 | 19.99 | 24.18 | 26.25 | 27.26 | 24.00 | 18.58 | 12.06 | 6.57
(2.50) | (3.05) | (3.36) | (3.91) | (4.38) | (3.39) | (2.61) | (3.25) | (3.47) | (3.84) | (3.06) | (2.89)

Rize 136 | -0.39 | 255 | 7.21 | 11.93 | 15.15 | 16.80 | 17.69 | 14.60 | 10.18 | 5.31 | 0.14
(3.23) | (3.96) | (4.29) | (4.22) | (4.07) | (3.90) | (3.70) | (4.28) | (4.55) | (4.38) | (3.50) | (3.59)

Sakarya 508 | 5.94 | 855 | 12.64 | 17.46 | 21.17 | 23.06 | 23.46 | 19.52 | 14.72 | 10.63 | 6.35
(3.05) | (3.48) | (3.75) | (3.87) | (4.11) | (3.54) | (3.05) | (3.40) | (3.73) | (3.66) | (3.04) | (3.19)

Samsun 412 | 5.00 | 7.72 | 11.91 | 16.31 | 19.80 | 21.54 | 22.35 | 18.74 | 14.27 | 9.83 | 5.38
(2.96) | (3.56) | (3.84) | (3.90) | (3.92) | (3.39) | (2.96) | (3.45) | (3.87) | (3.78) | (3.09) | (3.09)

Sanlturt 359 | 535 | 9.31 | 15.31 | 21.91 | 27.45 | 30.33 | 30.36 | 25.98 | 18.79 | 10.79 | 4.87
anfiurta (2.44) | (2.99) | (3.57) | (4.26) | (4.16) | (3.17) | (2.34) | (2.76) | (3.32) | (3.88) | (3.16) | (2.84)
Siirt -0.68 | 0.86 | 4.69 | 10.29 | 16.65 | 22.53 | 25.96 | 25.72 | 21.15 | 14.16 | 6.73 | 0.86
(2.82) | (3.45) | (3.74) | (4.04) | (3.86) | (3.04) | (2.19) | (2.45) | (3.04) | (3.73) | (3.21) | (3.30)

Sinop 3.02 | 3.90 | 6.61 | 10.86 | 15.37 | 19.04 | 20.81 | 21.62 | 17.77 | 13.21 | 8.74 | 4.30
(2.95) | (3.53) | (3.88) | (3.97) | (3.99) | (3.51) | (3.13) | (3.59) | (4.00) | (3.87) | (3.09) | (3.07)

Sivas 2.96 | -1.83 | 1.58 | 6.73 | 12.07 | 16.43 | 19.15 | 19.61 | 15.44 | 9.46 | 3.74 | -1.51
(3.22) | (3.78) | (3.87) | (3.95) | (4.06) | (3.77) | (3.45) | (3.79) | (4.28) | (4.13) | (3.17) | (3.50)

Sirnak 0.93 | 0.71 | 4.69 | 10.43 | 16.91 | 22.78 | 26.24 | 26.02 | 21.46 | 14.31 | 6.68 | 0.68
(2.91) | (3.51) | (3.82) | (4.16) | (3.85) | (2.98) | (2.17) | (2.36) | (3.01) | (3.69) | (3.29) | (3.36)

Tekirdag 573 | 6.95 | 9.38 | 13.38 | 18.50 | 23.02 | 25.45 | 25.58 | 21.42 | 16.04 | 11.41 | 7.13
(3.95) | (3.63) | (3.10) | (2.99) | (3.44) | (3.11) | (2.59) | (2.72) | (3.37) | (3.42) | (3.61) | (4.11)

Tokat 012 | 1.20 | 449 | 931 | 14.21| 17.90 | 19.76 | 20.52 | 16.85 | 11.62 | 6.41 | 1.46
(3.15) | (3.77) | (4.11) | (4.26) | (4.29) | (3.97) | (3.59) | (4.13) | (4.62) | (4.37) | (3.33) | (3.43)

Trabzon 0.66 | 1.62 | 4.45 | 9.04 | 13.60 | 16.79 | 18.28 | 19.20 | 16.12 | 11.84 | 7.19 | 2.13
(3.10) | (3.83) | (4.19) | (4.27) | (4.25) | (3.94) | (3.55) | (4.23) | (4.56) | (4.32) | (3.43) | (3.45)

Tunceli 328 | 203 | 1.48 | 6.79 | 12.64 | 18.18 | 21.78 | 21.77 | 17.19 | 10.53 | 3.90 | -1.74
(2.93) | (3.53) | (3.69) | (3.68) | (3.86) | (3.55) | (2.93) | (3.18) | (3.64) | (3.93) | (3.07) | (3.39)

Usak 2.65 | 3.73 | 653 | 11.04 | 16.96 | 22.25 | 25.24 | 25.41 | 20.55 | 13.95 | 8.32 | 3.80
(2.91) | (3.19) | (3.42) | (3.94) | (4.47) | (3.79) | (2.85) | (3.27) | (3.83) | (4.09) | (3.06) | (3.20)

van 6.13 | -5.03 | -1.67 | 3.42 | 8.94 | 14.32 | 18.02 | 17.65 | 13.17 | 6.82 | 0.82 | -4.41
(3.31) | (3.86) | (3.80) | (3.45) | (3.30) | (2.94) | (2.59) | (2.56) | (2.95) | (3.35) | (2.97) | (3.55)

Valova 6.93 | 7.55 | 9.85 | 13.80 | 18.83 | 22.96 | 25.07 | 25.38 | 21.14 | 16.24 | 12.17 | 8.34
(2.72) | (3.10) | (3.41) | (3.60) | (3.91) | (3.41) | (2.89) | (3.08) | (3.53) | (3.28) | (2.71) | (2.82)

Yozgat 032 | 0.83 | 428 | 9.20 | 14.50 | 18.87 | 21.31 | 21.90 | 17.64 | 11.58 | 5.85 | 0.93
(3.08) | (3.64) | (3.92) | (4.14) | (4.33) | (3.91) | (3.38) | (3.80) | (4.37) | (4.40) | (3.23) | (3.38)

Zonguldak 479 | 561 | 823 | 12.39 | 17.11 | 20.87 | 22.67 | 23.17 | 19.18 | 14.54 | 10.45 | 6.11
(3.07) | (3.56) | (3.97) | (4.08) | (4.27) | (3.71) | (3.34) | (3.69) | (3.99) | (3.84) | (3.13) | (3.22)
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APPENDIX B: HISTOGRAM OF THE OPTIMUM INSULATION THICKNESSES
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Figure B1. Optimum insulation thickness in Adana-Amasya
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- Optimum Insulation Thickness in Ankara
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Figure B2. Optimum insulation thickness in Ankara-Balikesir
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Optimum Insulation Thickness in Bartin
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Figure B3. Optimum insulation thickness in Bartin-Bitlis
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Optimum Insulation Thickness in Bolu
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Figure B4. Optimum insulation thickness in Bolu-Corum
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Optimum Insulation Thickness in Burdur
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Figure B5. Optimum insulation thickness in Denizli-Erzincan
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Optimum Insulation Thickness in Erzurum
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Figure B6. Optimum insulation thickness in Erzurum-Hakkari
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Figure B7. Optimum insulation thickness in Hatay-Kahramanmaras
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Figure B8. Optimum insulation thickness in Karabiik-Kilis
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Optimum Insulation Thickness in Kirikkale
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Figure B9. Optimum insulation thickness in Kirikkale-Kiitahya
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Optimum Insulation Thickness in Malatya Optimum Insulation Thickness in Manisa

180 T T 250 " - - - : T :
160
140 ZtlL
3 3
g 120 2
& 5 150
g 100 §
k] k]
g - E 100
S 60 g
Z Z
40 50
20
0 0
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Insulation Thickness (cm) Insulation Thickness (cm)

T T T

Optimum Insulation Thickness in Mardin Optimum Insulation Thickness in Mersin

250 T

T T

Number of Occurances
Number of Occurances

0 2 4 6 8 10 122 14 16 18 20 0O 2 4 6 8 10 12 14 16 18 20
Insulation Thickness (cm) Insulation Thickness (cm)

Optimum Insulation Thickness in Mugla

Optimum Insulation Thickness in Mus
250 T T T T T 150 T T T T T . T T

@ 8
S 3

Number of Occurances
)
o

Number of Occurances

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Insulation Thickness (cm) Insulation Thickness (cm)

Figure B10. Optimum insulation thickness in Malatya-Mus
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Figure B11. Optimum insulation thickness in Nevsehir-Sakarya
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Optimum Insulation Thickness in Samsun
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Figure B12. Optimum insulation thickness in Samsun-Sirnak
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Figure B13. Optimum insulation thickness in Tekirdag-Van
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- Optimum Insulation Thickness in Yalova
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Figure B14. Optimum insulation thickness in Yalova-Zonguldak
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APPENDIX C: PROBABILITIES OF OPTIMUM INSULATION THICKNESSES

Table C1. Probabilities of optimum insulation thicknesses in Adana-Istanbul

Probability of Optimum Insulation Thickness (%)

Provinee =01 T2 7345 6] 7819 |10]11] 12|13 ] 14 15]16]17]18]19] 20
Adana 0.1]0.0[00]00|0.2] 34 |10.3]19.9|18.7|13.7|132| 7.1 | 49 | 28 | 23 | 1.2 |08|0.4]0.2/05]| 0.3
Adiyaman 0.1]0.0]00]00]0.0] 1.9 | 6.0 |12.9|18.3|165|13.0|12.1| 7.0 | 38 | 2.8 | 1.9 |15|0.7]0.7|0.2| 0.6
Afyonkarahisar | 0.0 0.0[0.0]0.0]0.0| 0.6 | 1.9 | 7.5 | 14.0|159|16.5|13.6| 95 | 6.8 | 3.7 | 3.4 |1.8]1.6]1.0]|0.8| 1.4
Agn 0.0/0.0]00]00]0.0] 00| 01|05 |24 |47 |91 |11.4|13.1|12.1|109] 9.6 |7.4|42|43|3.2] 7.0
Aksaray 0.0/0.0[00]00]0.0] 09|42 |92 |143|178|132|121| 92 | 7.1 | 3.8 | 25 |1.9]|1.0]0.6|08| 1.4
Amasya 0.0/0.0]00]00]0.0| 05|28 | 91 |13.8|159|13.9|12.8| 9.1 | 83 | 52 | 2.9 |2.0|0.8]1.0/0.7| 1.2
Ankara 0.0/0.0]00]00|0.0| 04 |29 | 85 |13.4]159|16.8|12.7| 8.8 | 7.2 | 50 | 2.8 |1.7|1.7]|05/06| 1.1
Antalya 0.0/0.0]00]00|0.7| 47 |13.6|168|19.1|138|121| 83 | 42 | 35 | 15 | 0.9 [02|02]02/01]| 0.1
Ardahan 0.0/0.0]00]0.0]0.0] 00|00 |00 |16 27|77 |104|122|130| 94 | 89 |7.9|6.7|51|43|101
Artvin 0.0/0.0/00]00]0.0] 00| 01|18 |43 |98 |121|156|129| 99 |92 | 7.3 |43|28|33|15] 5.1
Aydin 0.9]0.0[00]00|28|115|18.4|223|14.8|11.8| 6.6 | 44 | 2.7 | 1.9 | 06 | 0.5 [04|0.1]01]01| 0.1
Balikesir 0.3]0.0]00]00]06| 81 |143|188|205|11.8| 9.7 | 6.7 | 53 | 1.7 | 03 | 0.7 |0.4|0.3]0.1/00] 0.4
Bartm 0.0/0.0/00]00|0.4]| 34 |11.5|15518.6|16.7|11.7| 7.8 | 5.8 | 34 | 1.6 | 1.4 |1.2|0.4]0.4|0.2| 0.0
Batman 0.0/0.0/00]00]0.0| 1.6 | 7.5 |153|17.0|16.2|13.4| 9.0 | 6.9 | 48 | 3.7 | 1.3 |1.3|05]0.6/0.3| 0.6
Bayburt 0.0/0.0/00]00]0.0] 00|00 |03 |18 |57 |79 |124|13.3109|114| 7.8 |7.4|53|3.8|34| 8.6
Bilecik 0.0/0.0/00/00]03| 1.9 | 6.4 [11.7|159|19.7|14.4| 94 | 6.7 | 39 | 35 | 2.7 |1.1|0.7]|0.7| 04| 0.6
Bingol 0.0/0.0]00]00]0.0] 00|00 |10 |54 | 7.4 |13.2|14.0|13.6|106| 8.6 | 65 |53 |45|29|25| 45
Bitlis 0.0/0.0[00/00[0.0] 00| 01|19 |47 |92 |11.8|162|14.1] 81 |99 | 7.1 |40|3.9]21(23| 46
Bolu 0.0/0.0[00/00[0.0] 02|14 |52 |83 |130|154|133|13.3| 90 | 7.2 | 43 |36|17]0.7]09] 25
Burdur 0.0/0.0[00]0.0[0.0] 1.0 | 45 |10.9|14.0|16.1|14.6|12.3| 86 | 5.2 | 49 | 2.6 |1.6|1.6|1.0|04] 0.7
Bursa 0.1]0.0[00/00[02] 43 [105|21.3|17.9]12.9|131| 6.9 | 47 | 2.7 | 23 | 1.1 |06|06]0.1]04] 03
Canakkale | 1.3]0.0/0.0(0.0]2.612.6|19.9]|20.5|14.7|125]| 7.2 | 28 | 2.2 | 1.9 | 0.6 | 05 |0.2]0.3]0.10.0] 0.1
Cankirt 0.0/0.0[00/00[0.0] 03 |14 |37 |99 |140(155|150|11.9| 85 | 6.7 | 40 |25|24|12|11] 1.9
Corum 0.0/0.0[00]00[0.0] 04 |27 | 6.2 |12.7|15415.0|14.2| 8.8 | 81 | 5.1 | 3.7 |2.4|1.9]|1.3]05] 1.6
Denizli 0.0/0.0[00]00]05] 2.1 | 6.2 |106|175|18.0|14.7|108| 7.1 | 34 | 33 | 2.7 |1.1|0.3]|0.7| 04| 0.6
Diyarbakir  |0.0/0.0|0.0]0.0[0.0| 1.7 | 6.8 | 14.2|17.2|16.1|14.6| 9.9 | 65 | 4.2 | 2.8 | 2.4 |1.4]0.4|0.5]0.5] 0.8
Diizce 0.10.0[00]00]04] 23 | 7.0 |141|16:6|16.1|14.3|100| 59 | 5.7 | 3.0 | 1.7 |0.9|0.6]0.3/0.2| 0.8
Edirne 0.70.0[00]00|24] 7.6 |16.7|19.2|16.4|13.7| 9.4 | 54 | 33 | 1.6 | 1.0 | 0.9 |0.7|0.7|0.2]0.0]| 0.1
Elazig 0.0/0.0[00/00[0.0] 01|20 | 6.6 |12.4|147|151|13.1|116| 86 | 48 | 3.5 |2.9|1.2|1.8/0.6] 1.0
Erzincan 0.0/0.0[00]0.0[0.0] 00|00 |08 |36 7.1 |11.4|132|13.7|13.2|102| 5.8 |6.4|4.7|3.4|1.6| 4.9
Erzurum 0.0/0.0[00]00[0.0] 00|00 | 01|18 ]|40|67 |95 |13.0]12.6|13.7|10.3|58(6.3|45|2.7| 9.0
Eskischir 0.0/0.0[00]00[0.0] 08 | 46 |109|14.8|17.8|13.7|11.1| 8.1 | 6.0 | 3.8 | 2.3 |2.2|1.4]|09]05| 1.1
Gaziantep 0.0/0.0[00]00|0.6]| 48 |11.8|17.8|19.8|13.6|120| 7.3 | 44 | 28 | 21 | 1.1 |0.7|0.4]|0.4]0.1| 0.3
Giresun 0.0/0.0[00/00[0.0] 02|06 |34 |69 |11.9|161|141|10.8|101| 7.9 | 6.4 |41|3.1]|1.3]08] 2.3
Giimiishane | 0.0]0.0/0.0/0.0]0.0/ 0.0 | 0.0 | 0.2 | 1.9 | 5.6 | 10.5|11.9]12.3|12.0|10.3| 7.8 | 7.1|55|4.3|3.1] 7.5
Hakkari 0.0/0.0[00]00]0.0] 00|00 |08 |22 |81 |115|135|13.7|12.6 |113| 6.7 |5.1|4.1|3.1|2.5| 4.8
Hatay 36/0.0(00]00|57|17.2|232|190|124| 84 | 48 | 28 | 1.1 | 06 | 0.7 | 0.3 [0.2|0.0]/0.0/0.0] 0.0
Todir 0.0/0.0[00/00[0.0] 01|05 |31 |64 |125|13.1|153|115| 9.1 | 85 | 6.6 |3.9|2.6|25|15] 2.8
Isparta 0.0/0.0[00]00[0.0] 01|19 | 7.0 |12.8|15414.6|12.0|11.9| 7.5 | 48 | 49 |2.9|15]09/08] 1.0
istanbul 21]0.0[00]00|40|14319.7|215|145|106| 6.4 | 2.8 | 1.8 | 1.2 | 0.6 | 0.4 [0.1|0.0]0.0/0.0] 0.0
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Table C2. Probabilities of optimum insulation thicknesses in Izmir-Zonguldak

Probability of Optimum Insulation Thickness (%)

Provinee =0 T T2 314 5 | 6] 7] 8] 9 1011 ]12] 13| 14 151617 ]1819]20
Tzmir 25(00(0.0(00|45|143|21.821.0|135| 75 | 7.8 | 43 | 1.1 | 0.4 | 0.4 |0.6|0.1]0.1]0.0]0.1/0.0
Kahramanmaras | 0.0 | 0.0|0.0|0.0|0.0| 0.4 | 1.7 | 7.1 | 11.8|13.6 | 15.8|13.2| 11.2| 7.4 | 5.7 |4.3|3.0|1.3|0.9]05| 2.1
Karabilk 0.0/0.0]0.0(00]0.0| 0.0 | 2.7 | 84 |13.6|17.1|154|138| 7.5 | 75 | 41 |35|22|1.2|1.0|0.9 |11
Karaman 0.0/0.0]0.0(00]02| 05 | 2.7 | 65 |11.6|13.2|165|13.6| 9.3 | 7.6 | 4.9 |4.7|2.0|2.0|15|1.2| 2.0
Kars 0.0/0.0]0.0(00]0.0| 0.0 | 00| 05|23 |44 | 7.1 |115|13.0|13.9|10.1|8.8|7.2|6.6 |4.0|3.1|75
Kastamonu 0.0/0.0]0.0(00]0.0| 03 | 2.1 | 6.9 | 9.3 |15.0|153|14.1|12.4| 8.0 | 5.7 |3.9|2.4|1.1]0.9]0.9 |17
Kayseri 0.0/0.0(0.0(00]0.0| 0.1 | 04 | 2.7 | 6.0 |12.4|13.7|14.0|13.0|10.3| 6.7 |6.1|4.9|2.3|2.4| 1.8 3.2
Kilis 0.4]00(0.0(00|15| 66 |155]19.2|16.2|14.4]| 99 | 7.2 | 34 | 1.7 | 1.2 |0.8|0.9]05(04]01 |01
KirikKale 0.0/0.0]0.0(00]0.0| 0.6 | 3.0 | 9.8 |13.6|165|14.0|12.2| 9.0 | 7.6 | 52 |3.0|1.9|1.0|1.1]0.5| 1.0
Kirklareli 0.0/0.0(0.0(00]0.9| 55 |12.4|16.7|19.6 |14.7|104| 7.0 | 51 | 3.0 | 2.1 |0.8|0.6|0.4|05]0.3|0.0
Kirsehir 0.0/0.0(0.0(00]0.0| 03 | 24 | 88 |13.8|16.3|17.0|11.1| 8.8 | 8.0 | 54 |31|23|1.0(0.7]0.4|06
Kocaeli 0.9]00(0.0(00]21(106|175]19.3|17.9|11.4| 9.0 | 46 | 2.7 | 1.4 | 15 |0.4|04]0.2|0.1]0.0|0.0
Konya 0.0/0.0/00]0.0/0.0| 0.6 | 3.6 | 9.3 |12.0|15.9|15.6|12.9| 9.7 | 7.9 | 41 |35|2.1|1.6|05|0.0]0.7
Kiitahya 0.0/0.0]0.0(00]0.0| 03 | 3.0 | 6.0 |11.4|16.0|17.2|148| 8.7 | 6.9 | 5.1 |2.9|2.4|21(1.1|0.9 1.2
Malatya 0.0/0.0]0.0(00]0.0| 0.1 | 1.4 | 49 |11.2|14.7|16.1|12.8|10.7| 7.0 | 6.8 |3.1|3.4|1.9|1.9]|0.9 2.2
Manisa 0.3/0.0/00]0.0|05| 7.8 |13.6|19.5|20.5|11.6| 9.9 | 7.0 | 5.2 | 1.6 | 0.5 |0.8|0.3|0.4|0.1]0.0|0.4
Mardin 0.2]00(0.0(00]0.4| 43 |13.1]16.2|205|14.2|120| 7.3 | 5.0 | 25 | 1.3 |1.7]05]0.4(02]0.2(0.0
Mersin 0.1]00(0.0(00]0.3| 32 |106|16.2|17.6|16:6|12.7| 9.2 | 5.0 | 3.0 | 23 |1.3]06|0.3|04]0.3(03
Mugla 21/0.0(00]0.042(132|20.8|22.7|143| 8.7 | 5.7 | 40 | 15 | 1.2 | 0.8 [0.4]0.3]0.1|0.0]0.0]0.0
Mus 0.0/0.0/00]0.0/0.0]| 0.0 | 0.1 | 0.9 | 55 | 7.3 |13.1|14.4|13.6|10.4| 8.8 |65|54|4.3|29|2.4|44
Nevsehir 0.0/0.0/00]0.0/0.0| 03 |32 |65 |13.4|16.4|17.3|10.4|101| 6.7 | 49 [32|2.7|1.1|10]0.9| L9
Nigde 0.0/0.0/00]0.0/0.0| 0.0 | 1.0 | 40 | 7.5 |11.6|14.6 | 13.6 |13.0 | 11.1| 7.7 |52|3.9]2.2|1.1]06]2.9
Ordu 0.0/0.0/00]0.0|0.0| 1.0 | 43 |105|13.8|15.6|14.3|12.6| 85 | 5.8 | 45 [3.1|1.9|1.7|10]0.7]0.7
Osmaniye 0.9/0.0(00]0.0|20]| 9.8 |221|20.8|15.0|11.4| 7.7 | 41 | 21 | 1.3 | 1.3 [0.6]02]0.4(02]0.0]0.1
Rize 0.0/0.0(00]0.0/0.0| 01|03 |23 |52 |104|143|13.7|11.9|11.1|10.5|5.1|53|24|16|2.1|3.7
Sakarya 0.3/0.0(00]0.0|0.7| 54 [13.3|185|19.5|153|10.0| 5.7 | 48 | 28 | 1.4 [06]1.0{0.2(03|0.1]0.1
Samsun 0.0/0.0(00]0.0|04| 29 | 83 |150|17.7|16.8|13.1| 8.2 | 59 | 43 | 2.6 |1.8|1.1|0.4|05|0.7|0.3
Sanlurfa 0.3/0.0(00]0.0|10| 6.3 |17.4|18.7|19.2|146| 85 | 53 | 32 | 21 | 1.3 [0.7]05]05|0.1]0.0]0.3
Siirt 0.0/0.0(00]0.0/0.0| 0.7 | 30 | 75 |13.3|16.6 |14.1|11.5|10.8| 7.6 | 5.3 |2.9|2.3|1.1|0.6|0.9| 18
Sinop 0.0/0.0(00]0.0|00| 11 | 56 |13.9|17.0|16.3|12.7|12.2| 7.0 | 48 | 41 |1.9]1.1|0.8|0.7]02|0.6
Sivas 0.0/0.0(00]0.0/0.0| 00 |02 | 14 |42 [101|120|14.1|11.8|11.4| 8.3 |83|56|4.2|2.4|2.0|4.0
Sirnak 0.0/0.0(00]0.0|0.0| 05 | 2.8 | 8.9 |13.3|16.6|16.3|13.0| 85 | 6.7 | 5.3 |3.0|1.3|1.5(0.7]05| 1.1
Tekirdag 0.5/0.0(00]0.0|12|10.9|18.7|195|17.9|10.6| 9.0 | 5.4 | 3.0 | 1.6 | 0.7 [05]0.1]0.0|02]0.0]0.2
Tokat 0.0/0.0(00]0.0|00| 02 | 13 | 5.7 |105|14.0|14.9|14.4|11.4| 7.9 | 6.8 |43|36|1.4(08|1.0| 18
Trabzon 0.0/0.0(00]0.0|00| 02 | 1.8 |53 | 9.7 [13.9|16.7|15.2|11.6| 65 | 65 |3.4]2.9]2.0|1.8|08| 1.7
Tunceli 0.0/0.0(00]0.0/0.0| 0.0 | 0.4 | 29 | 6.3 [122|13.9|13.6|11.6| 9.8 | 8.0 |63|51]29|1.7|16|3.7
Usak 0.0/0.0(00]0.0|01| 1.9 | 7.4 |13.8|17.9|16.3|123| 9.4 | 7.3 | 3.8 | 3.2 |23]1.6]/0.9|0.7]03]0.8
Van 0.0/0.0/00]0.0/0.0| 0.0 | 0.0 | 06|12 |42 |75 |11.3|134|123|10.6|8.4|89|5.7|3.1]3.7|9.1
Yalova 10]0.0/0.0]00|3.7|138|19.3|21.8|14.3|105| 6.7 | 53 | 1.2 | 0.7 | 0.6 |0.4|03]0.0]0.2(0.0]02
Yozgat 0.0/0.0(00]0.0|00| 02 | 1.8 | 6.1 |10.4|13.4|152|15.7|102| 8.4 | 6.2 |3.6|3.1|1.7|14]08|18
Zonguldak 0.3/0.0(00]0.0|02| 45 [126|159|18.2|16.0|122| 81 | 44 | 24 | 25 |1.0]05]0.4(04]0.1]0.3
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Abstract: This work is an effort to investigate the thermal performance of a V-Corrugated Solar Air Heater (SAH),
which is intended for supplying heating to an office space having a floor area of 84 m?. Thermal performance
investigation has been carried out both theoretically and experimentally. V-Corrugated SAHs have not been
investigated for space heating in offices, hence this study aims to contribute by proposing and promoting them for this
purpose. The load of the office space has been evaluated by the Energy Plus building simulation program as 4546 W.
Thermal performance of the SAH is investigated by solving the governing equations with developed MATLAB code
and concurrently by carrying out real-time monitoring of the operating parameters (e.g. component temperatures, air
speed, etc.) of the SAH. It is aimed to obtain the temperature of each component of the SAH, useful heat output, thermal
efficiency, number of SAHs and the corresponding area that is necessary to meet the heating load. It is found that 9
SAHs with 16 m? are required to supply the target load for the experimental case and 6 SAHs with 10 m? for the
theoretical case.

Keywords: V-Corrugated solar air heater, Thermal performance, Heating load simulation, Energy Plus

V-KAT LEVHALI GUNES ENERJILI HAVA ISITICISININ ORTAM ISITMASI iCIN
TEORIK VE DENEYSEL INCELEMESI

Ozet: Bu galisma, 84 m? alana sahip bir ofise 1sitma saglamak igin tasarlanan V-Kat levhali giines enerjili hava
isiticisin 1s1l performansini incelemektedir. Hava 1siticisinin 1s11 performans: hem teorik hem de deneysel olarak
incelenmistir. V-Kat levhal giines enerjili hava 1siticilart daha 6nce ofislere 1sitma saglamak igin ¢aligilmamstir.
Dolayisiyla bu galisma bu sistemleri bu amag igin inceleyerek literatiire katki sunmayr hedeflemektedir. Ofisin 1sitma
yiikii, Energy Plus bina simiilasyon yazilimi ile 4546 W olarak hesaplanmigtir. Hava 1siticisinin 1s1l performansi, hava
wsiticist enerji denklemlerinin gelistirilen MATLAB kodu kullanilarak ¢oziilmesi ile ve ayni zamanda hava 1siticist
isletme degiskenlerinin (6rn. bilesen sicakliklari, hava hiz1 vb.) 6lgiilmesi ile incelenmistir. Hava 1siticisimin her bir
bileseninin sicakligi, faydali 1s1 tiretimi, 1s1l verim, 1sitma yiikiinii karsilamak igin gerekli olan hava 1siticisi sayisi ve
karsilik gelen alanm elde edilmesi amaglanmaktadir. Deneysel incelemenin sonucunda 1sitma yiikiinii karsilamak igin
16 m? lik 9 adet hava isiticisi gerekirken, teorik incelemede yiikii karsilamak i¢in10 m? lik 6 adet hava isiticisiin gerekli
oldugu sonucu ortaya ¢ikmistir.

Anahtar Kelimler: V-Kat levhal giines enerjili hava isiticisi, Isil performans, Isitma yiikii simiilasyonu, Energy Plus

NOMENCLATURE A2 Cross-sectional area-lower channel [m?]
Cp Specific heat of air [J/kg.K]

Aa Absorber surface area [m?] Dh Hydraulic diameter [m]

Ah SAH Area [m?] G Solar irradiance [W/m?]

Al Cross-sectional area-upper channel [m?] H Thickness [m]


mailto:murat.ozdenefe@emu.edu.tr

h Heat transfer coefficient [W/m? .K] INTRODUCTION

k Thermal conductivity [W/m .K]

L Length of SAH [m] Solar energy collectors are devices that convert solar
m mass flow rate [kg/s] radiation to useful thermal energy by absorbing the
N Number of SAH incident radiation, transforming it to heat, and
Nu Nusselt number [=hL/K] transferring the heat to the working fluid (water, oil, air,
Pr Prandtl number etc.). Solar air heaters (SAHSs) are solar energy collectors
Qu Total useful heat [W] employing air as the working fluid. Unlike solar water
Qnyg Heating load of the office space [W] heaters (working fluid is water) where the conduits are
qul Useful heat from upper channel [W] pipes, SAHs utilize ducts for transporting the working
qu2 Useful heat from lower channel [W] fluid i.e., air (Duffie John A. et al., 2020; Kalogirou,
R Back elements resistance [m.K/W] 2004).

Ra Rayleigh number [=gBPr(T1-T2)L3A?]

Re Reynolds number [=VpD/u] A generic SAH consists of a transparent cover system, an
T Temperature [K] absorber plate, and insulated air ducts/channels. The
\ Velocity/Wind speed [m/s] cover system is at the top, whereas the absorber plate

Greek letters

commonly is above the air ducts/channels. A portion of
the incident radiation on the cover system is transmitted
and falls on the absorber plate where it is absorbed. The

o Absorptance remaining on the other hand is reflected. The air which
T Transmittance flows either naturally by buoyancy force (passive SAH)
o Stefan Boltzmann constant [W/m?. K*] or by an external force (active SAH with a fan) exchanges
B Thermal expansion coefficient [1/K] heat with the absorber plate by convection and can be
€ Emissivity used for different purposes such as space heating or
v Dynamic viscosity [m?/s] drying of crops. Thermal performance of SAHs depends
0 Tilt angle [°] on many variables such as dimensions of SAH, absorber
n Thermal efficiency plate type and material, amount of solar radiation, the
u Dynamic viscosity [kg/m-s] geometry of the air ducts and the amount of air flow, etc.
p Density [kg/m®]

Motivation
Subscripts:

Although SAHs are simple and cheap, their real-life
1 Upper channel applications for space heating are not very common.
2 Lower channel Indeed, they possess a vast potential for space heating in
a Ambient air locations with moderate climates having abundant solar
ap Absorber plate radiation. For instance, the Mediterranean region could
bp/b Back plate be ideal for employing SAHSs for space heating.
c Convection
Exp Experimental Buildings are responsible for one-third of the world’s end
fl Air flow in upper channel use energy consumption. This makes them the second
2 Air flow in lower channel largest energy-consuming sector after industrial sector.
gl Upper glass cover They also account for 30% of global CO, emissions.
g2 Lower glass cover Within the buildings, space heating end-use has the
i&o Inlet & Outlet largest contribution to CO, emissions accounting for
ins Insulation 60% (International Energy Agency, 2021).
pc Protective cover
r Radiation It is apparent, that renewable technologies if employed
S Sky for space heating can have an appreciable effect on end-
Sim Simulation use energy reduction and CO, mitigation. SAHs which
w wind currently have no widespread real-life applications can
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be considered one of those renewable technologies which
are simple and inexpensive that can have a considerable



effect on reducing energy consumption and CO;
emissions, particularly in locations where the climate is
mild.

North Cyprus is an ideal place to be considered for space
heating with SAHSs, since the island has mild weather
(Mediterranean Climate) with a yearly average
temperature of 19 °C and average daily solar radiation of
17.5 MJ/m? (4.86 kWh/m?) through the year. During
winter the coldest month is January with daytime
temperatures in the range of 9-12 °C and daily mean solar
radiation of 9.0 MJ/m? (2.50 kWh/m?) (North Cyprus
Meteorological Office, 2022).

Commercial buildings in North Cyprus accounted for
36% of the total electricity consumption in 2021 (kib-tek,
2021). These buildings are mainly offices, and they
heavily rely on electricity-powered heat pumps for space
heating during winter. Considering that electricity
production in North Cyprus relies on fuel oil-driven
power plants, facilitating the real-life applications of
SAHs for space heating would have a significant impact
on reducing energy and greenhouse gas emissions.

Hence, the principal motivation of the current work is to
propose and promote the SAHSs, particularly the V-
Corrugated absorber plate type, through investigating its
thermal performance for office heating applications
under North Cyprus weather conditions.

Literature Review

There has been extensive research on the SAHSs.
Numerous models have been developed for examining
their performance and many configurations have been
tested for different applications some of which are
presented below.

Yildirnnm and Solmus (2014) numerically investigated a
double glass double pass SAH. The authors aimed to find
the duct depth and air flow rate that would give the
maximum thermohydraulic efficiency. They revealed
that the maximum thermohydraulic efficiency occurred
as 67% with a duct depth of 4 cm and an air flow rate of
0.11 kg/s. The authors also found that the daily mean
thermal efficiency of the SAH decreases with increasing
air duct depth.

Al-Kayiem and Yassen (2015) compared the
theoretically evaluated Nusselt numbers (Nu) with those
obtained experimentally for a flat plate glass covered
SAH for different tilt angles under natural convection
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conditions. The authors found that some theoretical
models overestimate, whereas some others underestimate
the Nu. They also revealed that the optimum tilt angle is
about 50° for obtaining the highest Nusselt number.

Bayrak and Oztop (2015) experimentally tested flat plate
SAHs which are incorporated with Aluminum foam
obstacles with different arrangements. The authors
revealed that the SAH with 6 mm thick Aluminum foam
obstacles having staggered arrangement has the highest
efficiency as 77%.

Gawande et al. (2016) investigated the effect of L-shaped
roughness elements which are introduced reversely on
the absorber plate of a SAH. The authors performed CFD
simulations (with ANSYS Fluent) and compared their
results with experimental measurements. They found that
introducing the roughness elements substantially affects
the heat transfer characteristics. They also revealed that
optimum heat transfer enhancement is with a thermo-
hydraulic performance parameter of 1.90 and the CFD
simulations are agreeing with experimental results.

Gilani et al. (2017) experimentally examined the Nu
number enhancement of natural convection SAHs by
installing conical-shaped turbulators. The authors
observed that the staggered arranged turbulators with a
height of 4 mm and a pitch of 16 mm increased the Nu
number the most.

Gao et al. (2000) solved the governing equations
(continuity, momentum and energy) in order to
investigate the parameters effecting natural convection in
a sine wave absorber plate cross corrugated SAH. They
found that the channel height to the amplitude of the sine
wave shaped absorber plate ratio and one-fourth of the
sine wave shaped absorber plate wavelength to the
amplitude of the sine wave shaped absorber plate should
be greater than 2 and 1 respectively, whereas the tilt angle
should be less than 40° to suppress the natural convection
heat loss.

El-Sebaii et al. (2011) theoretically and experimentally
investigated the double-pass finned-absorber plate and
double-pass V-Corrugated absorber plate SAHs. The
authors observed that the double-pass V-Corrugated
absorber plate SAH exit air temperature and efficiency
are 2.1-9.7% and 9.3-11.9% greater than the double-pass
finned-absorber plate SAH’s exit air temperature and
efficiency. The authors also found that both solar air
heater’s efficiencies are increasing up to a mass flow rate



of 0.04 kg/s which beyond this value efficiency
enhancement is insignificant.

Kumar A. et al. (2022) proposed a novel counter flow
curved double-pass solar air heater (DPSAH). The
authors performed CFD analysis and experimentally
validate their results with those available in the literature.
They also compared the results of smooth curved single
pass, smooth curved parallel double-pass, smooth curved
counter double-pass, roughened curved parallel double-
pass, and roughened curved counter double-pass. The
authors found that roughened curved counter double-pass
has the best performance with a maximum of 23%
increase in the thermal performance.

In another study, Jain and Jain (2004) investigated the
performance of a multi-pass flat absorber plate SAH
having a granite storage material attached to the back of
the absorber plate which is intended for drying paddy
crops. The authors solved the energy equations and
calculated the temperatures of the air at different
locations in the SAH as well as the paddy grain
temperature. They have found that increasing the SAH
length and breadth increases paddy grain temperature.

Another experimental drying application (for roselle) of
a SAH is examined by Kareem et al. (2017) The authors
investigated the drying performance of a multi-pass flat
plate SAH integrated with granite for heat storage. Their
design achieved a drying rate of 33.57 g (kg m?h)* with
an efficiency of 64%. The systems’ techno-economic
appraisal resulted in a payback period of 2.14 years.

A more recent work regarding the use of the SAHs as a
dryer is done by Cifi¢i et al. (2021) The authors
developed a vertical photovoltaic thermal (PVT) solar
dryer and performed numerical and experimental
investigation (for drying mint). They considered the
system with and without fins. The authors revealed that
the thermal efficiency of the system without fins and with
fins could be as high as 54.86% and 58.16% respectively.
They also found that waste exergy ratios of the system
without fins and with fins are in the ranges of 0.47-0.58
and 0.43-0.56 respectively.

Fan et al. (2017) developed a dynamic model for a hybrid
photovoltaic thermal collector solar air heater (PVT-
SAH) which is equipped with longitudinal fins for
evaluating system performance. The authors validated
their model with an experimental study under real-life
conditions. They measured the temperatures of the
system components at various points and compared them
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with those evaluated with the model and found that the
root-mean-square deviation ranges from 0.3 to 1.3 °C.

In another study, Fan et al. (2019a) designed a model for
a PV thermal solar air heater (PVT-SAH) system
integrated with heat pipes whose SAH portion is a double
pass type with longitudinal fins. The system is intended
to generate high-temperature air. The authors evaluated
the thermal efficiency of the proposed system as 69.2%
and payback time in the range of 5.7 and 16.8 years (Fan
et al.,, 2019a).

In a study subsequent to aforementioned one, Fan et al
(2019b) employed the PVT-SAH for the regeneration
process of a desiccant cooling system. The authors
applied the developed system to a commercial building
having offices for cooling which is in a hot and humid
climate. The authors found that the COP of the system
can be as high as 19.8 and a minimum area of 0.35 m?
PVT-SAH is necessary per m? of the conditioned floor
area to go above the typical COPs (2.6-3.0).

Agathokleous et al. (2019) developed a dynamic
simulation model which was implemented through
MATLAB for simulating the energy performance of
building integrated, vertically installed multi-pass
serpentine type flat plate SAH. The authors also
investigated the thermal comfort of the occupants and
performed an economic analysis of the system. The
authors tested the prototype of the SAH and performed
simulations of the proposed system for an office building
with a 200 m? floor area for three different locations. The
authors found that space heating savings could be as
much as 3.4 MWhly.

Prakash et al. (2022) investigated the energy and exergy
performance of double pass hybrid SAH with sensible
heat storage material (Metco and aluminum scrap
mixture) which was placed underneath the backplate of
the system. The authors tested the system for three
different operation modes: natural convection mode,
forced convection mode, and forced convection mode
with a reflector. The forced convection mode with a
reflector performed best with energy and exergy
efficiencies of 86.19% and 17.617% respectively. The
authors concluded that the system is suitable for space
heating, desalination, drying, and other industrial and
domestic applications.



Research Gap and Contribution of the Current Work

Although there has been broad research on SAHSs,
notable real-life applications of these systems to offices
for space heating and performance testing are very few.
It has been presented in the literature review that Fan et
al. (2019b) and Agathokleous et al. (2019) developed,
tested, and considered SAHSs for offices. However, the
system developed by Fan et al. is for producing heated air
which is intended to be used in the regeneration process
of a desiccant cooling system that supplies cooling to a
commercial building. The work done by Agathokleous et
al. on the other hand is intended for office heating, though
the SAHs are building integrated, vertically installed and
are multi-pass serpentine type.

To the best knowledge of the authors, real-life
performance testing and application of a V-Corrugated
SAH for space heating of offices do not exist. Hence, the
current study will contribute to the literature by filling
this gap. The objectives of the work can be summarized
as (1) to evaluate the heating load of the selected office,
(2) to model the V-Corrugated SAH for evaluating
component temperatures, useful heat, efficiency, and
area required to cover the load, (3) to experimentally test
the SAH and compare the theoretical results with the test
results.

Structure of the Paper

This work comprises five sections: Introduction,
Methodology, Results & Discussion, Uncertainty
Analysis and Conclusion. The Introduction section
involves the motivation for the study, a review of the
state of art of SAHSs, and the contribution of the current
work to the literature. The Methodology section
elaborates on the materials and methods that are followed
to realize the objectives of the study. First, the office
space in consideration is described and subsequently its
load evaluation is explained. Then the mathematical
model of the V-Corrugated SAH is presented. Lastly
Experimental procedure is elaborated. Results of the
theoretical and experimental approach are presented and
discussed in the Results & Discussion section. A brief
uncertainty analysis is performed under the Uncertainty
Analysis section. The Conclusion section at the end
presents the principal findings of the study and
concluding remarks.
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METHODOLOGY

In this study, previously manufactured V-Corrugated
SAH (Sahebari et al., 2013) is retrofitted and installed to
supply heat to an office space (Alteer, 2017). It is
intended to evaluate the required number and area of
SAHs that will cover the heating demand for a typical
winter day. The performance of the system is
investigated theoretically (through the solution of the
mathematical model of the SAH by developed MATLAB
code) and experimentally and the results are compared.
Energy Plus software is utilized to estimate the heating
load of the office space which is necessary for evaluating
the required number and area of SAH.

The SAH employed in this study is a type with two glass
covers and an absorber plate that is in V-Corrugated
shape. The air flows through the series of channels
having equilateral cross-section areas that are formed by
the V-Corrugated absorber plate and the lover glass
cover/back plate. Figure 1 illustrates the cross-section
and the main components of the V-Corrugated SAH that
is considered in this study. The principal advantages of
the V corrugations are the increase in the absorber plate
area and the enhancement of the convection heat transfer
coefficient due to the corrugated shape which also
positively affects the radiative characteristics of the
absorber plate (Sparrow and Lin, 1962).

V-Corrugated
absorber plate

glass cover 2
glass cover 1.-\\

upper channel

lower channel

\- wooden box

insulation
back plate

Figure 1. Cross section and the main components of the V-
Corrugated SAH.

This work involves three principal segments: 1- load
evaluation of the office space, 2- mathematical modelling
and theoretical investigation of the SAH and 3-
experimental investigation of the SAH.

The load of the office space is evaluated by Energy Plus
program whereas the mathematical model of the SAH
(energy balance equations of each component of SAH) is
solved by the MATLAB program for associated



temperatures and useful heat output. Theoretically
evaluated useful heat output (from MATLAB) is used
together with the load of the office space to find the
number of SAHs and area that are necessary to meet the
heating demand of the space during a typical winter day.
The SAH is also investigated experimentally.
Temperature measurements of the SAH components
together with the environmental variables (ambient
temperature, solar radiation, and wind speed) have been
taken and used to evaluate the actual useful heat output
from the SAH.

The outputs of the MATLAB program have been
compared with the experimental results to reveal the
difference between the actual and model performance of
the SAH. The methodology which has been followed in
this work is schematically illustrated in Figure 2.
Experimentation

Load evaluation _ Math. modelling

Heat balance egns. || S4H components’ Ts

and ambient conditions
[ ] ’ I

P
-

1 i
MATLAB simulation|

Building modell

!

Analvtical calculations

F %
=

l comparison l
T* Ty T

g ¢

required # of SAHs required# of SAHs
(experimental)

(theoretical)

Htg. Load

Figure 2. Methodology (*: SAH components’ temperatures,
**: Useful energy output from SAH).

Load Evaluation

The Energy Plus program is the tool employed for
evaluating the heating load of the office space. The
program is a dynamic energy and load simulation engine
which is for energy appraisal and heating/cooling load
calculations of buildings. It has been developed by the
US Department of Energy and comes with components
for constructing input files (IDF editor) and running
processes (EP-launch). Energy Plus is made up from
various modules which are designed for modeling and
simulating applications such as pumping power
calculations, conduction heat transfer evaluations
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through  building fabric, heating/cooling  coil
computations, etc. In addition to the
modelling/simulation modules, there are other files and
auxiliary programs that can be fed to and embedded into
Energy Plus such as weather data files, example files
generator and 3D ground heat transfer tool that enable a
proper building energy simulation (U.S. Department of
Energy, 2016a; 2016b; 2016c).

The office space that is intended to be served by the SAH
is the Mechanical Engineering Department chairperson’s
office located at the top floor of the Mechanical
Engineering Department building at the Eastern
Mediterranean University campus in North Cyprus,
Famagusta. The office space has a floor area of 84 m? and
is made up from the construction materials that are
widely used in North Cyprus. Figure 3 presents the plan
of the office space, whereas Figure 4 shows the 3D model
of the office space generated and to be exported to the
Energy Plus program. The construction materials’
properties that are entered into the program are given in
Table 1 (ASHRAE, 2017; CIBSE, 2015; Turkish
Standards Institute, 2008).

Indoor air temperature of 20°C is assumed for the space,
whereas the outdoor conditions of the city of Larnaca
(Lat. 34.9° Lon. 33.6°) are employed for the load
calculations since Famagusta’s weather data does not
exist in the Energy Plus. The meteorological conditions
of Famagusta and Larnaca are very similar as two
locations lie on the cost only about 50 km away from each
other and have almost identical geographical features.
The outdoor design temperature is 3.8°C.
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Figure 3. Office space to be served by SAH.



Table 1. Properties of the construction materials (ASHRAE,
2017; CIBSE, 2015; Turkish Standards Institute, 2008).

Struct. | Material & | k p Cp
thickness (Wim.K) | (kg/m®) | (J/kg.K)

Walls | Cement 14 2100 650
25¢cm
Brick 04 700 840
25 cm
Cement 14 2100 650
2.5cm

Floor | Marble 29 2750 840
2cm
Screed 1.5 | 1.4 2100 650
cm
RC 2.1 2400 840
20 cm
Cement 14 2100 650
2.5cm

Roof | Screed 14 2100 650
5cm
RC 2.1 2400 840
20 cm
Cement 14 2100 650
2.5cm

Doors | Hardwood | 0.17 700 1880

Windows’ U values are 3.2 W/m2.K

RC: reinforced concrete

Figure 4. 3D model of the office space that is exported to
Energy Plus for load evaluation.

Mathematical Model

As emphasized in the preceding sections it is intended to
estimate the number and area of SAHSs that is necessary
to supply the amount of heat required to cover the load of
the office space during a typical winter design day. To do
that useful heat (Qu) output from the SAH is to be
evaluated theoretically. Q. can be evaluated by
multiplying the capacity rate of the air (mass flow rate
times the specific heat of the air) with the inlet-outlet air

temperature difference through the SAH. Specific heat of
air is known, and a mass flow rate can be set. However,
the outlet air temperature of the SAH should be
evaluated. This requires the calculation of temperatures
of each constituent (e.g., glass, absorber plate, air layer,
etc.) of the SAH. Associated temperatures of the SAH are
obtained by deriving the energy balance equations
(algebraic equations) for each component separately and
forming a matrix to be solved for each component’s as
well as air layers’ temperature simultaneously.

The components of the SAH are two flat transparent
glasses i.e., glass 1 and glass 2, a V-Corrugated absorber
plate, a flat back plate, and back elements (insulation,
back wood, and galvanized steel protective cover). The
list of these components from top to down and their
dimensions are given in Table 2. The cross-section of the
SAH is as shown in Figure 1 and the side and top views
are as in Figure 5.

Table 2. SAH components and dimensions (from top to
down).

Component Material Dimensions
Transparent Glass 94 cm x 194 cm
cover 1 &2 0.4 cm thick
V- Corrug. Galvanized steel | Corrug. angle
absorber plate | dyed in black 60° 0.2 cm thick
Back plate Galvanized steel | 97 cm x 197 cm
0.2 cm thick
Back Polystyrene 97 cm x 197 cm
insulation 2 cm thick
Back wood Balsa wood 100 cm x 200 cm
4 cm thick
Protective Galvanized steel | 100 cm x 200 cm
cover 0.2 cm thick

Figure 5. Side and top view of the SAH.

The equations of energy balance are constructed based on
the thermal resistance network of the SAH which is



shown in Figure 6. Heat loss from the first cover occurs
via forced convection (due to wind) and radiation to the
ambient air and sky respectively. Thus, between the first
cover and ambient air, there is forced convection
resistance and there exists radiation resistance between
the first cover and the sky. These two resistances are
parallel to each other. Natural convection and radiation
heat exchange take place across the second and first
cover resulting in natural convection and radiation
resistances in parallel. The absorbed radiation by the V-
Corrugated absorber plate is distributed to the second
glass cover and bottom plate by radiation and to the air
flows in the upper and lower channels via forced
convection. In addition, the flowing air in the upper and
lower channels loses heat to the second glass cover and
back plate respectively by forced convection. This results
in a series of forced convection resistances connected to
radiation resistance in parallel in the upper and lower
channels. There exists heat loss across the back of the
SAH which is via conduction through the back elements
and convection from the outer surface. These are
represented by a single resistance. The mathematical
model of the SAH is based on the following assumptions
(Lin et al., 2006; Liu et al., 2007):

Steady-state conditions prevail
Heat flow through the back elements is 1D
The thermal inertia of SAH components is

neglected
e Both air channels are free of leakage
e During operation, temperatures of each

component are uniform

The sky is considered as a blackbody for long
wavelength radiation at an equivalent sky
temperature

Heat loss through the front and back side of the
collector is to the same ambient temperature

The shading generated by the V-Corrugated
absorber plate, dirt, and dust on the glass covers
are negligible

Air temperature varies in the heat flux direction
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Ta .. Ambient temperature

_____________________ Upper glass cover
temperature

=T, Lower glass cover
temperature

Useful heat output from
-G
upper channel

V-corrugated absorber plate
temperature

Useful heat output from

q
lower channel -

Back absorber plate
temperature

weeeeeeeo...Ambient temperature

Figure 6. Thermal resistance network of the SAH.

The reasonings for the principal assumptions given above
are elaborated as follows:

The mathematical model will be solved for each
unknown parameter once at a time (once per hour) hence,
assuming steady state is sufficient for the current study.
In addition, the results would be presented hourly and
within an hour in solar air heater applications, conditions
can be presumed to be time-invariant. Since the
considered SAH’s back elements width (about 1 m) and
length (about 2 m) are very large relative to the other
dimension (thickness is about 0.062 m) and because the
side wall areas of the SAH are very small it is reasonable
to consider 1D heat transfer through the back elements.
The thicknesses of the SAH components are very small
(the thickest is the back wood with 0.04 m) hence the
thermal storage of the components is neglected. Since the
SAH’s top and the bottom side is exposed to the same
environment it is sufficient to assume that heat loss will
be to the same temperature.

Equations (1) to (6) present energy balance equations for
upper glass cover, lower glass cover, air in the upper
channel, V-Corrugated absorber plate, air in the lower
channel and back plate respectively (for description of
abbreviations see the Symbols section) (Hedayatizadeh
et al., 2016; Lin et al., 2006; Liu et al., 2007):

agl GAh + (hr,gz—gl + hc,gz—gl)(ng
= hw(Tgl = Ta)An
+ hr,gl—s(Tgl —T)A

- Tgl)Ah

¢))



Tg1€g2GAn + iy ap-ga (Tap — Tiz) Aa
+ hc,fl—gz (Tfl - TgZ)Ah

hr,ap—bp (Tap - pr) + hc,fZ—bp (sz - pr)

6
= hb(pr - Ta) ( )

2)
= (hy2g1 +hegpps ) (Ta ¢ o .
( T":’: g1 7 Tegz-gl )( &2 Each of the above equations is arranged in the general
£1)4n form of the equation (7) where A, B, C, D, E, and F are
factors in terms of convection and radiation coefficients,
heap-£1 (Tap - Tfl)Aa SAH and absorber plate area as well as air’s capacity rate.
= Gur + her1-g2(Ter ?) Those equations can be written in the matrix
—Tg2)Ap multiplication form as [A]X[T]=[B]. [A] is a matrix that
is made up from the coefficients of the temperatures of
To1T20apGAg = Ry ap_g2 (Tap _ ng) A, '_[he elements (glass 1,_g|ass 2 alr_, etc.) of the SAH. [T]
n T 7 \a is the column matrix which is made up from the
+ C-al’—fl( ap — fl) a 4 temperature values of the elements of the SAH. [B] is
+ heap-t2 (Ta,, - sz)Aa ) also a column matrix that is formulated by using the heat
+ hy pa-bp(Tap — Top)Aa transfer coefficients, environmental parameters, and
thermophysical properties of the elements. The resulting
heap-£2 (Tap _ TfZ)Aa matrix multiplication form is shown in Figure 7.
= Qua
h (T _r )A ®) TyrA + TyaB + Tpy € + TppD + Ty E @
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0 - (e £1-ga)An heap—£1 Ap+ey+hesy—gaAn -(hcap-t)ha 0 0 Ty
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(g1 Tgztap GAn)

(rhcpT,)

(hyTop)

Figure 7. Matrix multiplication form of the energy balance equations.

Heat transfer coefficients associated with the SAH are
elaborated below (Duffie et al., 2020; Hedayatizadeh et
al., 2016; Lin et al., 2006; Liu et al., 2007).

Convection heat transfer coefficient between the glass
cover 1 (upper glass cover) and the wind as well as
radiation heat transfer coefficient between the glass
cover 1 and sky is as follows (Duffie et al., 2020):

(®)
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hygios = 081 (Tyy + T)(TH +T7) ©)
The sky temperature (Ts) can be calculated by the
expression given below (Hedayatizadeh et al., 2016):
T,=T,—6 (10)
Natural convection and radiation heat transfer

coefficients across glass cover 1 and glass cover 2 are
expressed as (Duffie et al., 2020):



k 11

hc,gz—gl b Nugl—gz Z ( )
2 2

. (T2 +T3) Ty + Tyz) 12

1,.82—g1 = 1 1 _
fea* e

where Nug.g is the Nusselt number across the covers.
Since the tilt angle of the SAH in the current work is 45°,
the following equation applies to the Nusselt number.
Note that the * indicates that only positive values in the
brackets will be used (Duffie et al., 2020).

1708 ]* 1
Ra.cos @

1708(sin 1.8.9)1¢ (Ra.cos 9)% *
5830

Nitgi_g, = 1+1441-

g1-g

(13)

Ra.cos 0

Forced convection heat transfer coefficient between the
air in the upper channel and the V-Corrugated absorber
plate as well as the radiation heat transfer coefficient
across the V-Corrugated absorber plate and the glass

cover 2 (lower glass cover) is given below
(Hedayatizadeh et al., 2016):
key
hc,ap—fl - Nuap—fl D_ (14)
h
2 2
ety (12, +T2%) (Tup + Ty2) 5)

h =
r.ap—g2 _
Ego T Eap — Eqp€e2

NUgp1 is the Nusselt number in the upper channel and is
given in the following equation. In the present work the
Reynolds number (Re) of the flow in the upper channel
is 8200 (2800 <Re=8208< 10000) hence the flow is
transitional flow. Thus, the expression given below is
for a transitional flow regime (Liu et al., 2007).

H
Nugp_g; = 1.9 X 107Re;7° + 22571 (16)

The forced convection heat transfer coefficient between
the air in the lower channel and the back plate as well as
the radiation heat transfer coefficient across the V-
Corrugated absorber plate and the back plate are
analogous to equation 14 and 15.

In the preceding equations where properties of air i.e.,
density, thermal conductivity, and dynamic viscosity,
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are necessary and following expressions can be used
respectively (Lin et al., 2006):

p =3.9147 — 0.016082T; + 2.9013
x 107577 — 1.9407 x 1078

17
XT3 17)
k = (0.0015215 + 0.097459T; — 3.3322
x 1075T%) x 1073 (18)
@ = (1.6157 + 0.06523T; — 3.0297 (19)

x 10757%)10°¢

The overall heat transfer coefficient of the back
elements is calculated by the following equation:

h, = <@ + Hins
kbp kins

A MATLAB code is constructed to calculate the
required number and area of SAH to cover the heating
load of the office space. The code solves the linear heat
balance equations that are expressed in the form of
[AIX[T]=[B] by using the matrix inversion method. It
evaluates the SAH components’ temperatures
simultaneously. Then the code calculates the exit
temperature of the air from the upper and lower channels
(Trio and Tryo) of the SAH by inserting the evaluated
upper and lower channel fluid temperature values (Tn
and Tr,) into the following equations. Note that it has
been assumed that the air temperatures in the channels
are the average of the inlet (ambient air temperature) and
the outlet air temperatures:

Hwood (20)

Hpe i)
kwood kpc hw

Tty = 2Tfl -T, (21)

Ttz0 = 2Tf2 -T, (22)
Subsequently, the code evaluates the useful heat from
the upper and lower air channels, total useful heat from
the SAH and thermal efficiency respectively by the
following equations:

Qu1 = Tf’le (Te1o — To)/2 (23)
Qu2 = Tf”LCp (Te20 — Ta)/2 (24)
Qu = qu1 + qu2 (25)

_Q (26)
n= GA, x 100



Lastly, the number of collectors and total area required
to cover the heating load of the office space are
evaluated by the subsequent expressions:

thg
Qu

N = (27)

Atotar = Ap N (28)
Note that Qng is the heating load of the office space that
is calculated by Energy Plus and required to be inputted
into the MATLAB code. Also, it should be stated that
the thermophysical properties of the SAH and measured
parameters/operating parameters (wind speed, ambient
temperature, global solar radiation, air mass flow rate
through SAH), with assumed initial temperatures of
each component (Tg, T, Ta, Te, Tap, Top) are
introduced into the code to determine all the initial
values of heat transfer coefficients. Accordingly, the
code obtains new temperature values for the new
iteration, and this continues until the preset condition is
satisfied. The flowchart illustrating the workflow of the
MATLAB code is shown in Figure 8.

Table 3 on the other hand presents the thermophysical
properties of the SAH that are entered into the
MATLAB code.
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Setting thermaophysical
properties and operating
parameters of SAH

!

Initizlizing the temperatures
Tan Tozs Trw, Tz, Tapy Teg)

-l
') Y
Computation of the heat
transfer coefficients by
eqns. 8-20

!

Computation of new
temperatures (T, T, T,
Tiz, Tape Tap) from energy
balance eqns. [expressed in
the form of [A]=x[T]=[B]}

I
TrewToe<0.001 7

Computation of Ti., Taa,
Quz, Quze Oy, M, nand &,

!

Stop

Figure 8. Workflow of the MATLAB code.

Table 3: Measured and thermophysical parameters required
for the MATLAB code.

Item: SAH width SAH length | gl to g2
distance

Value: | 0.9 m 1.94m 0.01m

Item: Height of the | Back plate | Insulation

air channels thickness thickness
Value: | 0.1 m 0.002 m 0.02m
Item: Back wood Protective | Back plate
thickness cover k
thickness

Value: | 0.04m 0.002 m 80 W/m.K

ltem: Back wood k | Insulation k | Protective
cover k

Value: | 0.1 W/m.K 0.045 80 W/m.K

W/m.K

Item: Olap og1 & 02 Ty & T2

Value: | 0.9 0.06 0.9

Item: ep & eg €ap & Enp Tilt angle

Value: | 0.9 0.9 45°

Item: Cp air

Value: | 1000 Jkg.K




Experimental Procedure

Comparing the outputs of the MATLAB code for the
various parameters (Tg, Tg, Ti, Tiz, Tap, Top) and the
monitored values of the same parameters is one of the
aims of this work. In this section, the experimental
procedure is explained for monitoring the parameters
that are used for comparison.

Various stages during the manufacturing of the V-
Corrugated SAH (Sahebari et al., 2013) are presented in
Figure 9. As explained in the preceding section main
components of the SAH are: two transparent glass
covers, a V-Corrugated sheet metal absorber plate that
is formed with groove angles of 60°, back absorber
plate, polystyrene insulation, back wood, and protective
cover. Air through the channels of the SAH is mobilized
by an electric fan (type: OBR 200 M-2K) which is
illustrated in Figure 10. The mass flow rate of the air is
set by an electric resistor tool, which controls the input
voltage in the range of 60 — 220 V.

Figure 9. Various stages of SAH manufacturing (Sahebari et
al., 2013).

Figure 10. Motor and fan of the SAH.
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For recording the temperatures of each component of the
SAH, ambient temperature, wind speed and air velocity
from the SAH channels, the handheld data loggers Pasco
Xplore GLX are used. These data loggers can be used
with various sensors e.g., anemometer, temperature
sensors, etc. Anemometer sensor (range: 0.5-29 m/s,
accuracy: + (3% of reading+ 0.2 m/s)) is employed for
wind speed and air velocity measurements, whereas
temperature sensors (range: from -30 °C to 105 °C,
accuracy: 0.5 °C) are used to measure ambient air
temperature and temperatures of the SAH components.
A pyranometer mounted on the SAH (linearity: +0.5%
from 0 to 2800 W/m?) together with a data acquisition
system, Omega OMB-DAQ-3000 is utilized to measure
and log the global solar radiation incident on the SAH.
The data acquisition system is connected to a desktop
computer by a USB wire. The software package of the
Data acquisition system is installed on this computer.
Figure 11 shows the measuring/monitoring equipment

Figure 11. Measuring/monitoring equipment (a: handheld
data logger and temperature sensor, b: anemometer, c:
pyranometer and d: data acquisition system)

The SAH is tested at Famagusta, N. Cyprus (35.1°N and
33.9 °E). The surface azimuth of the collector is set as
0° thus; the collector is towards the south. The tilt angle
of the collector is 45°. Figure 12 and Figure 13
illustrates the schematic and real view of the
experimental setup. The measured wind speed is a
required parameter in the MATLAB code for evaluating
the convection heat transfer coefficient (see equation
(8)) from the top and back of the SAH. Also, global solar
radiation and air mass flow rate measurements are
required parameters in the code for evaluating useful
heat output. Equations (23), (24), (25), and (26) that are
given in the preceding section are used to determine the
useful heat from the upper air channel, the useful heat
from the lower air channel, the total useful heat, and the
thermal efficiency of the SAH experimentally.



Figure 13. View of the experimental setup.

RESULTS AND DISCUSSION

The office space that is intended to be served by the
SAH has been modeled and simulated by Energy Plus
software to calculate the heating load. The simulation
results revealed the space heating load as 4564 W.

To run the MATLAB code for evaluating the useful
heat, thermal efficiency, etc. various
environmental/operational ~ parameters such  as
ambient/inlet air temperature (T,), global solar radiation
(G), wind speed (Vw), and air mass flow rate through the
air duct are required to be inputted. These parameters
have been monitored and recorded on 15" December
throughout the times when the solar radiation is at its
utmost level, from 11:00 until 14:30 for every 5 minutes
(i.e. time step= 5 minutes). The mean of six values is
evaluated for representing every half hour. Figure 14
presents the measured wind speed and global solar
radiation incident on the SAH, whereas Figure 15 shows
the measured ambient/inlet air temperature. The flow
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rate of the air is set according to the motor rpm. The
motor rpm is adjusted to result in an air velocity of 1.8
m/s which gives a flow rate of 0.2 kg/s. With this flow
rate, Reynolds numbers in the upper and lower channels
are 8208 and 7579 respectively corresponding to the
transitional flow regime in both channels.
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Figure 14. Measured wind speed and global solar radiation
incident on SAH.

Inlet Temperature (K)

Figure 15. Measured ambient/inlet air temperature.

The temperature of the SAH elements; upper and lower
glass cover, V-Corrugated absorber plate, and back plate
are shown in Figure 16, Figure 17, Figure 18 and Figure
19 respectively.

When those figures are investigated, it is seen that the
simulation results are having similar trends as the
experimental ones. There is some discrepancy between
the measured and simulated values. In some hours these
discrepancies are very low whereas in some they are in
significant order. The average of the differences of the
simulated and monitored temperatures for upper glass
cover, lower glass cover, V-Corrugated plate, and back
plate are 1.4, 1.6, 2.8 and 2.0 K respectively.
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Figure 16. Upper glass cover temperatures.
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Figure 18. V-Corrugated absorber plate temperatures.
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Figure 19. Back plate temperatures.

Air temperatures in the SAH; air temperature in the
middle of the upper and lower channels as well as the air
temperatures at the exit of the upper and lower channels
are given in Figure 20, Figure 21, Figure 22, and Figure
23 respectively.
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Figure 21. Air temperature at the middle of the lower
channel.
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Figure 22. Air temperature at the exit of the upper channel.
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Figure 23. Air temperature at the exit of the lower channel.

Once the air temperatures at the middle and the exit of
the upper and lower channels obtained from simulations
and measurements are investigated, it is seen that the
simulations and the measurements agree with some
difference, however, the agreement is better than those
for the SAH elements. The average of the differences
between the measured and simulated values are 0.6, 1.3,
2.5, and 1.7 K for the air temperatures at the middle of



the upper channel, at the middle of the lower channel, at
the exit of the upper channel, and at the exit of the lower
channel respectively. The better agreement between the
simulation results and the experimental measurements
for the air temperatures than the SAH element
temperatures is presumably due to the quick response of
the air to the changes resulting in less effective dynamic
behavior. It is expected to have some disagreement
between the simulations and the measured values. First
of all, the mathematical model that the MATLAB code
is based on is not taking the thermal inertia and the
dynamic behavior of the SAH into consideration (see the
assumptions in the Mathematical model section). The
response of the collector elements should be accounted
to obtain more realistic results. In addition, the actual
properties of the SAH components such as glass
emissivity and transmissivity, absorber plate
absorptivity, thermal conductivity, etc. are likely to have
values that are different from those employed for
MATLAB simulations. Although the values for these
properties are found from reliable sources and catalogs,
they may not match precisely with the actual values.
Furthermore, the accuracies of the monitoring
equipment are thought to influence the discrepancies.

Total useful heat output from the SAH and the thermal
efficiency are shown in Figure 24 and Figure 25
respectively. The required number of SAHs and the area
to meet the target heating load evaluated by the
MATLAB code and the experimental analysis are
shown in Table 4. Note that the values are given for
every half hour. Number of SAH and corresponding
area that is necessary to supply the load is taken as the
max. number which resulted in 9 SAHs with 16 m? for
the real case (experimental) and 6 SAHs with 10 m? for
simulations.
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Figure 24. Useful heat from SAH.
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Figure 25. Thermal efficiency of the SAH.

Table 4: Required number of SAHs and area to meet the
target heating load.

Time Hexp #im | Ahexp(M?) | Ahgim(M?)
11:00 8.9 3.8 15.6 6.6
11:30 5.9 3.8 104 6.6
12:00 5.6 3.7 9.8 6.5
12:30 5.9 3.9 10.3 6.8
13:00 6.3 4.4 11.1 7.6
13:30 7.1 4.5 12.4 7.8
14:00 7.8 4.8 13.8 8.4
14:30 8.1 55 14.2 9.7
Max. =9 =6 =16 =~ 10

UNCERTAINTY ANALYSIS

Comparison of the obtained results by simulations and
measurements revealed that, there are discrepancies
between them. As stated in the preceding section one of
the reason for this difference is believed to be because
of the accuracies of the employed equipment in the
experimentation. In this section an uncertainty analysis
of the experimental results (for useful heat) is performed
based on the following expression (Holman, 2012):

aR \’ 2
Wg = l{(a—xl> X (wxl) }
aR \’ 2
(55 <l
2 0.5
oR 2
+ a—xn X (a)xn)
Where R is a function of variables of X1, X», ... xn, Which
its uncertainty is to be evaluated. w1, wy, ... w, are the

associated uncertainties of the variables and wg is the
overall uncertainty of the function.

(29)

In the context of this study R is the Qu which its
uncertainty will be evaluated and is function of the
following measured variables:



e air temperature at the exit and inlet of the SAH
e air speed in the SAH

Note that Qu is evaluated by equation (25) which can be
expanded as:

Qu = p1A1Ve, (Trao = Trai)

(30)
+ pZAZVCp (Tf20 - szi)

It should be also noted that the air density is also

function of temperature (see equation (17)).

Uncertainty of the Qu is evaluated by applying equation
(29) together with the uncertainties of the air
temperature and air speed measuring equipment ( +0.5
°C and + 3% of reading + 0.2 m/s, see subsection
“Experimental Procedure”) and it is found that the
average of the uncertainty of the Qu throughout the day
is 25.6% (Alteer, 2017).

CONCLUSION

The principal aim of the present work is to investigate
the performance of a V-Corrugated absorber plate SAH
which is intended to be used in an office for space
heating during a typical winter day in N. Cyprus.
Although there are many studies on SAHSs, space
heating applications with them are few. Besides, to the
knowledge of the authors, there are no V-Corrugated
SAH applications for offices for space heating. Hence
this study aims to contribute by proposing and
promoting them for this purpose via thermal
performance investigation. The performance of SAH is
investigated theoretically and experimentally and the
below outcomes are achieved:

The first phase of the work is to estimate the heating load
of the office space in consideration by using Energy Plus
software. The simulations gave the heating load as 4564
W.

The second outcome of this work is the number of SAHs
and the area necessary to cover the load of the office
space. This is achieved by evaluating the thermal
performance of the SAH. Thermal performance is
investigated theoretically and experimentally under the
same environmental parameters that are obtained on 15
of December, from 11:00 until 14:30. The number of
SAHs and the area that are necessary to cover the target
heating load are found as 6 and 10 m? for the theoretical
case. On the other hand, it is found from experimental
investigation that, 9 SAHs with 16 m? are required. It is
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seen that there is disagreement between the theoretical
(simulations) and experimental results. The
disagreement is thought to be generated by the following
reasons:

1) In the experimental setup the exit air from the SAH is
exposed directly to the ambient. This is likely to reduce
the exit air temperature for the experimental case,
causing discrepancy between the theoretical and
experimental results.

2) Thermal properties of the materials that are employed
for manufacturing the SAH should be investigated in
detail thus reducing the possible mismatch between the
actual properties and those used for the theoretical
evaluations.

3) The accuracies of the employed measuring equipment
may generate noteworthy uncertainties in the
experimental results thus equipment having better
accuracies can be used.

Consequently, 9 of the V-Corrugated SAHs can be
coupled together for covering the heating demand of the
considered office space. It is also recommended that the
simulations for obtaining the required number of SAHs
for covering the demand for the space should be used
with care as they are resulting in larger useful heat which
gives a smaller number of SAHs.

It is suggested that in any case an auxiliary heater should
be employed for the days having not enough solar
radiation.
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Abstract: Physics-informed neural networks (PINNs) have drawn attention in recent years in engineering problems
due to their effectiveness and ability to tackle problems without generating complex meshes. PINNs use automatic
differentiation to evaluate differential operators in conservation laws and hence do not need a discretization scheme.
Using this ability, PINNs satisfy governing laws of physics in the loss function without any training data. In this work,
we solve various incompressible thermal convection problems, and compare the results with numerical or analytical
results. To evaluate the accuracy of the model we solve a channel problem with an analytical solution. The model is
highly dependent on the weights of individual loss terms. Increasing the weight of boundary condition loss improves
the accuracy if the flow inside the domain is not complicated. To assess the performance of different type of networks
and ability to capture the Neumann boundary conditions, we solve a thermal convection problem in a closed enclosure
in which the flow occurs due to the temperature gradients on the boundaries. The simple fully connected network
performs well in thermal convection problems, and we do not need a Fourier mapping in the network since there is no
multiscale behavior. Lastly, we consider steady and unsteady partially blocked channel problems resembling industrial
applications to power electronics and show that the method can be applied to transient problems as well.

Keywords: physics-informed neural networks, machine learning, automatic differentiation, incompressible, heat
transfer.

SIKISTIRILAMAZ ISIL TASINIM PROBLEMLERININ FiZIKLE OGRENEN YAPAY
SINIR AGLARI iLE COZUMU

Oz: Fizikle 6grenen yapay sinir aglar1 (PINN'ler), etkinlikleri ve karmasik aglar olusturmadan problemlerin iistesinden
gelme yetenekleri nedeniyle son yillarda mithendislik problemlerinde dikkat cekmistir. PINN'ler, koruma yasalarinda
diferansiyel operatorleri degerlendirmek i¢in otomatik tiirevlenmeyi kullanir ve bu nedenle bir ayriklagtirma semasina
ihtiya¢ duymaz. Bu yetenegi kullanarak, PINN'ler herhangi bir egitim verisi olmadan kayip fonksiyonunda gegerli fizik
yasalarin1 kargilar. Bu calismada, gercek uygulamalar ve karsilastirilabilir sayisal veya analitik sonuglara sahip
problemler de dahil olmak iizere cesitli sikistirilamaz 1sil tasimim problemlerini ¢6ziiyoruz. Modelin performansini
degerlendirmek igin analitik ¢6ziimii olan bir kanal problemini ¢6ziiyoruz. Model, bireysel kayip terimlerinin
agirliklarma biiyiik 6lglide bagimhidir. Alan igindeki akis ¢ok karmagik degilse, sinir kosulu kaybinin agirligmimn
arttirilmasit dogrulugu artirir. Farkli tipteki aglarm performansint ve Neumann sinir kosullarini yakalama yetenegini
degerlendirmek igin, sinirlardaki sicaklik gradyanlarindan dolayr akisin meydana geldigi kapali bir muhafazada bir
termal konveksiyon problemini ¢oziiyoruz. Basit tam baglantili ag, termal konveksiyon problemlerinde iyi performans
gosterir ve ¢ok olgekli davranis olmadigindan agda Fourier doniisiimiine ihtiyacimiz yoktur. Son olarak, endiistriyel
uygulamalar1 gii¢ elektronigine benzeyen sabit ve kararsiz kismen bloke kanal problemlerini ele aliyoruz ve yontemin
gegcici problemlere de uygulanabilecegini gosteriyoruz.

Anahtar Kelimler: fizikle 6grenen yapay sinir aglari, makine 6grenmesi, otomatik tiirevlenme, sikistirtlamaz, 1st
transferi.

NOMENCLATURE DNS Direct Numerical Simulation
FCN Fully Connected Network
Abbreviations MLP Multilayer Perceptron
Gr Grashof Number [= gB(T — T,)L,* /v?] NS Navier-Stokes
Pr Prandtl Number [= v/a] NTK Neural Tangent Kernel
Ra Rayleigh Number [= GrPr] PDE Partiz_;\I Differential Equation
Re Reynolds Number [= U, L, /v] PINN Physics Informed Neural Network

DGM Deep Galerkin Method



Subscripts

u Velocity Related Value

0 Temperature Related Value

BC Boundary Condition

D Dirichlet Boundary

IC Initial Condition

N Neumann Boundary

R Residual

r Reference Value

Greek Symbols

o Thermal Diffusivity [= m?/s]

B Expansion Coefficient [= 1/°C]
V- Divergence Operator

\Y Gradient Operator

A Laplace Operator

\ Kinematic Viscosity [= m?2/s]
® Weight of loss terms

o Activation Function

0 Non-dimensional Temperature
Symbols

Sy Source Term of Momentum Equation
u Velocity Vector

L Loss Term of a Neural Network
N Generalized Differential Operator
9o Dirichlet Boundary Condition
In Neumann Boundary Condition
L, L, Vector Norm of Error

p Non-dimensional Pressure

S Source Term of Energy Equation
t Non-dimensional Time

INTRODUCTION

Thermal convection problems arise in many practical
engineering applications, such as cooling electronic
chips. This type of real-life analysis of fluid flow and heat
transfer requires high degrees of freedom to minimize the
numerical error. This can be achieved with high-quality
mesh or high order discretizations. However, mesh
generation is time consuming and requires expertise.
Also, high order simulation tools for these types of
problems are computationally demanding.

The incompressible thermal convection is studied in the
literature with various numerical methods (Bairi et al.,
2014). Tang and Tsang (1993) used a least squares finite
element method based on a velocity, pressure, vorticity,
temperature, and heat flux formulation for time
dependent problems. Hossain et al. (2021) developed a
spectral/hp element method for the Direct Numerical
Simulation (DNS) of incompressible thermal convective
flows by considering Boussinesq type thermal body-
forcing with periodic boundary conditions and enforcing
a constant volumetric flow rate. In Karakus (2022), the
author presented a GPU accelerated nodal discontinuous
Galerkin method on unstructured triangular meshes for
solving problems on different convective regimes.
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Apart from the conventional numerical methods such as
finite difference, finite volume, and finite element
methods, data-driven machine learning methods are used
to solve the partial differential equations (PDE) (Willard
et al., 2020). These regression methods offer effective
and mesh free approaches (Karniadakis et al., 2021).
Neural networks were first employed to solve the PDEs
as in Lee and Kang (1990) and Lagaris et al. (1998), and
in Raissi et al. (2017a) and Raissi et al. (2017b), the
authors employed Gaussian processes regression to
accurately predict the solution and provide the
uncertainty in the model. Raissi et al. (2019) introduced
the concept of physics-informed neural networks
(PINNS) that use automatic differentiation (Baydin et al.,
2017) to solve forward and inverse problems for several
types of PDEs. PINNs do not require mesh generation.
Instead, the PDEs and any other constraints can be
directly enforced into the loss function of the neural
network using automatic differentiation by forcing the
prediction to the target value. The loss function includes
zero residuals for conservation laws and satisfying the
boundary/initial conditions.

To solve PDEs using PINNSs, generally, fully connected
networks are used. However, plain fully connected
networks perform poorly for different types of problems.
In the learning process, these networks have a learning
bias toward low-frequency functions called spectral bias
(Rahaman et al., 2019). This reduces the accuracy in
which the target function exhibits high frequency or
multi-scale behavior. To overcome this problem, Tancik
et al. (2020) and Wang et al. (2021b) proposed Fourier
feature mapping of the input vectors before feeding them
into the network. The input coordinates v is mapped with
y() = a,cos2ubiv), a;sin(2ublv), ...,

a,, cos(2mbl v),a,,sin(2rb?,v) and then passed into
the multi-layer perceptron (MLP). This mapping
transforms the Neural Tangent Kernel (NTK) (Jacot et
al., 2018) into a stationary kernel and enables controlling
the learning of the range of frequencies by modifying the
frequency vectors b in the mapping function. Tancik et
al. (2020) show the performance of this method in many
low-dimensional tasks in computer vision. Wang et al.
(2021b) show its efficiency for challenging problems
involving partial differential equations with multi-scale
behavior where conventional PINN models might have
issues, such as wave propagation and reaction-diffusion
equations.

In another approach, Esmaeilzadeh et al. (2020) proposed
a PDE constrained deep learning algorithm that
reconstructs high-resolution solutions using the low
resolution physical solutions in space and time, and
solved the well-known Rayleigh-Bénard instability
problem. This model is referred to as super resolution
model and enables effectively scaling to large domains
and having physically reasonable solutions by



regularizing the outputs with PDE constraints. The
framework is named as MeshfreeFlowNet and consists of
two subnetworks. The first network, called Context
Generation Network, is a convolutional encoder that
takes low resolution physical input and creates a Latent
Context Grid. This grid contains latent context vectors
along with the spatio-temporal coordinates, and these
values are fed into another network called Continuous
Decoding network modeled as an MLP. This framework
allows the output to be continuous instead of a discrete
output, removing the output resolution limitations. In
addition, this continuous output allows us to effectively
compute the output's gradients, enabling us to enforce the
PDE-based constraints.

Due to the popular deep learning frameworks such as
TensorFlow (Abadi et al., 2016) and PyTorch (Paszke et
al., 2019), and their easy implementation, PINNs have
become quite popular for solving PDEs. Moreover, some
software libraries are designed explicitly for physics-
informed machine learning, such as DeepXDE (Lu et al.,
2021) and NeuralPDE (Zubov et al., 2021). It is used for
solving incompressible and compressible Navier-Stokes
equations (Rao et al., 2020; Jin et al., 2021; Cai et al.,
2022), as well as in inverse heat transfer problems (Cai et
al., 2021). To the best of our knowledge, solving forward
thermal convection problems with PINNs, the effect of
different neural networks on the accuracy, and the effect
of the weights in the loss terms for different thermal
convection regimes are not studied in detail.

In this work, we present the application of PINNs to
coupled fluid flow and heat transfer problems in different
thermal convection regimes. In particular, we examined
the effectiveness of specific weights assigned to the
different loss terms in the composite loss function.
Changing these specific weights can increase the
accuracy of the model according to the problem where
boundary conditions or flow inside the computational
domain dominates the residual. In addition, for thermal
convection problems, different types of networks can be
used instead of simple, fully connected networks. These
various networks can change the convergence of the
model.

The remainder of this paper is organized as follows. First,
we present the mathematical formulation of
incompressible Navier-Stokes equations coupled with
the energy equation through Boussinesq approximation.
Then we give brief information about the physics-
informed neural networks and their loss functions,
followed by the 2D numerical validation cases. The last
section is about concluding remarks and future works.
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FORMULATION

We consider a closed two-dimensional domain Q c R?
and denote the boundary of Q by 9Q. Following the
notation presented in Karakus et al. (2019b), we assume
that Q0 can be partitioned into two non-overlapping
regions denoted by 9Q, and 0Q, referring prescribed
Dirichlet or Neumann boundary conditions, respectively.
We are interested in the approximation of non-isothermal
incompressible Navier-Stokes equations coupled by the
energy equations through Boussinesq approximation
which reads:

du 1

Fr + - V)Yu=-Vp+ R—eAu + 5, (1.2)
a0

3z + (u-vV)o = RePr AB + s, (1.3)

in non-dimensional form and space-time slap Q x (0, 7]
subject to the initial conditions

u=uy0 =20, for t=0,x€1], 2
and the boundary conditions

u=gp on x € 9Nkt e (0,T], (3.1)
Ju

57 =0p=0on x€d0yte(07T], (3.2)
6 =gp on x€dnNg,te (0,7], (3.3)
20

3, = 9n on x €anNd te(0,7]. (3.4)

Here u, p, and 6 are non-dimensional velocity, static
pressure, and temperature fields, respectively. In the

equation, following parameters are used to get
dimensionless quantities,
X = -, = , u= —'p =
L' LJU U pUR @
p* v* at T—-T,
p:—’vz—’a:—’ez ,
Pr Vr ay Ts

where superscript * denotes the dimensional parameter,
and the subscript r refers to the corresponding reference
value i.e., reference length scale L,., velocity U,., density
pr, Viscosity v,., thermal diffusivity o, and temperature
T,.. The non-dimensional Reynolds and Prandtl numbers
are defined as Re=U,L,/v, and Pr =v,/a,. S, =
(gB(T —T,)L,/U,)8 is the forcing term for Navier-
Stokes, where g is the gravitational acceleration, g is the
expansion coefficient. In free convection problems, the
reference velocity is selected as U, = gB(T —T,)L,.
sg = sg(0,V0,u) is the generic generation term for the
energy equation written in terms of temperature. We
would like to emphasize that superscripts u and 6 in



boundary representation separate the Dirichlet and
Neumann conditions on the physical boundary set for
flow and heat transfer equations.

< NN(w.b)

PDE

V-u
%+(u-V)u+Vp—éAu+su
a0 1
= V)0 - ——
a TUNO-g

AQ +5
ePr o
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Figure 1. Schematic of a PINN framework
PHYSICS-INFORMED NEURAL NETWORKS

Consider a general partial differential equation expressed
as:

u, + Nu] =0, x€eOte[0,T] (5.1)
u(x,0) = f(x), x € (5.2)
u(x,t) = glx,t), x € 00,t€[0,T] (5.3)

where IV is a generalized differential operator that can be
linear or nonlinear, x € R% and t are the spatial and
temporal coordinates. Q and 0 represent the
computational domain and the boundary, respectively.
u(x, t) is the general solution of the PDE with f (x) is the
initial condition and g(x, t) is the boundary condition.

The solution u(x,t) can be approximated by a fully
connected network according to the framework of
physics-informed neural networks (PINN) proposed by
Raissi et al. (2019). This network takes the spatio-
temporal coordinates (x,t) as input and outputs a
solution uyy(x,t). Between these input and output
layers, there exist multiple hidden layers. Each hidden
layer takes input X = [x,x,,...,x;] and outputs Y =
[¥1,¥2, ., y;] through a nonlinear activation function
o(+) such as

y; = o(wy; +by), (6)
where w; ; and b; are trainable hyperparameters, weights
and biases, respectively. These hyperparameters are
tuned such that it minimizes a composite loss function in
the form

)

L= (‘l)DLD + (‘)RLR + (‘)BCLBC + (I)Icl:lc

where

Np
1 L .
Ly = —2|u(xl,t‘) - u‘|2 (8.1)
Np &
NR
1 o
Ly = —Z|ut + N u(xt, t‘)]|2 (8.2)
Nr i=1
N
1 . i i i +iy]? 8.3
LBC=N—Z|u(x,t)—g(x,t)| (8.3)
BC =1
N
1 IC i i ) 84
L76=N_Z|U(X,0)—f(x )| (8.4)
e

L is a loss term indicating the accuracy of the prediction
if there are some data available in the domain,
La, Lgc,and L, represent the residual of the governing
PDE, the boundary conditions, and the initial condition,
respectively. Np, Ng, Npe, and N are the number of
data points for different terms, wp, wg, wg- and w, are
user specified weighting coefficients of each loss term.
To calculate the residuals for L, one needs to take the
derivative of the output u with respect to inputs (x, t). In
PINNs, this can be achieved by using automatic
differentiation (Baydin et al., 2017). Automatic
differentiation applies the chain rule repeatedly to the
elementary functions and arithmetic operations to
achieve the derivative of the overall composition. It plays
a key role in the development of PINNs by enabling the
computation of the residual of the governing differential
equation (Raissi et al., 2019). Automatic differentiation
is well implemented in most deep learning frameworks,
such as TensorFlow (Abadi et al., 2016) and PyTorch
(Paszke et al., 2019).

Figure 1 illustrates a schematic of the PINN framework
in which the residuals of the coupled Navier-Stokes and
energy equations are shown as the loss terms. This
general schematic of the neural network takes the spatio-
temporal coordinates as the input, and through the hidden
layers, it outputs the pressure, velocity, and temperature
fields. After this output, the framework calculates the
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boundary losses from the boundary conditions and the
data loss if there are any observations. In the next step,
PINN uses automatic differentiation and calculates the
residual inside the domain by enforcing the neural
network output to the Navier-Stokes and energy
equations. Also, if the boundary conditions are Neumann
type, the neural network output can be differentiated to
find the boundary loss. Then the overall loss can be
calculated by adding the residual loss from the PDE, the
boundary loss, and if there exist any available
observations, the data loss. An optimization algorithm
minimizes this combined loss function via changing the
hyperparameters.

RESULTS

We have implemented our physics-informed neural
network on top of the NVIDIA Modulus framework
(Hennigh et al., 2021). We use the Adam optimizer
(Kingma and Ba, 2017) to minimize the loss function
defined in Equation 7 and use 8 hidden layers with 40
units for each test case where the neural network
parameters are initialized using the Glorot scheme
(Glorot and Bengio, 2010). We solve different 2D
thermal convection tests to show the solutions by
representing the velocity, pressure, and temperature
fields.

Poiseuille Flow

In the first test case, we consider two-dimensional
channel flow with a fully developed Poiseuille profile.
The channel dimension is [0,2] x [—1,1]. The upper and
lower walls have a constant temperature of 8, = 1 and
6y = 0. No-slip boundary conditions are imposed for
upper and lower walls. The fully developed solution of
the velocity field with the linear temperature profile
shown below is implemented as the boundary conditions
of the inlet and the outlet. the flow conditions are stated
as Ra = 103, Pr = 0.71, and Re = 100.

u=1-y2 wv=0,

_ Ra y2\ 2x o -
P=oprrez\Y "2 ) "R’ T 2 -

We trained our framework with 250 samples inside the
domain and 30 samples on each boundary with 10000
iterations for this case. The training points are sampled
using Latin hypercube sampling, and the loss function for
this problem contains only the Dirichlet boundary
condition loss for the velocity and the temperature on the
walls combined with the residual loss inside the domain.
After training, we performed a prediction on a (251 x
251) grid and obtained the velocity, pressure, and
temperature fields. The predicted fields can be seen in
Figure 2. The accuracy of the PINN is highly dependent
on the weights of the loss function. In this case, we tried
different weights of the different terms of the loss
function to match our solution with the exact solution.
Especially for an accurate pressure field, we increased
the weights of the boundary condition losses. The
solution in Figure 2 is obtained with a boundary loss
weight wg, which is eight times higher than the weight
of the residual loss wg. Since the convective effects are
not very dominant for this problem, boundary losses are
dominant, so increasing the boundary loss weights
increases the accuracy.

We test the performance of the PINNs with the addition
of true observations at random points on the domain. We
fused a different number of randomly sampled exact
solutions inside the domain to the network and added a
data loss term into the loss function. The training process
is done with 250 points inside the domain and 30
boundary points on each boundary beside the true
solution points. In Table 1, we can see the L, norm of the
error of the predicted u velocity and temperature fields.
The number of observations represents the addition of the
true solutions, and increasing this number reduces the L,
norm of the prediction of the velocity and the temperature
from the true solution.

T
1 ,

0.5F

-0.5 ¢

0 0.5 1

0.5 1 1.5 2

Figure 2. Prediction of Poiseuille flow with PINN. The u velocity, pressure and temperature fields are shown in order. Black
contours show the exact solution and red dashed contours show the solution with PINN



Table 1. L, norm of the error of the predicted u velocity and the temperature fields

Number of observations u T

20 0.527 0.087

50 0.253 0.057

100 0.166 0.034

150 0.141 0.032
Differentially Heated Square Cavity 26

) —=0, for y=0,y=H.
We focus on the natural convection problem on a two dy

dimensional closed enclosure. The enclosure is a square
cavity with its height denoted as H = 1, and width as
W = 1. The boundary conditions of the cavity are simple
no-slip walls, = 0, v = 0, on all four walls. The thermal
boundary conditions on the left and right walls are
prescribed as

and the upper and the lower walls are thermally insulated

The flow conditions are Pr = 0.71, and three different
Rayleigh numbers as Ra = 10%,10%, 10°.

For the PINN solution, we sampled 150 points on each
boundary and 1000 collocation points inside the domain
for the training process. Boundary points are used to
minimize the loss of Dirichlet and Neumann boundary
conditions, and collocation points are used to minimize
the residual inside the domain. Automatic differentiation
is used to calculate the derivatives on Neumann
boundaries.

Table 2. Maximum and minimum velocities along the center lines of the square cavity for Pr = 0.71 and Ra = 103,104,105,

Ra = 103 Ra = 10* Ra = 10°
umax vmax umax vmax umax vmax
PINN 0.137 0.138 0.192 0.233 0.128 0.258
Karakus (2022) 0.137 0.139 0.192 0.233 0.129 0.257
Stokos et al. (2015)  0.137 0.139 0.192 0.233 0.130 0.256
De Vahl Davis (1983) 0.136 0.138 0.192 0.234 0.153 0.261
After the training process, prediction is performed on a presented the center line velocities for different Ra

(251 x 251) grid. In Table 2, we presented the
maximum and minimum velocities on the horizontal and
vertical centerlines after the prediction with PINN. For
cases with different Ra numbers, our framework has
values that are comparable with the ones in the literature.
In Figure 3, the solution of PINN and its comparison with
a high-fidelity solver through the temperature contours
can be seen. Also, in Figure 4, the center line profiles of
velocity and temperature for different Ra numbers are
shown. These contours and profiles qualitatively match
with the high order solutions (Karakus, 2022). To
increase the accuracy, we changed the weights of
different loss terms as Ra changes. In Table 3, we

numbers and different weight ratios of the residual loss
over the boundary loss where wg represents the weight
of the residual loss, and wp represents the weight of loss
on the boundary conditions. We stopped changing
weights when we matched the center line velocities with
the reference solutions. As the Ra increases, the
convective effect inside the domain becomes more
dominant. Hence, we need to decrease the weight of the
boundary losses and focus more on the residual inside the
domain. We select the loss ratio according to Table 3
which minimizes the error both inside the domain and on
the boundaries.

Table3. Maximum and minimum velocities along the centerlines with different weight ratio of residual loss and the boundary loss

g/ Ope Ra = 103 Ra = 10* Ra = 10°
Unax  Ymax  Umax Ymax Umax Vmax
0.5 0.137 0.138 0.190 0.231 0.137 0.273
1 0.192 0.233 0.128 0.258
2 0.132 0.261
4 0.130 0.261

226



We tested different types of neural network architectures
and monitored the behavior of the total loss of the Adam
optimizer for the cavity problem with Ra = 10® and
presented in Figure 5. The plain fully connected network
(FCN), a variation of the fully connected network named
as Deep Galerkin Method (DGM) (Sirignano and
Spiliopoulos, 2018), a Fourier network, and a modified
Fourier network (Wang et al., 2021a), a modified
highway network using Fourier features (Srivastava et
al., 2015), and a multiplicative filter network (Fathony et
al., 2021) are used. All of these architectures are readily
available in NVIDIA Modulus framework. In all the
tests, 8 layer networks are constructed with 40 units.
Hyperbolic tangent is set as the activation function, and
the learning rate is 1073, The architectures that use
Fourier mapping converges later than the plain fully
connected network since the problem does not have
multi-scale behavior. For this simple problem, we do not

need a Fourier mapping; hence networks that are
basically built on plain fully connected networks
converge in fewer iterations.

Heated Block

In this section, we focus on an application of coupled heat
transfer with a heat transfer in a partially blocked
channel. The domain and the boundary conditions can be
seen in Figure 6. The heated block represents an
electronic part on a vertical electronic board (Habchi and
Acharya, 1986). The top wall is adiabatic, and the bottom
wall is at a prescribed temperature. A low temperature
flow comes from the inlet and the outflow is a fully
developed outlet meaning the changes in the x direction
is zero. The Prandtl number is set to 0.7 for this problem
and the Reynolds number is 37.8. The ratio of Gr/Re? is
1 and the forcing is on the x direction.

00 0

0

Figure 3: Temperature contours for the square cavity test. The high fidelity solution obtained with high fidelity discontinuous
Galerkin solver between 1 and 0 with the increment of 0.05 for Ra = 103,10%,10° from left to right shown with the black

contours while the red contours are the solution with PINNs
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Figure 4. Velocity and temperature profiles along y = 0.5 and x = 0.5 lines for different Ra numbers. The first row shows the
values obtained with the PINN, while the second row shows the values of high order discontinuous Galerkin solver.
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Figure 5. Behavior of the total loss on the square cavity problem with Ra = 103 with different types of neural network

architectures

For training the network, we sampled 30 points on the
inlet and the outlet, 210 points on the adiabatic wall, a
total of 40 points on the heated block, a total of 180 points
on the bottom wall, and 1400 points inside the domain.
We used 25000 iterations for the Adam optimizer with
the learning rate of 5 x 10~* and obtained the solution
presented in Figure 7. PINN solution well predicts the
Neumann boundary conditions on the top wall and the
fully developed outlet, and the no-slip Dirichlet velocity
conditions

Multiple Heated Blocks

In this section, we focus on a similar problem in which
multiple blocks are present. The problem is time
dependent, and it is solved for a final time of 8 seconds.
The geometric representation of the case is presented in
Figure 8. The geometric parameters are given such that
H=1H/w=25,L/w=25h/w = 0.5,as presented
in Wu and Perng (1999).

Adiabatic Plate

1

Fully Developed

Outlet

Figure 6. Schematic of the partially blocked channel
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Figure 7. Velocity and temperature profiles for the heated block case. The figure on the top shows the velocity profile and the figure
on the bottom shows the temperature field predicted by the PINN.

Attimet = 0, theinitial conditionisu =v =60 =0n
the domain. There is auniform inflowwithu = 1,v =10
with the temperature of 8 = 0. The upper and bottom
walls have no-slip conditions as the velocity boundary
condition and Neumann temperature boundary condition
of d6/0n = 0. The blocks also have no-slip conditions
and temperature boundary conditions of 98/dn = —1.
Gravity is in the y direction, and flow parameters are
given as Re = 400, Pr = 0.7, and Gr/Re? = 0.5.

In the training phase, 50 points on the inlet and the outlet
are generated uniformly. 40 points on each block, 500

points on the top wall, and 450 points on the bottom wall
are sampled. The problem is solved with a continuous
time approach such that we treat time t as another
variable as the spatial coordinates instead of approaching
the time sequentially. Adam optimizer is used again to
find the optimized hyperparameters with a learning rate
of 5x 107*. The solution at the final time t = 8s is
shown in Figure 9. The horizontal velocity and the
temperature fields are plotted, and it can be seen that the
PINN solution represents the flowfield well physically
inside the domain and also satisfy the Dirichlet and
Neumann boundary conditions.

§<

Figure 8. Geometric representation of the channel with multiple blocks

u

T
0 0.25 0.5 0.75 1 125 1.5
Temperature

-2.8 -2.4 -2 -1.6

-1.2 -0.8 -0.4 0

Figure 9. Velocity and temperature profiles for the multiple heated blocks case at time t = 8s. The figure on the top shows the
velocity profile and the figure on the bottom shows the temperature field predicted by the PINN.
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CONCLUSION

In this work, we solve two dimensional incompressible
thermal convection problems with PINNs. The PINN
solutions predict the flow and temperature fields well
compared to the solution of high order solvers and
analytical solutions in various problems. We show that
adding observations into the flow field increases the
accuracy of the prediction and the framework is very
sensitive to the weights of the individual loss terms. In
addition, different types of networks can be used to solve
thermal convection problems instead of fully connected
networks. However, since these types of problems do not
have multiscale behavior, it is not necessary to use
Fourier mapping. Furthermore, we consider two different
channel problems with a partial blockage that resemble
power electronics applications. The model can be
implemented into time dependent problems by adding
time as a continuous input variable. For future work, the
time dependent problems can be implemented with time
marching approaches such as Recurrent Neural Networks
or Gated Response Units.
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Abstract: A novel pulse-driving method in which the pulse frequency modulation is was developed by optimising the
input power owing to the duty cycle of rectangular wave to enhance the cooling efficiency and thermal stability of the
thermoelectric module. The aim of this driving method is to have better control of the thermoelectric cooler module
temperature and to improve its coefficient of performance. In this method, the average current and the peak of pulse
drive are in the 50% duty cycle with the same magnitude and the performance of Peltier module driving with average
dc is compared with the pulse driving. The measurement results show that the coefficient of performance of the
thermoelectric module with the pulse-frequency modulation driving method increased up to 102% as compared to the
constant dc driving method. An artificial neural network has been successfully used to analyse these experimentally
collected data and predict the performance of the module. When the developed artificial neural network model was
tested using untrained data, the average correlation of the model was 99% and the overall prediction error was 1.38%.
An accurate and simple analytical equation based on the predicted and experimental results was determined using the
MATLAB® Curve Fitting Toolbox. The average correlation of the analytical model was 0.99 and the root-mean-square
error was 0.074.

Keywords: thermoelectric cooler module, cooling performance, drive method, artificial neural network.

TERMOELEKTRIK SOGUTMA MODULLERININ SOGUTMA PERFORMANSI:
DENEYSEL VE SAYISAL YONTEMLER

Ozet: Termoelektrik modiiliin 1s1sal kararliligin1 ve sogutma verimini arttirmak igin, amli frekans modiilasyonunda
yeni bir atimli siriici yontemi dikdortgen dalga olan girisin en uygun yapilmasi ile gelistirilmistir. Bu strticii
yonteminin amact termoelektrik sogutma modiiliiniin sicakligini daha iyi kontrol etmek ve verimini arttirmaktir. Bu
yontemde, %50 ¢alisma periyodundaki ortalama akim ve siiriici atimin en bilyiik degeri ayn1 biyiikliktedir ve dc ile
siiriilen Peltier modiiliin performansi atimla siiriilen ile karsilastirilmistir. Olgme sonuglari, termoelektrik modiiliin
verim katsayisinin, atimli frekans modiilasyonu siiriicti yontemi ile sabit dc siiriicli yontemi karsilastirildiginda %102°ye
kadar arttigin1 gostermistir. Yapay sinir aglari, alinan deneysel verileri ¢oziimlemek ve modiiliin performansini tahmin
etmek i¢in bagari ile kullanilmistir. Gelistirilen yapay sinir agi modeli 6grenmede kullanilmayan verilerle denendiginde,
modiiliin ortalama uyumu %99 ve en biiyiik tahmin etme hatas1 %1.38 olmustur. Deneysel ve tahmin verilerine baglh
olarak dogru ve basit bir analitik denklem MATLAB® egri uyum programi kullanilarak belirlenmigtir. Analitik
denklemin ortalama uyumu 0.99 ve etkin hatasi 0.074 olmustur.

Anahtar kelimeler: Termoelektrik sogutma modiilii, Sogutma performansi, Siiriici yontemi, Yapay sinir agi.



NOMENCLATURE

CFC  ChloroFluoroCarbon

TEC  Thermoelectric cooler

COP  Coefficient of performance

PWM  Pulse width modulation

PFM  Pulse frequency modulation

Qc Endothermic quantity, heat dissipative, W
Qi Joule heat, W

Qne Rate of heat conduction, W

o Seebeck coefficient, V/IK

I Direct current passing through the module, A
Tc Cold side temperature of the module, K

p Electrical resistivity, Q m,

| Length, m

A Cross sectional area, m?,

Qr Electrical energy consumption, W

k thermal conductance, W/K

A Thermal conductivity, W/(m K)

NTC  Negative Temperature Coefficient

INTRODUCTION

In recent years, heat dissipation of electronic systems has
grown rapidly with improving manufacturing
technology. This growth has induced a serious electronic
cooling problem. A conventional cooling system
includes an evaporator, a compressor and a condenser
and they are widely using for many purposes. However,
energy costs and environmental regulations regarding the
manufacture and release of chlorofluorocarbons (CFCs)
are also increasing. These facts are encouraging
manufacturers and their customers to seek alternative for
conventional cooling technology (Derebasi vd, 2015).

Being no moving parts, environmentally friendly
technology and requiring almost no maintenance,
thermoelectric technology has become one of the most
promising alternative methods to solve increasingly
serious energy shortage and environmental pollution
problems. Thermoelectric cooler (TEC) modules have
been applied for electronic cooling in many industries
such as medical instrument, aerospace, military,
industrial products, offering the advantages of small size,
quite operation, long lasting time, ease of use and
reliability (Sekiguchi vd, 2018).

The coefficient of performance (COP) for the
thermoelectric technology is the ratio of output and input
energy, which depends on the current through the module
and the temperature difference between two sides of the
thermoelectric module. The COP of thermoelectric
module is smaller than the COP of conventional cooling
system has. Therefore, much research has focused on the
improvement of the COP of thermoelectric cooling
systems by means of developing new materials for the
TEC modules, optimization of module systems design,
fabrication, improvement of the heat exchange efficiency
and optimisation for geometrical dimensions of each p-
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y4 Figure of merit

Ppoc Pulse current power, W

lav Average current of the module, A

N Real number

Pac dc power, W

Pp Power consumption, W

RMS  Root mean square

f frequency, Hz

m Mass of aluminium heated block, kg

C Specific heat coefficient, J/(kg K)

ANN  Artificial neural network

RAM  Read access memory

Th Hot side temperature of the module, K

t time, s

\Y Voltage across the terminals of TEC
module, V

AT Temperature difference, K

and n- types semiconductors of TEC (Derebasi vd, 2015,
Sekiguchi vd, 2018, Twaha vd, 2016, Song vd, 2020,
Derebasi vd, 2015). However, few studies have been
carried out on the performance of cooling modules
including the current driving method of them (Sekiguchi
vd, 2018 , Baubaris vd, 2017).

Peltier devices are thermoelectric conversion devices that
consist of two types of electric conductors joined by a
junction. Heat travels from one of the conductors to the
other, when current is applied to the junction.
Thermoelectric refrigeration is achieved, when a direct
current is passed through one or more pairs of n- and p-
type semiconductor materials, primarily comprised
bismuth-tellurium alloys. In the cooling mode, direct
current passes from the n- to p-type semiconductor
materials, which are soldered in series to copper
electrodes.

Peltier devices are used to cool electrical components,
because they are capable of localised cooling. The
refrigeration capability of a semiconductor material is
dependent on the combined effect of the material’s
Seebeck voltage, electrical resistivity, and thermal
conductivity over the operating temperature range
between the cold and hot ends (Guclu and Cuce 2019).

One method of driving Peltier devices is on-off control in
which constant dc current interrupted according to a set
temperature. In this on-off control, the ripple component
in the output voltage of power supply comprised a
switching converter and the like increases the self-
heating of the Peltier device. To resolve this, an extra
electronic filter circuits are used to attenuate the ripple
component.

Another method of driving Peltier devices is the Pulse
Width Modulation (PWM) control in which repetitive



pulse current with a constant amplitude is controlled with
a high precision. However, in the on-off and the PWM
control, cooling efficiency decreases due to the self-
heating of the Peltier device increasing as a result of the
intermittent control of driving current (Sekiguchi vd,
2018). Moreover, the electromagnetic interference issues
have raised considerable limitations on PWM
applicability, especially high switching frequencies.
Therefore, an extra electronic circuitry are necessary
(Baubaris vd, 2017).

The use of Artificial Neural Networks (ANN) has grown
in popularly during the last decade. The reason for this is
that neural networks represent a novel and modern
approach that can provide solutions to problems for
which conventional mathematics, algorithms and
methodologies are unable to find a satisfactory and
acceptable solution. ANNs are inspired by the human
brain functionality and structure, which can be imagined
as a network that comprises of densely interconnected
elements called neurons. Despite this fact, the ANNs’
objective is not to model it.

Instead, their purpose is to be useful models that can be
used for problem solving and knowledge engineering, in
a way that resembles the human process for problem
solving and knowledge acquisition. Both biological and
artificial networks have the following main and
important features: learning adaptation, generalization,
massive parallelism, robustness, associative storage
information and spatiotemporal information processing
(Laidi and Hanini, 2013).

Furthermore, for the numerical analysis, the MATLAB®
Curve Fitting Toolbox™ can be used to determine an
accurate and simple analytical equation for the
performance of TEC module corresponding to
experimental and predicted data obtained.

Many researches have been carried out to control the
temperature of TEC module using the on-off and PWM
driving current methods. However, this research
concentrates on the pulse frequency modulation (PFM)
current driving method of TEC module to control its
temperature and to improve its COP. An optimised PFM
driving current is proposed and applied to the module to
reduce the Joule heating and then to control the
temperature of TEC module and improving the COP.
Furthermore, the ANN has applied to the experimental
data to estimate the performance of the TEC module and
the MATLAB® Curve Fitting Toolbox™ was also used
to define an accurate and simple analytical equation for
the performance of TEC module corresponding to
experimental and predicted data.

This investigation particularly highlights an optimised
PFM driving method, which provides to control of
temperature of TEC module and improve the COP.
Moreover, an ANN model and an analytical equation
were obtained to predict the performance of the TEC
module corresponding to experimental data.
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THEORY OF THERMOELECTRIC COOLING

A typical TEC module (Peltier module) consists of p- and
n-types semiconductors connected electrically in series
and thermally parallel sandwiched between two ceramics
substrates [Fig. 1]. Whenever direct current passes
through the circuit of thermoelectric heterogeneous
conductors, it causes temperature differential between
TEC module sides. As a result, one TEC face, which is
called cold side, will be cooled while its opposite face,
which is called hot side, is simultaneously heated. This
phenomenon is known as the Peltier effect (Sulaiman vd,
2018, Rowe, 2006). The thermoelectric heat (Qc) pumped
by the Peltier effect at the cold end of a thermoelectric
couple as shown in Fig. 2 is given by;
Qc = alT; (€
where o, I, and T. are the Seebeck coefficient, which is
dv/dT [VI/K], the direct current in Ampere passing
through the thermoelectric material and the cold-side
temperature in Kelvin, respectively. Current flow
generates Joule heat (Qy) in the thermoelectric material,
which goes equally to the cold and hot ends:

Heat absorbed

semiconducto

Figure 1. Typical TEC module.
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Figure 2. Thermoelectric heat pumping by the Peltier effect in
a thermoelectric p-n couple.

2
where p, | and A are the electrical resistivity [Q m],
length [m] and cross sectional area [m?] of thermoelectric
material. During operation, heat is conducted by
electrons from the hot to the cold end through the
thermoelectric material. The rate of heat conduction (Qrc)
is given by;



Qne = k(T — Tc) = kAT 3
where k and AT are the thermal conductance [W/K] and
the temperature difference [K] between the hot and cold
sides of thermoelectric couple, respectively. k can be
defined as;
1% @)
where A is the thermal conductivity in W/(m K), A is the
cross sectional area and | is the length of the
thermoelectric material. Combining Egs. (1, 2, 3 and 4)
into an energy balance at the end of the thermoelectric
couple gives;

2

Qc = alT, — = — kaT (5)
The refrigeration capability of a semiconductor material
is dependent on combined effect of the material’s
Seebeck voltage, electrical resistivity, and thermal
conductivity over the operational temperature range
between cold and hot ends (Derebasi vd, 2015, Sekiguchi
vd, 2018, Rowe, 2006, Riffat and Ma, 2003).

The first term on the right hand side of Eq. (5) represents
the Peltier effect, and is thought to generate heat flow
proportional to the average current I. The second term
represents the reduction in endothermic quantity due to
the heat generation of the Peltier device itself and
corresponds to the half of the Joule heating of the Peltier
device. The last term describes the reverse heat flow from
the high temperature part due to the low temperature part.

The electrical energy consumption (Q,) [W] of a couple
is given by;

2
Qp ==+ alAT

(6)
The electric power consumption of a thermoelectric
couple is used to generate the Joule heat and overcome
the Seebeck effect, which generates power due to the
temperature difference between two junctions of the
couple. The coefficient of performance (COP) of the
thermoelectric couple for cooling is given by;

2
alT~=B—kar

1%2pl
A

Qc _

COP ===
Qp

)

——+alAT

The COP of a thermoelectric material is a combined
effect of the material Seebeck coefficient, electrical
resistivity, geometrical dimensions of thermoelectric
material and thermal conductivity over the operational
temperature range between the cold and hot ends. The
performance of thermoelectric material is called as a
figure of merit (Z) and expresses;

a’A

ZT =—T
kpl

2
a
=—T
kR

(®)
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Each of the n- and p-type semiconductor thermoelectric
material properties varies as a function of temperature
and therefore the figure of merit for each material is
temperature dependent. Maximising the figure of merit is
larger objective in the selection and optimising of
thermoelectric materials and then it limits the
temperature differential, whereas the geometrical
dimensions for each n- and p-type of semiconductor
material define the heat pumping capacity. The most
widely used thermoelectric semiconductor material for
cooling in the temperature range of 0-200 °C is the
Bismuth-Telluride (Bi,Tes) due to its thermal properties
at room temperature as compared to other thermoelectric
materials (Bar-Cohen vd, 2005).

DRIVING METHOD

Analysing the pulse current driving with constant
amplitude the reduction in pulse current power (Ppc) can
be understood in the endothermic quantity due to the heat
generation of the Peltier device itself during the pulse
driving. The duty cycle (one period) of the pulse driving
is based on the driving current waveform of the Peltier
device shown in Fig. 3. The reduction in the endothermic
quantity can be explained in terms of average current
applied to the Peltier device (l.y) as;

Ppc _ pL (’a_V)Z _ Plldy )
N 2A N 2A N
where N is a real number between zero and one.
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Figure 3. Driving current waveforms in different magnitudes,
a) average and b) constant

The reduction in power using the PWM control is
analysed in the endothermic quantity due to heat
generation of the Peltier device itself during pulse driving
with 50% duty cycle (Sekiguchi vd, 2018). In addition, it
is compared to the same average current as dc to obtain
the same Peltier effect. In this case, when the average



current is I, the peak of pulse drive must be 21 in the 50%
duty cycle of PWM [Fig 3 (a)]. However, in thisresearch,
the average current and the peak of pulse drive are in the
50% duty cycle with the same magnitude and the
performance of Peltier module driving with average dc is
compared with pulse driving [Fig. 3 (b)].

Accordingly, it is clear that the reduction in driving
power of endothermic quantity can be reduced N times
regarding the driving direct current. The COP of the
Peltier device (TEC module) can be expressed by;

cop =%
Pp

(10)

where Q. and P, are the heat dissipation and power
consumption of the Peltier device respectively. The heat
dissipation can be calculated as;
Q. =mCAT (11)

where m is the mass of heated side of the Peltier device
[kg], C is the specific heat [J/(kg K)] and AT is the

temperature difference between hot and cold sides of
Peltier device. The power consumption of the Peltier
device can be calculated by input power as;
v

Q= (12)

EXPERIMENTAL SET UP

The measurement system consists of 3 parts: driving of
Peltier module, signal processing and temperature
control. Fig. 4 shows a block diagram of the system. The
Peltier module, type Z-MAX TEC1 — B12708AC, which
has an aluminium layer on both sides is used. This Peltier
module is a special production and has higher efficiency
than the other modules. Aluminium layers on two
surfaces of module were originally fitted to the module
surface using thermal paste to have better heat transfer
(Fig. 5). In addition, the module was also fitted to the heat
sink using thermal paste. Thus, it is ease of fitting to the
heat sink and minimises the heat losses between the
module and heat sink.

DC-DC CONVERTOR BATTERY
o — V+
w
E 24V 9A
o L A"
Pulse —‘ Q1 —| Q2
Voltage AOD4184A AOD4184A
M R3
100 = =

ZK-PP1K
PWM & PULSE GENERATOR

POWER
SUPPLY

DC
12v

zzov/Ac(ii

Figure 4. Block diagram of measurement system.

Aluminium layer o

Figure 5. The Peltier module, type Z-MAX TEC1 —
B12708AC.
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The voltage across the module was measured by a digital
multimeter, type AN8002. Table 1 shows the technical
specifications of the Peltier TEC module used. Peltier
TEC modules are very sensitive for the waveform of
driving current and then, their performance can be
affected, if the driving current waveform has any
harmonic or noise. Two batteries, which are 12 V 9 A in
power, are used as a power supply. They are connected
in series to increase the output voltage and can be
provided a continuous noiseless power to be able to
tolerate the power loss of Peltier TEC module.

A DC-DC converter, [Fig. 4] type DPS5015, is connected
to the batteries in series to limit the driving current of the
Peltier module at varied current values in the range of 0.5
to5 A

In signal processing part, a signal generator, type ZK-
PP1, produces a rectangular wave signal 0 — 5V, 30 mA,



from 1 Hz to 150 kHz operating frequency. Its duty cycle
can be arranged from 1% to 100%, but in this system,
50% duty cycle was chosen to drive the module at varied
frequency. The output of rectangular wave generator is
connected to the MOSFET transistors, type DROK
200203. They can be operated from 5 —36 V upto 15 A
current and 20 kHz frequency as an output. Since the
tested Peltier module operates 12 V 6 A power. The
MOSFET transistors are increased the peak of
rectangular wave signal to this level of power.

In the temperature control part, two digital thermometers,
type LT172N, measured the temperature on hot and cold
sides of the Peltier device. The initial temperature was
recorded as a room temperature by means of a digital
thermometer, just before the tests were begun to keep the
thermal stability of hot and cold surfaces of the module.
The digital thermometers LT172N have £3% sensitivity
in full scale due to their temperature sensors used, which
are the NTC thermistor, type GM-NTC-105C. The
sensitivity of other measurement devices is less than +0.1
in full scale. Therefore, the maximum overall
measurement error of the system is found to be about
+3%. Fig. 6 and Fig. 7 show the general view of
measurement system and Peltier device system
respectively.

Table 1. Technical specifications of the Peltier module used.

Dimensions W70xD70xH27 (mm)
Cooling performance 57.8 W

Rated voltage DC=+£12V

Rated current 6 A

Inner resistance 1.35-1.65Q

The system was tested using an aluminium mass, which
has the mass of 0.193 kg and the specific heat coefficient
of aluminium is 903 J/(kg K). The heat dissipation Qc
was calculated by Eq. (11) in the measured temperature
range and power consumption of Peltier device Qp was
obtained by the recorded voltage across the module and
current passing through the module. Then the COP was
calculated by the ratio of Qc/Qp, which is given in Eq.
(10).

Digital
Multimeter
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ARTIFICIAL NEURAL NETWORK MODEL

Neural networks represent a novel and modern approach
that can provide solutions to problems, for which
conventional mathematics, algorithms, and
methodologies are unable to find a satisfactory and
acceptable solution. ANNs are inspired by the
functionality and structure of the human brain, which can
be imagined as a network comprising densely
interconnected elements called neurons (Graupe, 1997).

E o s -

Cold Side
NTC Thermistor

Figure 7. Peltier device system.

The most popular neural network is the multilayer
perceptron, which is a feed-forward network; i.e., all
signals flow in a single direction from the input to the
output of the network. It consists of neurons organized in
a number of layers that can be categorized into three
parts: the first part is the input layer, which allows the
network to communicate with the environment; the
second part is commonly known as the hidden part, in
which one or more layers of neurons exist depending on
the problem’s demands and requirements for
generalization; and the third part is the output layer.

The artificial neurons are arranged in layers, wherein the
input layer receives inputs from the real world and each
successive layer receives weighted outputs from the
preceding one as its input, thereby resulting in a feed-
forward ANN, where each input is fed forward to the
subsequent layer for treatment. The outputs of the last
layer constitute the outputs to the real world.

The main problem with an ANN model has been to
establish representative training data, particularly, when
a large number of variables are considered as being in this
study. Training data from the experimental work on TEC
modules was obtained for dimensions with the length,
width and height 70x70x27 mm. In the proposed neural
network models, the input parameters were the cold side
temperature (T¢), the hot side temperature (Ty), the
temperature difference between cold and hot side of TEC
module (AT), the driving current (I), voltage across the
terminals of the TEC module (V), the driving time (t) and
frequency (f), while the output parameter was the
performance of TEC module (COP) (Fig. 8).



Qnet 2000®, a commercial neural network package, was
used for the prediction of the performance of TEC
module, offering the advantage of rapid network
development through flexible choices of algorithms,
output functions, and other training parameters, thereby
enhancing accuracy (Qnet2000). A total of 150 input
vectors obtained from the TEC module for the COP, and
it was available in the training set for a back-propagation
neural network. The number of hidden layers and
neurons in each layer were determined by trial and error
to be optimal, including different transfer functions such
as hyperbolic tangent, sigmoid, and hybrid. After the
network had been trained, better results were obtained
from the network formed by the hyperbolic tangent
transfer function in the four hidden layers as well as in
output layer for prediction of the COP. The hyperbolic
tangent transfer function is

Figure 8. The developed ANN for performance of TEC
module.
eX_eg~X

tanhx = ——
eX+e™X

(13)

The networks included 7 input neurons, 1 output neuron,
and four hidden layers with 53 neurons for the COP, with
full connectivity between nodes [Fig. 8]. Back-
propagation ANNSs require that all training input data
must be normalized to improve the training
characteristics. Therefore, all data for the nodes in the
input layer and training targets for the output layer were
normalized between the limits of 0.15 and 0.85. In
training of networks, a HP workstation, which had an
Intel® core i7-720QM microprocessor, 1.6 GHz, 6 MB
L3 cache, and 16 GB RAM, was used. The calculation
time was about 10 hours for each trained network.

ANALYTICAL ANALYSIS WITH MATLAB®

The MATLAB® Curve Fitting Toolbox™ was used to
determine an accurate and simple analytical equation for
the performance of TEC module corresponding to
experimental and predicted data. It provides graphical
tools and command-line functions for fitting curves to
data. The toolbox performs exploratory data analysis,
pre-processes and post-process data; compares candidate
models and removes outliers and allows working an
interactive environment with graphical user interface.
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The regression analysis using the library of linear and
nonlinear models provided can be conducted or specified
own custom equations. The library provides optimized
solver parameters and starting conditions to improve the
quality of your fits. The toolbox also supports
nonparametric modelling techniques, such as splines,
interpolation, and smoothing. After loading some data, a
fit can be created using a fit function, specifying variables
and a model type including exponential, Fourier,
Gaussian, polynomial, power, etc (MATLAB® R2018b).

RESULTS AND DISCUSSIONS

When the Peltier module is operated, it is heated up itself
due to current passing through it and then, its resistance
changes. The voltage across the module varies with
temperature, because the current passing through the
module keeps constant consistently. Fig. 9 shows the
variation of module resistance with the temperature
difference between the cold and hot sides of the TEC
module under constant 1 A dc current and in 500 seconds
test time.

The resistance of the module slightly increases with the
temperature difference up to about 1 °C, whereas it keeps
almost constant at higher temperature difference values
above 1 °C. The maximum change was about 0.59 ohm
with the temperature difference 8.2 °C.
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Figure 9. Variation of module resistance with temperature

difference AT under constant dc current 1 A and in 500 seconds

test time.
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Fig. 10 shows the variation of module resistance with the
driving current for the constant dc current and PFM. The
module resistance slightly decreases with the driving
current up to 2 A, while its maximum variation is about
0.06 ohm between 2 A and 6 A. The constant module
resistance yields to the thermal stability of the module
and then, it affects its efficiency.
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Figure 10. Variation of module resistance with driving current
for constant dc current and PFM.

The aim of the research is to compare the performance of
the module between the driving methods with constant dc
current and optimised rectangular wave. The dc current
value corresponding with the peak value of the
rectangular waveform was chosen. Thus, the driving of
the module with both methods was realised using the
same system and conditions during the tests and they can
be appropriately comparable. The measurements were

carried out using constant dc driving current values with
0.5, 1, 2, 3, 4 and 5 A and the obtained results were
summarised in Table 2. The temperature difference (AT)
increases with increasing dc current and voltage of the
module, whereas the COP value decreases. The COP
value was dramatically reduced after 1 A dc current.

The Peltier module was also derived by the rectangular
wave (50% duty cycle) with frequency values at 50, 100,
200, 300, 400, 500 and 1000 Hz. The operating frequency
was comparatively determined by means of the COP
values among experimental data. Although they are very
close to each other as shown in Table 3. The
thermoelectric module has the best COP value at 500 Hz
for the rectangular wave driving current.

Electromagnetic interference is a critical issue during
experiments due to high frequency current pulses at
Peltier modules. An appropriate shielding and smart
control techniques are the tools for the employment of
higher switching frequencies above 10 kHz (Baubaris et
al, 2017).

Table. 2. Measurement results at varied constant dc driving current values in 500 s test time.

Dc current Cold side Hot side Room Module Moc_iule
(A) temperature | temperature | temperature | AT (°C) | Voltage Resistance COP
(O O O V) (L)

0.5 14.6 18.5 17.8 3.9 1.16 2.31 2.55
1 10.0 18.2 17.3 8.2 2.23 2.23 1.38
2 6.4 19.8 17.6 13.4 4.30 2.15 0.58
3 3.2 22.3 17.6 19.1 6.31 2.10 0.37
4 0.3 25.0 17.6 24.7 8.40 2.10 0.27
5 -0.9 27.9 17.6 28.8 10.57 2.11 0.20

Therefore, the electromagnetic interference issues, which
emerged during experimental process, have raised
considerable limitations on the PWM applicability.
However, the electromagnetic interference can be
ignored on the PFM applicability due to its low switching
frequency. Moreover, the system does not require extra
electronic circuit protection such as shielding, filtering,
wire length and appropriate location of them.

When the COP value in the PFM driving method was
compared with the COP value in the constant dc driving
method has, it is almost double and shows that the PFM
driving method improves the cooling efficiency by
reducing the input power due to duty cycle in the Peltier
device.

Table 3. Measurement results at varied frequency and 1 A constant current in 500 s test time.

Frequency Cold side Hot side Room AT Module M_odule
(H2) temperature | temperature | temperature ©C) Voltage Resistance | COP
(°0) (°C) (°C) V) Q)
50 14.5 21.9 20.4 7.4 2.26 2.26 2.46
100 14.3 21.8 20.4 7.5 2.26 2.26 2.48
200 14.2 21.5 20.3 7.3 2.26 2.26 2.42
300 14.1 21.5 20.0 7.4 2.26 2.26 2.45
400 14.3 21.8 20.0 7.5 2.27 2.27 2.48
500 13.7 21.2 20.0 7.5 2.26 2.26 2.49
1000 14.6 22.0 20.9 7.4 2.27 2.27 2.45

The experimental data driving the PFM method with 50%
duty cycle during 500 s test time were summarised in
Table 4. It is clear that the COP was improved by the
PFM driving method. Improvement of COP was
maximum at driving current 0.5 A with 102%, whereas it
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was minimum at 5 A with 55% as compared to the
constant dc driving current method.

Fig. 11 shows the variation of COP with the constant dc
and pulse driving method and improvement % between



them. The percent COP improvement was dramatically
fallen after 0.5 A driving current and it keeps almost
constant until 4 A, finally, it was sharply dropped at 5 A
again. The COP values at low driving current were found
to be higher than the COP values at high driving current
due the input power and the Joule heating. The variation
of COP with the driving current is not linear; it seems, an
exponential change exists, since the thermoelectric
semiconductors have a non-liner property.

The ANN model was trained in the range of 0.5 - 5.0 A
driving current and 100 — 500 Hz frequency up to 500 s
operation time. The performance of the ANN model was
statistically measured by the RMS error and average
correlation. After the network was trained by 10 million-
iteration number, the linear correlation coefficient and
RMS errors were found to be 99.99% and 2.88% for the
COP. Table 5 also shows the percent contribution of
input nodes.

Table 4. Measurement results at rectangular wave driving current with 50% duty cycle in 500 s test time.

Cold side Hot side Room Module Module
CLz'rAr\«)ant temperature | temperature | temperatu (fg) Voltage | Resistance | COP Improo\//oement
O O re (°C) V) Q)

0.5 14.0 17.9 17.6 3.9 1.14 2.28 5.15 102

1 11.2 18.7 17.6 7.5 2.22 2.22 2.53 83

2 8.2 20.7 17.7 125 4.28 2.14 1.08 80

3 7.4 24.3 17.6 16.9 6.36 2.12 0.65 76

4 8.6 28.6 17.7 20.0 8.69 2.10 0.47 74

5 11.5 33.5 17.6 22.0 10.39 2.08 0.31 55
0.5and 1 A current value and 100 and 500 Hz frequency
6 120 at varied cold and hot surfaces temperatures, voltage and
. —¢-DC 8- 500 H Pulse Current ~&~COP Improvement % " time, which were outside the range of the training dataset.
. %0 s The results show that the developed ANN model has an
g acceptable prediction capability for the performance of
&3 60 £ TEC modules within the defined training dataset and
© £ good correlation with acceptable accuracy between
2 \\ 40 g measurement and predicted results (Fig. 12). Table 6 was
< summarised the measurement and predicted data for the
1 \\_____ 20 tested sample. Therefore, the ANN model can be
— efficiently used to estimate for the performance of the

4
Driving Current (A)

Figure 11. Variation of COP with constant dc and pulse driving
current and improvement % of COP.

From Table 5, the frequency has a minimum
contribution, while the temperature differentiation has
the major contribution for the performance of the TEC
module. It is clear that the temperature differentiation,
voltage, cold and hot surface temperatures and current
are very effective individually for estimation of the COP.
The frequency makes a 0.54% contribution, which is
significant among the input parameters, while the
temperature differentiation also makes a major
contribution about 28% to the prediction of the COP. The
voltage across the module, current passing through the
module and time 20.73%, 17.68% and 2.18%
respectively also make significant contribution to the
prediction of the COP. The cold and hot surfaces
temperatures make 16.9% and 14.42% contributions,
respectively.

A set of test data, different from the training data, was
used to investigate the network performance. The
average correlation and maximum error for prediction
were found to be 99.99% and 1.38%, respectively, for the
tested TEC module. The ANN model was assessed with
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TEC module.

Table 5. Contribution of input nodes to COP in the ANN
model.

Input nodes | Contribution % for COP
I (A) 17.68
T (°O) 16.90
Th (°C) 14.42
AT (°C) 217.97
V (V) 20.32
t(s) 2.18
f (Hz) 0.54
3.0
;: * cn[}—mm cop-measure ment
=15
210 e
Z£05
- 0.0 ——
0 2 4 6 8 10 12 14
Data Squence
Figure 12. Correlation between measurement and predicted

results.



The goodness of fit should be evaluated, after fitting data
with one or more models using the MATLAB® Curve
Fitting Toolbox™ is carried out. When several fits have
executed by the goodness-of-fit statistics, to look for the
smallest number of coefficients help to decide, which fit
is the best. Exponentials are often used, when the rate of
change of a quantity is proportional to the initial amount
of the quantity. Thus, the best curve fit for the ANN data
was found to be a two-term exponential model as given
by;

f(x) = aeb* + ced (14)

where the coefficients with 95% confidence bounds are
a= 1.725x10%, -0.2, ¢= -1.726x10* and d= -0.2
respectively. The RMS error was 0.074, whereas the
correlation between the predicted from ANN and
calculated from exponential model values was 0.99,
which shows a good agreement between them (Fig. 13).

Table 6. Measurement and predicted data for the test sample.

COP
Data no -
measurement predicted
1 0.01 0.01
2 1.05 1.06
3 1.92 1.91
4 2.35 2.36
5 2.50 2.51
6 2.56 2.57
7 0.01 0.01
8 0.53 0.53
9 0.90 0.91
10 1.02 1.02
11 1.07 1.07
12 1.09 1.10

All values obtained from measurements, prediction with
ANN, and analytical equation with curve fitting are in
good agreement with the average correlation 99% and
maximum RMS error 1.38. It is clear that both numerical
models, which are the ANN and analytical equation, are
working well and verifying the experimental results.

* ANN Data
L —— COP-Curve Fitting

ANN Data
- il
n [ 5] n

4 5 6
Data Squence

Figure 13. The best curve fit for predicted data.

1 2 3
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CONCLUSIONS

The present research highlights the improvement
efficiency and thermal stability of the TEC module
driving with the PFM method. The PFM and constant dc
driving methods can be applied to the module using the
system at the same operation condition. Therefore, the
results are accordingly comparable to each other.
Although, the COP was improved the on-off control with
constant dc current and the PWM methods. There are
some disadvantages for them such as reducing the lasting
time and considerable limitations due to high switching
frequencies.

The PFM driving method was developed by optimising
the input power owing to duty cycle of the rectangular
wave and increased the cooling efficiency up to 102% as
compared to the constant dc current driving method.
Moreover, the driving system does not require an extra
electronic circuitry for the electromagnetic interference
due to its operating frequency.

One of the significant contribution to the module
resistance is to keep it almost constant at high AT values
above 1 °C and thermal stability of the module due to
driving current. High COP value obtained by the PFM
method using the heat dissipation and power
consumption of the module indicates that there can be
made a significant contribution to the cooling challenges
and cooling technology in the field of semiconductor
applications and technology. The PFM driving method
can be useful for cooling and temperature stability of
electronic devices by means of Peltier module.

The performance of a TEC module was investigated for
optimum operating energy corresponding to surface
temperatures, the temperature differentiation, the driving
time and frequency. Increasing  temperature
differentiation is the major effect on performance, while
the driving time and frequency also have a significant
effect on it. The developed ANN model has a good
prediction capability with acceptable accuracy. When the
model was tested by untrained data, the linear correlation
coefficient and RMS error were found to be 99.99% and
1.38% respectively for the COP. The analytical equation
for performance as depending on prediction results has
been determined by using MATLAB® Curve Fitting
Toolbox™. The average correlation of the two-term
exponential model was found to be 0.99 and the overall
calculation error was 0.074, which are within acceptable
limits for the COP. The experimental results are in good
agreement with the predicted and calculated data, which
are useful for manufacturers working in this field.
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Abstract: This research aimed to find the process of value adding for glass wool waste from the glass wool composite
board used in the vehicle industry. The waste was reprocessed to be an insulator and to determine the suitable conditions
for hot-press forming to create new materials having high thermal resistant properties. Firstly, the properties of the
original board; the thermal resistances (R) and the noise absorption coefficients (NRC), were measured and were found
averages of 0.9055 m?K/W and 0.3955, respectively. The reprocessing conditions were varied by 2 levels; high and
low, of 5 control factors; density, thickness, pressure, temperature, and surface roughness. Three repeating processes
for each condition were performed. The Design of Experiment (DoE) was the full factorials; 2° experiments, by using
the Analysis of Variance (ANOVA) to find main and interaction factors relating to the properties. From the ANOVA
results with the a level of significance at 0.05, it was found that the main factors responding to the high values of the
thermal resistance were the thickness and density. This resulted in the suitable conditions for the hot-press process of
both the new smooth and rough pads with a density of 96 kg/m? and a thickness of 25 mm. The R values of the new
insulators were in between 0.88 — 0.98 m?K/W and, additionally, the high NRC values were also provided in between
0.46 — 0.49. These findings could be applied for wall designing, wall decorations and heat shields for indoor rooms and
different types of buildings.

Keywords: Glass wool waste, Insulator, Reprocessing, Heat transfer, Thermal resistance

CAM YUNU ATIGININ ISIL YALITKAN OLARAK YENIDEN PROSES EDIiLMESININ
KOSULLARININ BULUNMASI

Ozet: Bu calisma otomotiv endiistrisinde kullanilan cam yiinii kompozit levhadan elde edilen cam yiinii atiginin deger
katma siirecini bulmayr hedeflemektedir. Atik, bir yalitkan olmasi ve yiiksek 1s1l direnc¢ 6zelliklerine sahip yeni
malzemeler olusturmak i¢in kullanilan sicak pres sekillendirme i¢in uygun kosullarin belirlenmesi amaciyla tekrar
islenmistir. Ilk olarak orijinal tahtanmn o6zellikleri; 1s1l direng (R) ve giiriiltii emilim katsayilar1 (NRC) dlciilmiis ve
sirastyla ortalama 0,9055 m?K/W ve 0,3955 olarak bulunmustur. Tekrar isleme kosullar1, yogunluk, kalmmlik, basing,
sicaklik ve ylizey piliriizliiliigli olmak {izere 5 adet kontrol faktoriine ve yiiksek ve alcak olmak iizere 2 adet seviyeye
gore degismektedir. Her kosul i¢in {i¢ tekrarlama islemi gerceklestirilmistir. Tasarim analizi, 2° deneyden olusarak, tam
faktoriyeldir ve 6zelliklere iliskin ana ve etkilesim faktorlerini bulmak i¢in Varyans Analizi (ANOVA) kullanilmigtir.
a anlamlilik diizeyi 0,05 olan sonuglardan, 1s1l direncin yiiksek degerlerine sebebiyet veren ana faktorlerin kalinlik ve
yogunluk oldugu bulunmustur. Bunun sonucunda hem yeni piiriizlii hem de piiriizsiiz pedler i¢in sicak pres islemi uygun
kosullarmin 25 mm kalinhk ve 96 kg/m® yogunluk oldugu agiga ¢ikmugtir. Yeni yalitkanlarin R degerleri 0,88 — 0,98
mM2K/W arasinda olmaktadir ve ayrica yiiksek NRC degerleri de 0,46 — 0,49 arasinda olacak sekilde verilmistir. Bu
bulgular, i¢ mekanlarda ve farkli bina tiplerinde duvar tasarimi, duvar dekorasyonlari ve 1s1 kalkanlar1 igin kullanilabilir.
Anahtar Kelimeler: Cam yiinii atig1, Yalitkan, Tekrar isleme, Is1 transferi, Isil direng
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NOMENCLATURE

Symbols
R thermal resistance (m? W/m)

k thermal conductivity [W/m-K]
NRC  Noise Reduction Coefficient

SAC  Sound Absorption Coefficient

S Standard deviation

R-sq  Explained variation / total variation
Greek Symbols

1 overall mean

T The effect of factor A (surface)

B The effect of factor B (density)

y The effect of factor C (temperature)
o The effect of factor D (thickness)
a The effect of factor E (pressure)

£ Random error of the experimental
p density [kg/m?]

INTRODUCTION

Climate changes have affected all countries in the world.
Thailand climates fluctuate as risen atmospheric
temperatures continuously. The growing amounts of
energy consumption and carbon dioxide emission are
main keys causing greenhouse effect and heat waves.
There are many campaigns promoting energy
conservation in every section such as industrial and
residential sections. Green and recycle materials are
recommended and investigated to be manufactured in the
industrial level. These materials are considered as safe
products from environmental-friendly processes which
use low energy consumption in their production lines and
reduce operating cost of the manufacturers. Glass wool is
one of many insulators used in construction and vehicles
because of its low thermal conductivity; 0.032 W/m K.
Glass wool is used to pad on vehicle bodies to reduce
conductive heat transfer rates from ambient into vehicle
compartments helping refrigerating systems to maintain
the compartment conditions. Moreover, glass wool can
absorb sound and reduce noise from outside into the
compartments. The International Agency for Research on
Cancer, World Health Organization (WHO) certified that
glass wool does not harm human health. If a glass wool
fraction goes into the human respiratory system, the
person will sneeze and get rid of the fraction due to its
cylindrical structure is big and its diameter is
approximately 7 microns. Since glass wool is commonly
used in construction and vehicle industries, a great
amount of glass wool waste is disposed by burning and
burying in landfills each year. The Department of
Industrial Works, Ministry of Industry, Thailand,
encourage manufacturers to recycle and reuse waste in
many forms and purposes as 3Rs (Reduce Reuse
Recycle). This campaign has reduced glass wool waste
but this waste; more than one million tons, has potentials
to be reprocessed and utilized.
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The glass wool waste weights more than 20 tons. Every
month, the manufacturers spent certain amount of budget
to get rid of it properly. Glass wool can be formed in
blanket and board both bare and covered surfaces with
layers such as aluminum foil. The glass wool made
according to ASTM standard and Thai Industrial
standard codes can be used as insulators and acoustic in
offices, dwellings, and buildings. The glass wool
qualifications are 1) thermal insulation with a low
thermal conductivity of 0.032 W/m K, a good thermal
resistance, 2) acoustic insulation, 3) non-flammable, 4)
easy installation, 5) compressive strength, 6)
condensation control, 7) long life performance, and safe
to use approved by WHO.

Yodkaew et al. (2007) developed acoustic ceiling by
using rice shell. The developed ceilings were examined
to find their Noise Reduction Coefficients (NRCs) and
their NRCs were compared with those of gypsum,
acoustic, and glass wool boards. Their results showed
that the developed ceiling from the rice shell-to-glue ratio
at 5:1 had better NRC than those of the gypsum and
acoustic boards. Choowonglert and Thakkhanont (2015)
developed acoustic boards from paper waste from
offices. The waste was shredded by paper shredders
before it was reprocessed by a hot pressing process. The
reprocessed boards had thicknesses of 10, 15 and 25 mm.
Noise absorption properties showed the board potentials
to be developed into the commercial acoustic material
which was made from the office-paper waste,
environment-friendly, and nicely adding values to the
waste.

Pakhunworakit et al. (2006) investigated thermal
conductivity values of insulators made from agricultural
waste; corn cob and cassava tree, having different density
values. The best insulator was the cassava-tree insulator
having the density of 200 kg/m?, the thickness of 10 mm,
the lowest thermal conductivity was found at 0.059 W/m
K. Homaswin et al. (2007) developed building acoustic
insulators made from coconut-shell fiber with the size of
0.5 m in height and width. The fiber insulator covered
with the 2-inch latex layer provided the NRC close to that
of the glass wool board and this NRC was better than
those of the gypsum and acoustic boards. Narakaew and
Narakaew (2015) developed activated carbon made from
corn cob and boards made from hay, and the corn-cob
activated carbon. The smell and noise absorptive
performances were experimentally investigated by using
the developed boards as walls of a one cubic meter room.
The noise absorptive performance was higher than those
of the walls made from acoustic foam and glass wool.

Zhao et al. (2018) presented lifecycle assessment of
typical glass wool production in China, this work was
aimed to reduce unnecessary energy in the glass wool
production. The commercial software named eBalance
which was developed by Integrated Knowledge for our
Environment (IKE) was used to investigate Primary
Energy Demand (PED), Global Warming Potential



(GWP), Acidification Potential (AP), Photochemical
Oxide Formation Potential (POFP) and Refractive Index
(RI). The lifecycle assessment analysis found that the
glass wool waste mostly affected environment on energy
in manufacturing processes. The GWP was 49% while
the AP, POFP and RI were 50%, 25% and 39%,
respectively. This research claimed that the energy
conservation measures played an important role on
reducing environmental impacts caused by the glass wool
waste.

Jeon et al. (2017) experimentally studied effects of
humidity on glass wool by measuring thermal
conductivity of the glass wool specimens after they
exposed to humidity. Results indicated that the non-
coating glass wool or the glass wool without anti-
moisture agent could absorb water about 4% - 8% of its
weight and the thermal conductivity was increased 4
times higher. The coated glass wool or the glass wool
covered with anti-moisture agent by Fluoroalkylsiloxane
(SH-AF) technique provided the thermal conductivity at
0.0329 W/m K. Therefore, the anti-moisture agent
reduced the thermal conductivity of the coated glass
wool, approximately at 0.0344 W/m K.

Wajima and Matsuka (2019) presented a decomposing
process for glass wool waste by using the sodium
hydroxide pyrolysis. This research was aimed to reduce
the waste having glass wool fibers and resin as the main
components. This method was introduced as a new
recycle process to reduce the waste by changing chemical
components of the waste in 400 - 500 Celsius anaerobic
conditions and using sodium hydroxide as a chemical
catalyst. From the results, the most decomposition of the
resin-glass wool waste could be found when 3 grams of
the sodium hydroxide was used, the decomposition was
20% of the original weight.

Since the world focuses on the sustainable development
goals, this research aimed to promote inclusive
sustainable industrialization and fostering innovation and
to take action to combat climate change by recycling and
reprocessing the glass wool waste, as well as to ensure
sustainable consumption and production patterns by
producing the new insulator for building in cities and
human settlements inclusive, safe, resilient and
sustainable. This work paid particular attention to find
reprocessing conditions to recycle the glass wool waste
from the vehicle industries, to investigate properties of
the reprocessed insulators and to compare the properties
with the original properties of the glass wool board and
the commercial one. The recreating conditions; thermal
resistances (Rs) and Noise Reduction Coefficients
(NRCs) were investigated and reported in this paper. The
results of this research could provide necessary
information for insulator manufacturers to reprocess the
glass wool waste and to produce the new insulator from
the waste. The recreated insulator as a composite board
could be used in the construction, furniture or design
industries as user demands.
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METHODOLOGY

The glass wool waste was collected from a vehicle
assembly factory, it was reprocessed under 5 control
parameters; density, thickness, pressure, temperature,
and surface roughness. Three repeating processes for
each condition were performed. All reprocessed
specimens were tested to find thermal conduction (k) and
thermal resistance (R) followed the procedure of ASTM
C518 by using sample sizes of 17.5 cm width, 17.5 cm
length, and 5 cm height. Then, Sound Absorption
Coefficient (SAC) and Noise Reduction Coefficient
(NRC) were evaluated followed the procedure of ISO
10534-2 by using 10 cm and 3 cm diameter specimens
for low and high frequency tests, respectively. In this
work, the factorial design of 5 control parameters at high
(+1) and low (-1) levels as shown on Table 1 was applied
by using Analysis of Variance or ANOVA to reduce
possible errors.

Table 1. Research factors

Factor levels
Control factors Factors Low () I—Elg)h
Surface A Smooth Rough
Density (kg/m?3) B 64 96
Temperature (°C) C 160 190
Thickness (mm) D 15 25
Pressure (bar) E 10 15

The Factorial Experimental Design of the Two Power
Five (2°) was used to collect experimental data and
analyze statistical results. The ANOVA significance
level of the experiments was specified as a = 0.05 from
32 conditions and 3 repeating experiments to find
responses of thermal conductivity and Noise Reduction
Coefficient. The total of 96 experimental units were
gathered as shown on Table 2. Steps of experimental
analysis consisted of two main steps.

Firstly, the linear statistical model of the two power five
full factorial was defined as following (Ayuttaya, 2007);

Yiikinn = 4+ T; +/5'J. + 7+, +a,
+(B)y + (@ )y +(20), +(za),,
+(Br)y +(B3), +(Ba),;,
+(78), + (r@),, +(5a),
+(z',87/)ijk +(Tﬁ5)ij| +(z‘ﬁa)ijm
+(T7/5)ik| +(T7/a)ikm +(75a)i|m
+(ByS) o +(Bra) o, +(BS),,
+ (o), + (z-,li’yé‘)ijkl + (z‘ﬂya)ijkm
+ (Tﬂyé‘a)ijklm + Eijamn

where subscripts; i, j, k, I, and m, are the effects of the

low and high factors (Table 1) which can be 1 and 2,

respectively. Secondly, Analysis of Variance was

performed by using a commercial computer software, the
trademark name was MINITAB.

@



EXPERIMENTAL PROCEDURES

Glass wool waste from the car-roof-insulation process in
the vehicle factory was taken in a form of a composite
board The insulator reprocessing steps started with taking
polyester cloth covering the waste out. Polyester must be
separated because it can affect environment. The waste
was, then, putinto a plastic granulator to make glass wool
scraps. The scraps were weighted to meet the
investigating density values and arranged on the designed
molds; two surface types and thicknesses. Two steel
plates were sandwiched on the mold surfaces before the
molds were put in the hot-press machine to form the
reprocessed insulators such that heat from the machine
did not come into direct contact with the scraps. The
machine operating conditions; temperature and
compression values, were set according to the
experimental designs, all experimental design factors are
shown on Table 1. Since the sample roughness is one of
the interesting parameters, the definition of the the
sample roughness should be given. The reprocessed
samples with two surface types; smooth and rough, are
shown on Figure 1. The rough surface mold was prepared
separately from the smooth surface mold.

Table 2. Experimental conditions

Figure 1. Repfocessed boards with two surface roughness; a
rough surface (left) and a smooth surface (right)

RESULTS AND DISCUSSIONS

The insulator used in door assembly processes of vehicle
industries combined of glass wool and non-woven
polyester. The glass wool properties are shown in Table
3. From the information, the non-woven polyester must
be separated because it can affect environment. The non-
woven polyester was separated from the rest of the
insulator waste. Three waste samples were investigated
to find their properties at 20 and 50 Celsius as shown on
Table 4, the average thermal conductivity (k) and thermal
resistance (R) were 0.0166 W/mK and 0.9055 m2K/W,
respectively. The samples were also tested to find Sound
Absorption Coefficient (SAC) in 4 frequency levels; 250,
500, 1000, and 2000 Hz. Noise Reduction Coefficient
(NRC); the average value of 4 SACs at 23 Celsius and
50%RH, was calculated. All SACs are presented on
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Conditions A B ¢ D E Table 5 and the NRC was 0.3955 or approximately 0.4.
1 Smooth 62 160 | 15 10 The sound absorption materials_or acoustic materigls
> Smooth 64 | 160 | 15 15 commonly have NRCs at 0.4 or higher. These properties
3 Smooth 64 | 160 | 25 10 can be referred as the raw material properties of the
2 Smooth 64 | 160 | 25 15 reprocessed insulator. Before the waste was reprocessed,
5 Smooth 96 | 160 | 15 10 the waste flammability test was performed by using
6 Smooth 96 | 160 | 15 15 UL95 technique (Underwriters Laboratories 95 of USA)
7 Smooth 96 | 160 | 25 10 with 5 random samples at 24 Celsius and 53 %RH. The
8 Smooth 96 | 160 | 25 15 flammability test results are shown on Table 6, no sample
9 Smooth 64 | 190 | 15 10 was burned up to the holding clamp and no cotton
10 Smooth | 64 | 190 | 15 15 indicator ignited was found.

11 Smooth 64 190 25 10
12 Smooth 64 | 190 | 25 15 Table 3. Properties of the glass wool insulator
13 smooth | 96 | 190 | 15 | 10 Information Details
1‘5" Smgg:: gg 138 ;g ig Component Glass wool 85 — 95%
i _ 0
16 Smooth 96 190 25 15 Cured binder 5 - 15%
17 Rough 64 | 160 | 15 10 Appearance The material is yellow that
18 Rough 64 | 160 | 15 15 can be flexible
19 Rough 64 160 25 10 Smell None
32 sg”gﬂ gg igg ig ig Soluable Insoluable
u
5 Rough 56 160 T 15 T Be sgable and fast | Stable
23 Rough | 96 | 160 | 25 | 10 reaction : :
>4 Rough 9% | 160 | 25 15 Information about PI!’GCF skin contact may cause
o5 Rough 64 | 190 | 15 10 the danger irritation.
26 Rough 64 190 15 15
27 Rough 64 | 190 | 25 10
28 Rough 64 | 190 | 25 15
29 Rough 96 190 15 10
30 Rough 96 | 190 | 15 15
31 Rough 96 190 25 10
32 Rough 96 190 25 15



Table 4. Thermal conductivity (k) and thermal resistance (R)

Table 6. The results of the horizontal flame spread test of the

results of the samples samples
No. | Thick- | Ta | T2 | Ts Sample Cotton
Sample | Thick- | Test | Test k- R- ness | 6| ) | &) | BurnUp | indicator
Types ness | Temp | Temp | value | values (mm) | ) to Holding | ignited
(m) (°C) (°C) S (m? Clamp
(W/m | K/m) 1 1261 |0 | 0 | O No No
K) 2 11.02 0 0 1 No No
Composited [ (.0156+ 20 50 0.0166 | 0.9384 3 975 | 0] 0|1 No No
board
(©.321:0005 | 0.0050 + 4 976 o[ 0] o0 No No
ko) 0.005 5 | 1150 | 0 | 0 | 0 No No
* Ty T2 and Tz are the flame spread seconds of the three
samples, respectively.
Composited | (0.0138=+ 20 50 0.0141 | 0.9769
tislso00s | 0.0005 + Table 7. Analysis of Variance (ANOVA) results in the
ko) 0.005 thermal resistance investigation
Egan:é)osned 0.0138+ 20 50 0.0190 | 0.8012 Source | df 3S MS E- p- Note
©.321:0005 | 0-0005 by valve | valv | °
kg) 0.005 (FO) e
Table 5. Sound Absorption Coefficient (SAC) and Noise A 1 |0.00428 | 0.00428 086 | 035
Reduction Coefficient (NRC) results of the samples 7
Sound Absorption Coefficient (%) and NRC B 1 | 0.00767 | 0.00767 154 1021
Type 250 500 1000 | 2000 | Ave. | NRC 9
by | Hz | Hz | Hz C 1 [0.01018 | 0.01018 | 2.04 | 0.15
Com- | 7.02 | 293% | 589 | 628 | 395 | 0.3955 8
posited % % % % D 1 1.38055 | 1.38055 | 276.9 | 0.00 | Sig.
board 6 0
E 1 0.02217 | 0.02217 445 | 0.03 | Sig.
Analysis of Variance for Thermal Conductivity (k) 9
and Thermal Resistance (R) A*B 1 0.00119 0.00119 0.24 262
All thermal conductivity (k) and thermal resistance (R) A*C |1 000529 | 000529 | 1.06 2'30
resqlt§ of 96 rgprocessed samples. were a}nalyzed A*D 11 1000304 | 000304 | 061 023
statistically by using the data analysis, statistical and 7
process improvement tools; Minitab as the trademark, AE |1 1000098 | 0.00098 | 020 1065
Analysis of Variance or ANOVA was performed by 8
considering only two-way interaction. ANOVA for the B*C | 1 | 0.00056 | 0.00056 | 011 | 0.73
thermal resistance was performed. Firstly, the hypothesis 7
test started with a test of main factors; H 0 and H 1 B*D |1 |0.02622 | 0.02622 | 5.26 | 0.02 | Sig.
represented the main factors having no effect and having 5
effects on the thermal resistances, respectively. Then, a B*E |1 | 0.00067 | 0.000677 | 0.14 | 0.71
test of interaction factors was carried on; H 0 and H 1 4
represented the interaction factors having no effect and C*D |1 | 000192 | 0001921 | 0.39 (7)-53
having effects on the thermal resistances, respectively.
All ANOVA results for the thermal resistance are C*E |1 ] 0.00000 | 0.000002 | 0.00 2'98
exhibited on Table 7. Statistical testers; F—Value or FO > =
F0.05, (1,64) was higher than 4.08 or P—Value was less D¥E |1 | 000546 10005469 | 1.10 8'29
thgn the significance level (a) of 0.05. The H 0 was Error | 64 | 0.31901 | 0.319018
rejected and the H 1 was accepted, the main and Total | 95 | 1.90151

interaction factors had effects on the thermal
conductivity of the reprocessed samples at the
significance level (a) of 0.05 as following;

1) The interaction factors; B*D or density (kg/m®) and
thickness (mm), and

2) The main factor; E or compression pressure (bar).
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S =0.0706021 R-Sq =83.22%
Sig. = Significant

R-Sq(adj) = 75.10%

Secondly, Model Adequacy Checking was rendered to
investigate suitability and accuracy of the information;
error patterns followed the fundamental of €ij ~ N(0,62 )
by using residual values. This analysis confirmed the
accuracy and dependability of the information as shown
on Figure 2. From the normal probability plot on Figure
2, the residual distribution was linear. The fitted value of
each factor level distributed randomly and ordinarily
around the center line, the residual distribution was not a
megaphone pattern, this distribution implied that the data
had the stability of their deviation and the data was
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Figure 2. Residual plots in the thermal resistance investigation

independent. The residual distribution was not in any
trends and patterns, the data were independent and not
related to their collecting sequence.

Thirdly, the analysis of the interaction and main factors
was performed to find the suitable factor level. From
Table 7, the interaction factors; B*D, and the main factor;
E, had effects on the thermal resistances. The effect of
the interaction factors; B*D, on the thermal resistance
(R) was considered primarily as displayed on Figure 3.
The high thermal resistance was encountered when the
interaction factors; B*D or density was at 96 kg/m® and
thickness was at 25 mm. The high thermal resistance was
met when the main factor; E or compression pressure was
at 15 bar as shown on Figure 4. Therefore, the suitable
factors responding to the thermal resistance and the hot
pressed process were as following; the high level (+) of
the factor; B or the density at 96 kg/m?, the high level (+)
of the factor; D or the thickness at 25 mm, and the high
level (+) of the factor; E or the compression pressure at
15 bar. as shown on Figure 4. Therefore, the suitable
factors responding to the thermal resistance and the hot
pressed process were as following; the high level (+) of
the factor; B or the density at 96 kg/m3, the high level (+)
of the factor; D or the thickness at 25 mm, and the high
level (+) of the factor; E or the compression pressure at
15 bar. These factors could be used as the conditions of
the reprocessing process and the highest average thermal
resistance was obtained from the 16th condition on Table
8 as 0.98028 K/W.
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Table 8. Conditions providing the high thermal resistances of
the reprocessed insulators

Conditions Thermal Resistances Average
Numbers of Replicate
1 2 3

8 0.89854 | 0.94529 | 0.98804 | 0.94396

16 1.0172 | 0.93574 | 0.9879 | 0.98028

24 1.0028 | 0.92499 | 0.94249 | 0.95676

32 0.96683 | 0.88084 | 0.87746 | 0.90838

Analysis of Variance for Sound Absorption

Coefficient (SAC) and Noise Reduction Coefficient
(NRC)

Next, all Sound Absorption Coefficient (SAC) and Noise
Reduction Coefficient (NRC) results of 96 reprocessed
samples were analyzed statistically by using the same
tools, ANOVA. Firstly, the hypothesis test started with a
test of main factors; H 0 and H 1 represented the main
factors having no effect and having effects on the NRCs,
respectively. Then, a test of interaction factors was
carried on; H 0 and H 1 represented the interaction factors
having no effect and having effects on the NRCs,
respectively. All ANOVA results for the Noise
Reduction Coefficients (NRCs) are indicated on Table 9.
Statistical testers; F-Value or FO > F0.05,(1,64) was
higher than 4.08 or P-Value was less than the
significance level (a) of 0.05. The H 0 was rejected and
the H 1 was accepted, the main and interaction factors
had effects on the thermal conductivity of the reprocessed
samples at the significance level (a)) of 0.05 as following;
1) The main factor; B or density (kg/m?), and

2) The main factor; D or thickness (mm).



Interaction Plot for Thermal resistance
Data Means
S P N
0.9 A
0.8 A a0 e | / =" —&»— smooth
0.7 —@— rough

= - 0.9 B

—— - o = _-g / =2 - 0.8 —e— &4

F 0.7 | —m— 98
0.9 c
0.8 1 ——p a————=a c / g——a — e 160
0.7 —m— 190
. — = -— " — .. — — ™ I 0.9 D

D - 0.8 | —»— 15

*——w» [ — -— Y - 0.7 —m— 25

0.9 /‘ E
0.8 $=— ¢ =— — -9 = — g / ) . 10
0.7 . . . . . . —m— 15
N \90 ’363 '\90 "’0 "'6’ — 1IcE)

© —a— 15

E

Figure 3. Interaction plots in the thermal resistance investigation

Then, Model Adequacy Checking was rendered to
investigate suitability and accuracy of the information;
error patterns followed the fundamental of €ij ~N(0,62 )
by using residual values. This analysis confirmed the
accuracy and dependability of the information as shown
on Figure 4. From the normal probability plot on Figure
5, the residual distribution was linear. The fitted value of
each factor level distributed randomly and ordinarily
around the center line, the residual distribution was not a
megaphone pattern, this distribution implied that the data
had the stability of their deviation and the data was
independent. The residual distribution was not in any
trends and patterns, the data were independent and not
related to their collecting sequence.

Table 9. Analysis of Variance (ANOVA) results in the the
Noise Reduction Coefficient (NRC) investigation

Sourc | df SS MS F- p- Not
e valve valve ed
(FO)
A 1 0.00045 0.0045 1.05 0.315
B 1 0.00477 0.00477 11.14 0.003 Sig.
C 1 0.000125 0.00012 0.29 0.593
5
D 1 0.089860 | 0.08986 | 209.81 | 0.000 Sig.
0
E 1 0.000503 0.00050 1.18 0.288
3
Error 64 | 0.011136 | 0.00042
8
Total 95 | 0.106844

S$=0.0206953 R-Sq=89.58%
Sig. = Significant

R-Sq(adj) = 87.57%
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Figure 4. Main effect plots in the thermal resistance investigation
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Figure 5. Residual plots in the Noise Reduction Coefficient (NRC) investigation

Finally, the analysis of the main factors was performed
to find the suitable factor level. From Table 9, the
mainactors; B and D, had effects on the NRCs. The effect
of the main factors; B and D, on the NRCs was
considered primarily as displayed on Figure 6. The
highest NRC (good noise reduction) was indicated when
the main factors; B or density was at 96 kg/m3 and D or
thickness was at 25 mm. Therefore, the suitable factors
responding to the NRC and the hot press process were as
following; the high level (+) of the factor; B or the
density at 96 kg/m?® and the high level (+) of the factor;
D or the thickness at 25 mm. These factors could be used
as the conditions of the reprocessing process and the
highest average NRC was obtained from the 15th
condition on Table 10 as 0.48881. Materials having
NRCs above 0.4 can be considered as highly absorptive
materials or acoustic, for an example, NRC values of
materials used in offices and dwellings are in the range
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of 0.4t0 0.6 (Cowan, 1994). The acoustic property of the
reprocessed sample related to the density and the
thickness of the sample. Both surface roughness did not
affect the NRCs notably,their NRCs were close, the
average NRC of the rough surface sample. The Sound
Absorption s mooth surface sample was a little bit higher
than that of the rough surface sample. The Sound
Absorption Coefficient or SAC varied in proportion to
frequency levels; 125, 250, 500, 1,000, 2,000 and 4,000
Hz, respectively. NRC is the average of the SAC.
Therefore, better acoustic materials have higher SACs as
presented on Figures 7 and 8.
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Remark: Conditions; (black solid line) 96 g, 25 mm, 10 MPa, 160°C and smooth surface, (grey solid line) 96 g, 25 mm, 10 MPa,

160°C and rough surface, (black dash line) 96 g, 25 mm, 10 MPa, 190°C and smooth surface, (grey dash line) 96 g, 25 mm, 10 MPa,
190°C and rough surface.
Figure 7. Sound Absorption Coefficient (SAC) plots of the samples prepared at 10 MPa
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The Cost Analysis and Product Comparison

Glass wool market survey was carried on to analyze and
specify market feasibility of the reprocessed glass-wool
board by using marketing mix or 4Ps; product, price,
place and promotion. The product is an analysis and
formulating strategy related to products or services. The
price analyzes and determines the pricing strategy of the
product from the customer's point of view, including
comparisons with competitors. The place analyzes and
defines shipping strategy, by adhering to the principles
of efficiency, accuracy, safety and speed. The promotion
is an analysis and formulating strategy that will boost the
sales of the product. The information of the reprocessed
glass wool board or the product is detailed on Table 11.
The NRCs of different materials are compared on Table
12. The reprocessed board price was the same or a little
lower than market prices. Since the reprocessed board
was made from glass wool waste from vehicle industries,
the reprocessed board properties were lower than the
properties of the original glass wool boards. But the
thermal resistance and NRC properties of the
reprocessed board were well accepted. Board
manufacturer interviews were conducted and expenses
of the glass wool waste transportation and disposal had
to be taken into the cost analysis, the cost tended to be
lower than new glass wool boards in Thai markets. The
certain cost could not be specified because this research
was in the pilot plant stage.

Product distribution places could be divided into 2 ways;
1) the indirect-way in 2 levels (from manufacturers to
wholesalers, retailers and customers, respectively, and 2)

2.5k
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3k

[HzZ]
Remark: Conditions; (black solid line) 96 g, 25 mm, 15 MPa, 160°C and smooth surface, (grey solid line) 96 g, 25 mm, 15 MPa,
160°C and rough surface, (black dash line) 96 g, 25 mm, 15 MPa, 190°C and smooth surface, (grey dash line) 96 g, 25 mm, 15 MPa,
190°C and rough surface.
Figure 8. Sound Absorption Coefficient (SAC) plots of the samples prepared at 15 MPa
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the direct-way from manufacturers to customers
(customers may include absorptive manufacture
industries and acoustic users). Since the reprocessed
board can be considered as a waste-to-recycle product,
promotional guidelines may emphasize acoustic users,
green and recycle product users. This board can be raw
materials for other acoustic composite boards. The
reprocessed-board manufacturers may seek for
commercial partners such as small acoustic businesses to
develop the board quality and their own products or
startup businesses. The startup businesses can make the
reprocessed board widely known faster. Middleman
promotions may play a role because they are
professional, they know markets and customers trust
their new product offers. If the reprocessed board is used
as the raw material in the insulator and acoustic
industries, the manufacturers fully develop their
products by increasing the reprocessed board qualities
and properties to meet their product standards and goals.
The thermal resistances of three different boards were
compared as shown on Table 13. These three boards
were not covered with any layers. The first board was the
reprocessed board from this work, the second was the
board waste or the reprocessing raw material and the last
board was the commercial insulation board. The lowest
density was provided by the new commercial one while
the reprocessing one provided the higher thermal
resistance; 20.69% higher. As compared on the table, the
reprocessed board could provide the competitive thermal
resistance.



Table 10. Conditions providing the high Sound Absorption
Coefficients of the reprocessed insulators

Codition Factors Noise
Reduction
Coefficient
A B C D E
7 Smooth | 96 | 160 | 25 | 10 0.48331
8 Smooth | 96 | 160 | 25 | 15 0.48071
15 Smooth | 96 | 190 | 25 | 15 0.48881
16 Smooth | 96 | 190 | 25 | 15 0.47035
23 Rough 96 | 160 | 25 | 15 0.46025
24 Rough 96 | 160 | 25 | 15 0.48424
31 Rough 96 | 190 | 25 | 10 0.47905
32 Rough 96 | 190 | 25 | 15 0.47035

Table 11. Prices of the sound absorbing materials in Thai

market
Product Size (MxM) NRC Price
Name

acoustic wall 0.60 x 0.60 0.69 -0.98 240 - 440
panels 0.60 x 1.20 Bath per
CYLENCE Sheet
ZofTone
acoustic 0.60 x 0.60 0.70 655 — 754
ceiling Bath per m?
CYLENCE
Wondary
acoustic 0.60 x 0.60 0.75 645 - 1715
decorative 0.60 x 1.20 Bath per
wall Sheet
CYLENCE
Zandera
Reprocessed 0.175% 0.175 0.46 —0.49 N/A*
insulator
(from Glass
wool waste)

* No selling price for a prototype product

Table 12. Sound Absorption Coefficients of General
Building Materials (Owens Corning, 2004)

Materials Frequency (Hz2) NRC
250 | 500 | 1000 | 2000 | 4000

Brick 0.03 | 0.03 | 0.04 | 0.05 | 0.07 | 0.05

Carpet 0.05] 0.10 | 0.20 | 0.30 | 0.40 | 0.15

Concrete 0.44 { 0.31 | 0.29 | 0.29 | 0.25 | 0.35
Block

Fabrics 0.04 | 011 | 0.17 | 0.24 | 0.35 | 0.15
Glass 0.03 | 0.02 | 0.02 | 0.03 | 0.02 | 0.05
Gypsum 0.08 | 0.05 | 0.03 | 0.03 | 0.03 | 0.05
Board

Hardwood 0.22 | 0.07 | 0.04 | 0.03 | 0.07 | 0.10

Reprocessed | 0.15 | 0.35 | 0.63 | 0.80 | 0.48 | 0.48
insulator
(from Glass
wool waste)

Table 13. Thermal resistance values of three samples; the
reprocessed board (1), the board waste (2) and the
commercial insulation board (3)

Numbers | Thickness | Density R (m> W/m)
1 25 96 0.9879
2 37 64 0.0630
3 25 48 0.7810

Since the pressure, density and thickness of the
reprocessed board were the interaction factors playing
important roles on the board thermal resistance and

Noise Reduction Coefficient (NRC) while both board
surfaces; smooth and rough, were not significant, the
thermal resistance and NRC correlations were
proposed according to the significant factors as
following;

R =0.158+(0.00359 Density) +(0.0368 Thickness)
—(0.00267 Pressure)+(0.00022 Density x Thickness )
@

NRC = 0.3258+(0.000563 Density) +(0.00855 Thickness)
+(0.00150 Pressure)+(0.000137 Density x Thickness)
@)

The correlations are applicable for the range of the
reprocessed-insulator ~ density,  thickness  and
compression pressure from 64 to 96 kg/m?, from 15 to
25 mm and from 10 to 15 bar, respectively. These
correlations can help the manufacturers and users to
predict the thermal resistances and Noise Reduction
Coefficients of the recycled insulators in the forms of
the significant factors. The manufacturers and users
can also select these properties according to their
desired thermal resistance and Noise Reduction
Coefficient values.

CONCLUSION

Vehicle industries have to set budget to transport and
dispose insulator waste from vehicle assembly
processes. Glass wool is about 85% to 95% of the
insulator waste; the main component of the insulator
waste. This component, glass wool waste, was focused
in this research as a raw material for the reprocessed
insulator. A target insulator must provide thermal
conductivity less than 0.031 W/m K and Noise
Reduction Coefficient (NRC) more than 0.4. Analysis of
Variance (ANOVA) was applied to find factors which
responded to thermal resistances (R) and NRCs of the
reprocessed specimens. Two levels of five factors were
analyzed by ANOVA full factorial method. Five factors
combined of reprocessing temperatures and pressures,
density, thickness, and surface roughness values of
reprocessed insulators. The total of 96 final reprocessed
specimens were evaluated for their thermal resistances
and NRCs. The analysis showed that density and
thickness played an important role to the thermal
resistance and NRC, the highest thermal resistance was
0.98028 m? K/W and the highest NRC was 0.48881. The
R and NRC satisfied with the insulator properties. These
factors were investigated from the reprocessing process
in 0.2 m width and 0.2 m length molds. Results of this
current research are applicable and useful in fabricating
the reprocessed waste boards which can be used in
building works. The reprocessed boards provide the
same NRC as that of an open cell foam board. Moreover,
the reprocessed boards could absorb noise better than
concrete, wood and glass. The reprocessed boards are
good insulators made from waste. However, the glass-
wool-waste insulator have to be developed for better



NRC and thermal resistance properties. The insulator
manufacturers that aim to reduce glass wool waste and
desire to add values to the waste can take advantages
from the research results. The reprocessed insulator can
be considered as the better product for the better life
quality in the sustainable society of our world.
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Ozet: Artan plastik kullanmm ve kullamlan plastiklerin bir siire sonra atik olarak birikmesi giiniimiiziin bashca
sorunlarindandir. Atik plastiklerin yeniden degerlendirilmesi i¢in termokimyasal déniisim prosesleri oldukca
verimlidir. Atik plastiklerin tek basma ve cesitli yerli komiirler ile birlikte gazlastirilmas: sayesinde yakit olarak
kullanima uygun CO, CH4 ve bir enerji tastyicist olan Hy igeren sentez gazi iiretimi miimkiindiir. Bu amagla yapilan
calismada, Himmetoglu ve Seyitomer bitiimlii seylleri ile plastik atik karisimi (%56 polietilen, %28 polipropilen ve
%16 polistiren) gazlagtirilmigtir. Deneysel ¢aligmalar, 4 cm i¢ ¢apinda ve 110 cm boyundaki kuvars camdan imal edilen
laboratuvar o6lgekli akiskan yatakh sistemde gerceklestirilmis olup akiskanlastirict gaz olarak hava ve gazlastirict
akigkan olarak da su buhari kullanilmagtir. Sicakhigmn (750°C, 800°C, 850°C), su buhar1 akig hizinin (5-10-15 g/dak) ve
beslemedeki plastik oranmin (%40 ve %70) sentez gazindaki H> ve CHy4 konsantrasyonuna etkileri incelenmistir. 5-10
g/dak akis hizindaki su buhari kullanimi Himmetoglu bitiimlii seylinin ve karigimlarinin gazlastirilmast i¢in uygundur.
Seyitomer bitiimlii seyli ve karigimlarmin gazlastirilmasimda ise 10-15 g/dak olacak sekilde daha yiiksek akis hizlarinin
uygun oldugu goriilmistir. Himmetoglu ve Seyitomer bitimlii seyllerine %40 ve %70 orammnda plastik atik
kangtirlldiginda iretilen sentez gazindaki H, konsantrasyonu azalirken CHs konsantrasyonu artmigtir. Calisma
sonucunda, en yiiksek Hy konsantrasyonu %21,33 (750°C - 10 g/dak- %60 Himmetoglu bitiimlii seyli ve %40 plastik
beslemesi) ve en yilksek CH,; konsantrasyonu ise %74,71 (850°C - 10 g/dak- %30 Himmetoglu bitiimlii seyli-%70
plastik atik) olarak elde edilmistir. Uretilmesi planlanan sentez gazinin kullanim alanma gére sicaklik, su buhart akis
hiz1 ve besleme karisim orani degistirilerek uygun ¢aligma kosullar1 belirlenebilir.

Anahtar Kelimler: Bitiimlii seyl, Plastik atik, Akiskan yatak, Gazlastima, Hidrojen

GASIFICATION OF HIMMETOGLU AND SEYITOMER OIL SHALES WITH PLASTIC
CITY WASTES IN A BUBBLING FLUIDIZED BED REACTOR

Abstract: Increasing use of plastics and accumulation of used plastics as waste after a while are the main problems of
today. Thermochemical conversion processes are highly efficient for recycling waste plastics. With the gasification of
waste plastics alone and with various local coals, it is possible to produce syngas containing Hz, as an energy carrier,
with CO and CHj suitable for use as fuel. In this study, Himmetoglu and Seyitomer bituminous shales and plastic waste
mixture (56% polyethylene, 28% polypropylene, and 16% polystyrene) were gasified. Experimental studies were
carried out in a laboratory-scale fluidized bed system made of quartz glass with an inner diameter of 4 cm and a length
of 110 cm, and the air was used as a fluidizing gas and water vapor was used as a gasifier agent. The effects of
temperature (750 °C, 800 °C, 850 °C), water vapor flow rate (5-10-15 g / min), and plastic in the feed (40% and 70%)
on the concentration of H, and CHy in the syngas were investigated. When the gasification results were examined, the
use of steam with a flow rate of 5-10 g/min is suitable for the gasification of Himmetoglu bituminous shale and its



mixtures. In the gasification of Seyitomer bituminous shale and mixtures, it was determined that higher flow rates of
10-15 g min should be preferred.When 40% and 70% plastic waste was mixed into Himmetoglu and Seyitomer
bituminous shales, the concentration of H; in the syngas decreased while the concentration of CH. increased. As a result
of the study, the highest H, concentration was obtained as 21.33% (750 °C - 10 g / min- 60% Himmetoglu bituminous
shale - 40% plastic waste) and the highest CHs concentration was obtained as 74.71% (850°C- 10 g / min- 30%
Himmetoglu bituminous shale- 70% plastic waste). Suitable operating conditions can be determined by changing
temperature, steam flow rate, and feed mixture ratio according to the usage area of the syngas planned to be produced.
Keywords: Oil shale, Plastic waste, Fluidized bed, Gasification, Hydrogen

SEMBOLLER

HM Himmetoglu bitiimlii sisti

SYT  Seyitomer bitiimlii gisti

U Bos kolon hiz1 [m/s]

Unt Minimum akigkanlagma hiz1 [m/s]
GiRiS

Kiiresel enerji tiiketimi, artan insan niifusu ve gelisen
endiistriden dolayr hizla artmaktadir. Enerji tiiketiminin
oldugu bashca alanlar endiistri, ulasim ve konut
iceriklidir. Uluslararast Enerji Ajanst (IEA) 2021
verilerine gore sektor bazli enerji tiikketimi endiistride
2339,3 Mtoe, ulasimda 2890,9 Mtoe ve konutta 2109,2
Mtoe olmustur (IEA, 2021). Kaynak bazh enerji
tilketiminde ise ilk ii¢ sirada kdmiir, petrol ve dogal gaz
olmak iizere fosil yakitlarmn yer aldigi bildirilmistir.
Giderek artan enerji ihtiyactm karsilamada fosil
yakitlarin kullanim rezervlerin planlanandan daha hizh
tilkenmesine yol agmis ve sera gazi olarak bilinen CO;
emisyonlarinin endise verici diizeylere gelmesinde
birinci swada rol oynamugtir. Tirkiye Komiir
Isletmeleri’nin (TK1) 2019 yili Kémiir Sektér Raporu’na
gore diinya fosil yakit kaynaklarmdan kémiir 119 yil,
petrol 47 yil ve dogal gaz 60 yillik bir rezerve sahiptir
(TKi, 2019).

Enerji uretimindeki fosil yakit rezervi ve emisyon
sorunlarinm yani sira hizh endiistriyel iiretim ve tikketim
sonucu c¢esitli atik smifindaki malzemelerin dogada
birikimi de siirdiiriilebilir yesil ekonominin baglica bir
sorunu héline gelmistir (Adami ve Schiavon, 2021;
Lopez vd, 2018; Aguilar- Hernandez vd, 2019). Atik
sinifindaki malzemelerden en 6nemlisi giiniimiizde atik
plastiklerdir. Plastikler modern yasamin en temel destek
malzemesi haline gelmis durumdadwr. Disiik iiretim
maliyetine, ¢ok genis kullamm alanma ve farkh
ozelliklere sahip olmalar1 diger malzemelerin yerini
(Wong vd, 2015). Plastik
malzemelerin iretiminin ve tiiketiminin hizla artmasma

almalarm1  saglamistir
bagli olarak giintimiizde geri doniigiim i¢in ¢ok fazla caba
sarf edilmesi gerektigi de agiktir. Dogada uzun siire
bozunmamalar1 sebebiyle biiyiikk bir g¢evre problemi
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haline gelmis durumdadirlar (Lopez vd, 2018). Lopez
vd. 2018’nin ¢alismasinda belirtildigi iizere 2015 yilinda
diinyada 322 milyon ton plastik iiretimi gerceklesmistir
ancak 275 milyon ton plastigin ise karasal alanda
kontrolsiiz sekilde yayilmis atik olarak kaldig
belirtilmistir (Jambeck vd, 2015). Atik plastikler biiyiik
bir ¢evre sorunu yaratmalarmma karsin aslinda karbon
icerikli malzemeler olmalar1 nedeniyle ciddi bir karbon
kaynagmin da kaybi olarak goriilmelidir.

Kiiresel enerji krizleri ve artan insan niifusu, yerli enerji
kaynaklarina  sahip  olunamamasi, fosil  yakat
rezervlerinin azalan omiirleri, geleneksel enerji iiretim
sistemlerinin emisyon sorunlar1 ve buna bagh olarak
kiiresel 1sinma, artan atik ve bunlarin depolama sorunlari
gibi giliniimiiziin en temel sorunlar1 arastirmalar1 daha
stirdiiriilebilir, daha temiz ve daha ¢evre dostu enerji
kaynagi arayisina yoneltmistic. Onemli bir enerji
tastyicist olmasi nedeniyle giiniimiizde H, gazi yesil
ekonominin biiyiik bir parcasi haline gelmis durumdadir

(Dinger ve Zamfirescu, 2014). Pek c¢ok enerji
kaynagmdan iiretilebilir olma, kullanildiginda sera gazi
emisyonu yapmamasi, sivi ya da gaz olarak

depolanabilmesi, sikistirildiginda pillere kiyasla daha
fazla enerji yogunluguna sahip olmasi gibi birgok olumlu
Ozelligi yakit olarak kullanilabilmesinin Oniinii agan
Ozellikler olmustur (Australian Hydrogen Council,
2021).

H> gazi, pek ¢ok kaynaktan cesitli prosesler yardim ile
iiretilebilmektedir (Dinger ve Zamfirescu, 2014). Bu
proseslerden giiniimiizde endiistriyel olarak hali hazirda
uygulanabilir olan1 gazlastirma prosesleridir (Cocco vd,
2014; Geldart, 1986; Kunii ve Levenspiel, 1991; Grace,
2020). Temelde komiir gazlastumasi ile sentez gazi
uretimi yapilmakta ve daha sonrasinda sentez gazi
bileseni olan Hz, PSA sistemlerinde saflastirilarak yakit
hiicrelerinde kullanima sunulmaktadir (Du vd, 2021). Saf
H, eldesinin yaninda sentez gazinin hammadde olarak
kullanim1 da metanol, sentetik dogal gaz, dimetil eter ve
amonyak gibi degerli kimyasallarm tiretilmesinde 6nemli
bir uygulamadir (Kovac vd, 2021; Chaudhari vd, 2001;
Labochyov vd, 1998; Hamelinck vd, 2004; Canbaz ve



Plastik
igerdikleri

Giir, 2020).
degerlendirilmesinde

atiklarmn yeniden

yiksek kalorifik
degerden dolay1 yakma prosesleri akla gelen ilk doniisiim
stireci olsa da plastik atiklarin yakilmas: yerine degerli
kimyasallara doniistiiriilmesi i¢in gazlastrma prosesleri
on plandadir (Moya vd, 2017; Benim ve Kuppa, 2016).
Ozellikle plastik atiklarm en iyi degerlendirme
yollarindan biri komiir ile birlikte gazlagtirilmasidir
(Straka ve Bicakova, 2014). Birlikte gazlastirma islemi
hem atik yonetimine hem de fosil yakit tilketiminin bir
miktar da olsa 6niine gecilmesine yardimcr olmaktadir
(Emami-Taba vd, 2013). Gazlastrma teknolojisi
ozellikle akigkan yatakli sistemlerde yiiksek doniisiim
verimi ile diisiik karbon igerigine sahip atiklarm bile
kolayca donistiiriilebilmesine olanak verdiginden atik
plastiklerin yam sira diisiik kalitedeki komiirlerin de
verimli kullanimma son derece uygundur (Basu, 2006;
Basu, 2010; Emami-Taba vd, 2012; Ramos vd, 2018;
Pinto vd, 2009; NETL, 2021)

Ulkemiz yiiksek kalitedeki komiirlerden c¢ok geng
komiirler olan linyit ve bitiimli seyller agismmdan daha
zengin bir yapiya sahiptir (TKI, 2010). Bitiimlii seyller,
kerojen adi verilen organik madde igeren sedimanter
kayaglardir komire  benzer  yapidadirlar.
Isitildiklarinda petrol ve gaz iiretebildikleri i¢in 6nemli
bir fosil yakit kaynag: olarak gériilmektedirler (Oztiirk,
2020). Ulkemizde Kiitahya/Seyitomer ve
Bolu/Himmetoglu 6nemli bitimli  seyl
sahalarimizdir. Himmetoglu bitiimlii seyli (HM) st 1s1l
degeri 4992 kcal/kg ve Seyitomer bitimlii seyli (SYT)
iist 1s1l degeri ise 847 kcal/kg olup kiil icerikleri yiiksek
kaynaklardir (Toraman ve Ugurum, 2009).

Ve

sahalar1

Bu ¢alisma kapsaminda, plastik sehir atiklarm: yerli fosil
kaynaklar olan Himmetoglu (HM) ve Seyitomer (SYT)
bitiimii seylleri ile birlikte akigkan yatakta gazlastirarak
hidrojence zengin sentez gazi iiretimi amaglanmustir.
Deneysel ¢aligmalar, laboratuvar dlgekli akigkan yataklh
gazlastirma sisteminde gergeklestirilmistir. Sicakligin, su
buhar1 akis hizinin ve besleme karisimimndaki plastik
oraninin sentez gazi bilesimine etkileri arastirilmigtir.
Sentez gaz1 bilesimindeki H,, CO, CO, ve CH,
konsantrasyonlar1 incelenmistir. H, ve CH, liretimi i¢in
gerekli optimum isletme kosullar1 ve birlikte gazlasma
davramig1 ¢ahisma sonucunda belirlenmistir. Belirlenen
ama¢ dogrultusunda, yerli kaynaklarm ve verimli
gazlastrma sistemlerinin kullanimi ile atiklarm katma
deger iirtinlere doniistiiriilmesi tesvik edilmistir.
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MATERYAL VE METOT

bitimli  seyli,
Seyitomer bitiimlii seyli ve plastik sehir atigr (%56
polietilen- %28 polipropilen-%16 polistiren)
kullamilmugtir. Bitlimlii seyllere ait kaba ve elementel
analiz sonuglar1 Tablo 1 ve 2’de verilmistir.

Yapilan ¢alismada, Himmetoglu

Tablo 1. Bitiimlii seyllere ait kaba analiz sonuglart

% Himmetoglu Seyitomer
bitlimlii seyli bitlimlii seyli

Nem 6,65 4,64

Kiil 14,68 42,20

Ucgucu madde 59,81 49,93

Sabit karbon 18,86 3,23

Tablo 2. Bitiimlii seyllere ait elementel analiz sonuglar

% H.irflm?toglu. S.e}:itérfler .
bitlimli seyli bitlimlii seyli

C 61,35 43,47

H 7,06 6,58

N 1,44 1,08

(0] 12,91 15,62

S 4,44 3,57

Kiil 12,80 29,68

Akiskan Yatakh Gazlastirma Sistemi

Gazlastirma deneyleri laboratuvar dlgekli akigkan yatakli
sistemde (7) gerceklestirilmistir (Sekil 1). Yatak kuvars
camdan imal edilmis olup yatak i¢ ¢ap1 4 cm ve boyu 110
cm uzunlugundadir. Gazlastirict akiskan olarak su buhari
beslemesi, 100°C’de (1 atm) 45 kg/saat buhar
besleyebilen buhar jeneratorii (4) ile yapilmustir. Su
buhari akis hiz1 5-10-15 g/dak olacak sekilde bir yitkama
sisesinin (5) yardimi ile ayarlanmistir. Yikama sisesinde
yogunlasan buhar miktar1 birim zamanda 6l¢iilmiis, en az
iic Ol¢im yapilmig ve ortalamasi almarak sabit akis
hizinda olmak {iizere plastik boru hatt1 (6) ile yataga
gonderilmistir. Yatak malzemesi olarak 0,6 mm partikiil
¢aph silika kum tercih edilmistir. Yatak malzemesi
(silika kum) yogunluk degeri deneysel olarak 2235 kg/m?®
olarak belirlenmistir. Yataktaki akigkanlagma sabit 0,47
m/s hizinda hava ile saglanmistir (U/Uns = 2). Yataga
hava beslemesi, ortamdan (1) havay: alip on 1siticiya ve
yataga gonderen bir kompresor (2) ile yapilmistir. Hava,
buhar jeneratoriinden gelen ikinci bir hat ile 6n 1siticida
(3) 1sit1larak yataga beslenmistir. Yatakta homojen gaz
dagilimi saglamasi igin delikli plaka kullanilmigtir.



Gazlastirma igin gerekli enerji elektrikli bir firmm (8)
tarafindan saglanmis ve 1si1l ¢ift (11) ile yatak igindeki
sicaklik kontrol edilmistir. Gazlagtirilacak hammaddeler
yatagin iist kisminda yer alan bunkere (10) doldurulmus
ve bir vidalh besleyici (9) ile yataga beslenmistir.
Yataktan ¢ikan gaz sogutma kolonunda (12) sogutulmus
ve soguyan gazdan numune sisesine (13) bir miktar gaz
almmustir.

Deneylerde sicakhigm, su buhari akig hizinin ve farkh
karigim oranlarmm sentez gazi bilesimine etkisi
incelenmistir. Gazlastrma sicakliklar1 750°C, 800°C ve
850°C olarak ve su buhar akis hiz1 5, 10, 15 g/dak olacak
sekilde ayarlannmustir. Gazlastirilacak hammaddeler
farkli kiitlesel oranlarda %100 HM, %60 HM- %40
plastik atik, %30 HM- %70 plastik atik, %100 SYT, %60
SYT- %40 plastik atik, %30 SYT-%70 plastik atik ve
%100 plastik atik (%56 polietilen, %28 polipropilen,
%16 polistiren karisimi) olarak hazirlanmistir. Her bir
karisim ti¢ farkh sicaklikta (akis hiz1 sabit tutulup) ve ¢
farkli akis hizinda (sicaklik sabit tutulup) gazlastirilarak
63 adet deney gergeklestirilmistir.

Deneye baslarken yatagn istenen sicakliga gelmesi igin
sicaklik  kontrol cihazt g¢ahstirilmis ve sicaklik
ayarlanmistir. Yatagin istenen sicaklia gelmesi igin
beklenirken buhar jeneratorii de c¢ahstirilarak kazan
basmncinin  artmast  beklenmistir. Basmci  artan
jeneratorde bypass kolu acilarak akis saglanmis ve
yikama sigesine gonderilen buharm (birinci hat) akis hiz1
ayarlanmistir. Buhar jeneratériinden ¢ikan ikinci hat 6n
sitictya  gonderilmis ve kompresorden gelen havanin
isitilmast saglanmistir bdylece ilk hattan gelen buhar
beslemesinin yatak girigsinde yogunlagmasi 6nlenmistir.

Isman hava ve birinci hattan gelen buhar, yan yana
yatagin alt bolgesinden beslenmistir. Yatak istenen
sicakliga geldiginde bunkere doldurulan hammadde
vidal besleyici ile listten beslenmistir. Elde edilen iiriin
gazi, yatagin iist kismindan gegip sogutma kolonuna
girerek hem sogutulmus hem de i¢inde buhar mevcutsa
yogunlastirihp tutulmustur. Sogutucudan gecen gaz,
numune sisesine almmustir. Gaz analizleri SRI 310 TCD
model gaz kromatografi cihazinda gerceklestirilmistir.
Numune sisesinden 0,5 ml numune sirmga ile gekilip
cihaza basilmig, analiz sonuglart kaydedilmistir.
Deneyler her sicaklik ve her akis hiz1 i¢in tekrarlanmastir.

Yatak Hidrodinamigi

Gazlastiricl iginde yatak sicakliginin homojen tutulmast,
yatak i¢i karigimm ¢ok iyi saglanmasi ve gaz-kati
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arasindaki hem kiitle hem de 1s1 transferinin en iyi
diizeyde saglanmasi adma akigkan yataklarda yatak
malzemeleri kullanilmaktadir. Yatak malzemeleri, inert
ya da katalitik etkide bulunabildigi gibi tasarlanacak olan
yatagin akigkanlastirma rejimine uygun oOzelliklere de
sahip olmalidir. Inert yatak malzemelerinden en gok
tercih edileni silika kumdur. Silika kum, yapist geregi
gazlastrma  sicakhik  araliginda  (500°C-1000°C)
bozunmadan yatak ig¢inde kullanilabilmektedir. Ayrica,
Geldart partikiil simflandirilmasmma goére B tipi yatak
malzemeleri (100-1000 um) ¢ok iyi akigkanlagirlar. B
grubundaki yatak malzemeleri kullanildiginda kabarcikli
yataklardaki kabarciklar son derece hareketli olup
karisimin ¢ok iyi gerceklesmesini saglamaktadir. Bu
nedenle, B grubundaki vyatak malzemelerine
verilebilecek en iyi 6rnek kum taneleridir. Yapilan
calismada, yatak malzemesi olarak B grubunda bulunan
ve 600 um gapa sahip silika kum tercih edilmistir. Diger
bir yandan, kolay akiskanlastirilabilmesi yatak i¢inde bos
kolon hizinin U/Up&=2 olacak sekilde tasarlanmasina
olanak vermektedir. Bu tasarim parametresi ayni
zamanda yatak iginde kullanilacak hava debisinin
minimumda tutulmasini  saglayarak gazlastirmada
reaktant olarak su buharmmn 6n planda olmasma
yardimcidir.

Yapilan ¢alismada, yatak malzemesinin akiskanlagmasi
icin hava kullanilmis ve yatak iginde hava debisi
0.0007473 m®/s olarak sabit tutulmustur. 5, 10 ve 15
g/dak akis hizlari i¢in yatak igindeki buhar debileri sirast
ile 0,000141 m%/s, 0,000283 m*/s ve 0,000423 m?/s’dir.
Su buhari/hava oranlart ise sirasiyla 0,18, 0,37 ve
0,56’dir. Yatak igi bos kolon hiz1 U/Un=2 olacak sekilde
buhar debisinden bagimsiz olarak belirlenmistir. Buhar
debisi ile birlikte yatak ig¢i U/Up¢ oranlar 5, 10 ve 15
g/dak buhar akis hizlar1 i¢in sirasi ile %15, %27 ve %36
olacak sekilde artmaktadir. U/Upsoranlarindaki bu artis,
genel caligma araligi kabul edilen ve akigkanlagma
sartlarinin  saglandig1 uygun akigkanlagsma sart1 olan
U/Up=2-3 arasindadir.Tasarlanan akiskan yatagin statik
yatak yiiksekligi, 0,045 m olarak hesaplanmustir.



Sekil 1. Akiskan yatakli gazlastiric: sistemi sematik goriintimii

BULGULAR VE TARTISMA

Sentez gazi bilesimi temel gazlastirma reaksiyonlarmin
denge sartlarina son derece baghdir. Gazlastiricinin
isletme sartlarma gore liretilen sentez gazinin dengedeki
bilesimi degismektedir (Basu, 2006). Temel gazlastirma
reaksiyonlarnt Es. 1 ve Es. 5 arasnda sunulmustur.
Karbonun tiiketildigi temel reaksiyonlar su gazi Es. (1)
ve Boudouard Es. (3) reaksiyonlaridir. Gazlastirmada Hp
iretimi temelde su gazi reaksiyonu Es. (1) ile gerceklesir.
Bunun yani sira, su gazi yonlendirme Es. (2) ve metanin
buharla reformlanma reaksiyonu Es. (5) da gazlastirict
akiskan ¢esidi ve miktarina gore gerceklesebilmektedir.

Gazlastirmada CHj iiretimi piroliz sirasinda metanlagma
reaksiyonu Es. (4) ile gergeklesirken aymi zamanda
gazlastirilan malzemenin ¢esidine-yapisina gore de
sentez gazindaki miktar1 degisiklik gosterebilir (Emami-
Taba vd, 2013; Emami-Taba vd, 2012).

Su gazi reaksiyonu
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Cw + H20( < CO( + Ha)

AH = + 131,38 kJ/ mol (1)

Su gazi yonlendirme reaksiyonu
CO + H20(g <> COxg + Hz(g)
AH’ = - 41,15 kJ/ mol 2
Boudouard reaksiyonu
Cy + CO2g < 2COg)
AH= +172,58 kJ/ mol ®3)
Metanlagma reaksiyonu
Cw + 2Hzg <> CHa(g
AH’ = -74,90 kJ/mol 4
Metanin buharla reformlanma reaksiyonu
CHs (g + H20(g <> 3Hz(g + CO

AH = + 206 kJ/mol (5)
Himmetoglu ve Seyitdmer bitiimlii seylleri, plastik sehir
atiklar1 ile birlikte akiskan yatakli bir gazlastirict
sisteminde gazlastirlmistir. Calismada sicakligin, su
buhari akis hizinin ve beslemedeki plastik atik oraninin
sentez gazi bilesimine etkileri arastirilmistir. Deneysel
calismalarda, gazlastirici isletme sicakliklar1 750°C,
800°C ve 850°C ve isletme basinci atmosferik basingtir.
Buhar akis hizi 5, 10 ve 15 g/dak olacak sekilde
degistirilmistir. Bitlimlii seyller ve plastik atiklar tek
baglarina gazlastirllmis ardindan birlikte gazlastirma
deneyleri  gergeklestirilmistir.  Birlikte gazlastirma
deneylerinde beslemedeki plastik atik oram kiitlece %40
ve %70 olacak sekilde ayarlanmustir.

H2 Konsantrasyonlarimin Degerlendirilmesi

Himmetoglu bitiimlii seyli ile gergeklestirilen deneylerde
elde edilen sentez gazi  bilesimindeki Ho
konsantrasyonlar1  incelenmistir. ~ Sentez  gazinin
hidrojence zengin olarak degerlendirilmesi igin H»/CO
oranmin 2’ye yakin olmas: beklenmektedir (Ozbayoglu
vd, 2013). Ozellikle metanol iiretiminde Ho/CO oranmmn
2 olmas: iretim agisindan oOnemlidir (Ciferno and
Marano, 2002; Liu vd, 2016; NETL Liquid Fuels, 2021).
Himmetoglu bitimli seyli 750°C’de tek basma
gazlastirlldiginda 5 g/dak ve 10 g/dak su buhar akis
hizindaki H,/CO oranlar: siras1 ile 1,9 ve 2 olarak elde
edilmistir. 5 g/dak sabit su buhari akig hizindaki
deneylerde 800°C’deki H»/CO oram 2,5 ve 850°C’deki
H,/CO orani ise 2,2 olarak belirlenmistir (Sekil 2).

Himmetoglu seyli plastik atiklarin  birlikte
gazlastirilmasma bakildiginda yine hidrojence zengin

ve



sentez gazi eldesinin miimkiin oldugu goriilmiistiir. Her
iki karisimin gazlastirmasi i¢in de H»/CO orani, 750°C ve
10 g/dak su buhar1 akis hizi i¢in 1,9 olarak belirlenmistir
(Sekil 3 ve Sekil 4).

750 800 850

T,°C

M5 g/dak
W 10 g/dak

W 15 g/dak

Sekil 2. %100 Himmetoglu bitiimlii sistine ait H,/CO

oranlar1
2,0
1,5 m 5 g/dak
(@]
< 10 =10
T
0,5 g/dak
0,0
750 800 850

T,°C

Sekil 3. %60 Himmetoglu- %40 plastik karisimmna ait
H>/CO oranlar1
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2,5

2,0 H 5 g/dak
O 1,5
% ™ 10 g/dak
T 10 W 15 g/dak

0,5

0,0

750 800 850

T,°C

Sekil 4. %30 Himmetoglu- %70 plastik karisimina ait
H2/CO oranlar1

800°C’de 10 g/dak akis hmzinda %30 Himmetoglu
bitiimlii sisti-%70 plastik karigiminin gazlastirilmasinda
da Hz/CO oram 1,9 olarak elde edilmistir. Ancak, isletme
maliyetleri  diisiiniildiigiinde  olabildigince  diisiik
gazlastirma sicakliklar1 tercih edilmektedir. Hy iiretimi
icin diisiik gazlastirma sicakliklarinin daha uygun oldugu
yapilan ¢aligsmalarda da vurgulanmistir (Uysal vd, 2013;
Vural vd, 2014; Hammad vd, 2016).

H, iiretiminde su gazi reaksiyonu aktif rol alirken
gazlastirictida su buhar miktan arttirillarak su gazi
yonlendirme reaksiyonu sayesinde H, konsantrasyonu
daha da arttirilabilir. Béylece sentez gazindaki CO gazi
da degerlendirilmis olmaktadir. Literatiirdeki ¢aligsmalara
bakildiginda, gazlastirici akiskan su buhari oldugunda ve
beslemede fazla miktarda bulundugunda su gazi
yonlendirme reaksiyonunun gerceklestigi ve Ho
iretimine destek oldugu belirtilmistir (Kryca vd, 2018;
Li vd, 2014; Zhang vd, 2014; Uysal vd, 2013).
Himmetoglu bitimlii seyli ile yapilan deneylerde
hidrojence zengin sentez gazi eldesinde su gazi
yonlendirme reaksiyonunun etkili oldugu ve sahip
oldugu sabit karbon oranindan dolay1 gazlastirma prosesi
ile Hy tiretiminde degerlendirilebilecegi belirlenmistir.
Buna goére, en yiksek H, konsantrasyonu, %60
Himmetoglu- %40 plastik atik karigimu igin 750°C *de ve
10 g/dak su buhann akis hizinda %21,33 olarak
belirlenmistir (Sekil 5)
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Sekil 5. Himmetoglu bitiimlii seylinin gazlastirilmasinda elde edilen tiim H konsantrasyonlar1 (%S5 hata bar1 ile)

Seyitomer Bitumlu Sisti —e—5 g/dak- %100 syT

%H,

5 g/dak- %60 SYT-%40

plastik
—0—5 g/dak- %30 SYT-%70

plastik
—&— 10 g/dak- %100 SYT

—&— 10 g/dak-%60 SYT-%40

plastik
—&— 10 g/dak-%30 SYT-%70

plastik
15 g/dak-%100 SYT

740 750 760 770 780 790 800 810 820 830 840 850 860 —M—15 g/dak-%60 SYT-%40

T, °C

plastik

Sekil 6. Seyitomer bitiimlii gistinin gazlastirilmasinda elde edilen tiim H, konsantrasyonlari (%5 hata bari ile)

Seyitomer bitiimlii seylinin sabit karbon miktar
Himmetoglu bitiimlii seylinin sabit karbon miktarmmdan
daha diisik oldugundan sentez gazindaki H:
konsantrasyonlar1 da daha distiktir (Sekil 6). 750°C’de
%100 Seyitomer bitimli seyli gazlastinldiginda H:
miktarinin artmasi i¢in daha yiiksek su buhari akis hizina
(15 g/dak) ihtiya¢ duyulmustur (Sekil 7). Seyitomer
bitiimlii seyli ve plastik atiklarin gazlastirma sonuglarma
bakildiginda, hidrojence zengin sentez gazi iiretimi i¢in
%60 Seyitomer bitiimlii seyli-%40 plastik karisiminin
800°C’de 10 g/dak ve 15 g/dak sabit su buhar1 akis
hizlarinda gazlastirilmas: uygundur. Bu sartlarda elde
edilen sentez gazindaki H, konsantrasyonlar1 sirasiyla
%20,78 ve %14,20 olarak belirlenmistir. Ho/CO oranlari
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ise srasiyla 2,2 ve 2,1°dir (Sekil 8). %30 Seyitomer
bitimli seyli-%70 plastik atik karisgmmnin  Ho/CO
oranlarma bakildiginda hidrojence zengin sentez gazi
icin bu karigim oranmnin uygun olmadigi goriilmiistiir
(Sekil 9).



3,0

2,5 W 5 g/dak
o 2,0
£15 ® 10
T 10 g/dak
{1
0,0
750 800 850

T, °C

Sekil 7. %100 Seyitomer bitiimlii seyline ait H»/CO
oranlar1

2,5

2’0 m5 g/dak
Q1,5
&N ’ ® 10
T 10 g/dak

0,5

0,0

750 800 850
T, C

Sekil 8. %60 Seyitomer- %40 plastik karisimina ait
H>/CO oranlar
CH4 Konsantrasyonlarinin Degerlendirilmesi

Himmetoglu seyli ve plastik atik karigimlarindaki plastik
oran1 artttkga {retilen sentez gazindaki CHa
konsantrasyonu da artmistir. CHs konsantrasyonundaki
bu davranis literatiir caligmalari ile uyum géstermektedir
(Pinto vd, 2009). Birlikte gazlastirma ¢aligmalarinda elde
edilen sentez gazindaki CHs konsantrasyonunun
karigimdaki plastik miktar1 ve yapist ile dogrudan iliskili
oldugu belirtilmistir (Arena vd,2014). Gazlastrma
sirasinda plastik malzemelerdeki C-H baglar1 diger
besleme malzemesinden gelen C-H atomlari ile daha ¢ok
CHjs olusturma egilimi gostermektedir (Lopez vd, 2018).
CHjs konsantrasyonunu artiran bir diger dnemli etmen de
gazlastirictda  hava  bulunmasidir.  Gazlastirma
¢alismalarmda su buhar1 kullanim sentez gazindaki H»
konsantrasyonunu desteklerken hava kullanimi ise Ho
iretimini smirlayarak CHa, c¢esitli hidrokarbonlar ve
yanma triinlerinin olusumuna yol agmaktadir (Xiao vd,
2007; Leung and Wang, 2003). Bu nedenle, su
buhar/hava oraninn iiretilecek sentez gazi iizerindeki
etkisi dnemlidir (Straka ve Bucko, 2009).
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Sekil 9. %30 Seyitomer- %70 plastik karigimina ait
H2/CO oranlar1

Yapilan calismada, ozellikle 800°C’de H, ve CHs
konsantrasyonlarmin dengedeki davranigi gézlenmistir.
Su gaz1 reaksiyonu ile H» iiretimi 750°C’de varligmi
gosterirken sicakligin artist ile Boudouard reaksiyonu
beslemedeki karbonun daha ¢ok CO iiretimi igin
kullanimia neden olmaktadir (Oztan vd, 2020; Mastral
vd, 2003). Gazlastiricida su buhar1 miktar1 da hava ile
siirlandirildiginda su gazi yonlendirme reaksiyonu ile
H. tiretimi desteklenemez ve genellikle konsantrasyonda
diisiis gozlenmektedir. Ayrica, metanlagma reaksiyonu
ile kisa da olsa piroliz asamalarinda olusan CHy ise su
buhar1 yetersizligi sebebiyle metanin reformlanma
reaksiyonunda harcanamamaktadir (Wie vd, 2012;
Upadhyay vd, 2020; Khzouz ve Gkanas, 2018).
Gazlagtirma reaksiyonlarmm dengedeki davramiglarmimn
bilinmesi ve iiretilmesi planlanan iiriin i¢in en uygun
kosullarin belirlenmesi énemlidir.

Sekil 10 incelendiginde sentez gazindaki CHa
konsantrasyonu beslemeye plastik atik ekledikg¢e artis
gostermistir. Elde edilen sentez gazi motorlarda
degerlendirilmek istenirse CHs konsantrasyonunun
yiiksek olmasi beklenir. Bu nedenle, Himmetoglu
bitimlii seyli ve plastik atik karnigmmi kullanilirsa



850°C’de (10 g/dak sabit su buhar1 akis hizinda) %30
Himmetoglu bitimli seyli-%70 plastik atik karigimmin
gazlastirilmasi uygundur ve bu kosullar altinda yapilan

deney sonucunda, sentez gazindaki CH4
konsantrasyonunun maksimum degerde (%74,71) oldugu
goriilmiistiir.
80
W %100
75 Himmetoglu
< 70
6 ¥ %60 HM-%40
© 65 Plastik
60
M %30 HM- %70
25 Plastik
50
750 800 850 %100 Plastik

T,°C

Sekil 10. Himmetoglu bitiimlii seyline plastik atik
eklenmesi sonucu elde edilen CH, konsantrasyonlari
Seyitomer bitimlii seyline plastik sehir atig1
karistirildiginda sentez gazindaki CH4 konsantrasyonlari
artmistir. %30 Seyitomer bitiimli seyli-%70 plastik
karismmi (10 g/dak sabit su buhari akis hizinda) 850°C’de
gazlastirnildiginda sentez gazindaki maksimum CHa
konsantrasyonu %74,47 olarak belirlenmistir (Sekil 11).
Plastik oranmnin artmasi sonucu sentez gazinda CHa
konsantrasyonunda artis gézlenmesi literatiir sonuglari
ile uyumlu bulunmustur. Pinto vd. yaptiklar ¢alismada
Puertollano ve Colombian komiirleri ile polietileni ve
cesitli biyokiitleleri birlikte gazlagtirmistir. Calisma
sonucunda en yiiksek CH4 konsantrasyonlari, her iki
komiir gesidi ile polietilen birlikte gazlastirildiginda ve
polietilen miktar1 arttiginda elde edilmistir (Pinto vd,
2009). Benzer sekilde, Win vd., plastik atiklarm
gazlagtirlmasmda  atiklarm  yapisal bozunma
reaksiyonlar1 sonucu CHj tiretimine yatkinhk oldugu
belirtilmistir (Win vd, 2019).
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Sekil 11. Seyitomer bitiimlii seyline plastik atik
eklenmesi sonucu elde edilen CH4 konsantrasyonlari

Su buhar/Hava Oram Etkisinin Degerlendirilmesi

Deney sonuglar1 incelendiginde, su buhari/hava orani
arttikca (buhar akis hizi artirldigr igin yatak igindeki
oran) hem HM hem SYT i¢in elde edilen sentez gazi
icerigindeki H, konsantrasyonlar1 ya da Ho/CO oranlar
icin belirli bir davrams elde edilmemistir. Ozellikle,
%100 HM ve %100 SYT gazlastirma sonuglarma
bakildiginda su buharvhava oram artsa da Hp
konsantrasyonunu etkileyen iki Onemli parametre
gazlastirma sicakligi ve bitiimlii seylin sabit karbon
miktaridir.  Sekil 7 incelendiginde, %100 SYT’nin
750°C’de gazlastirilmasinda yiiksek su buhar1 akis hizina
ihtiyag duyulmustur. Su buhar1 akis hizindaki artis
H./CO oranim artirsa da bu etki 800°C ve 850°C’lerde
gozlenmemigtir. Burada etkili olan parametre yakitn
diisiik sabit karbon igerigidir. Ciinkii, sicaklik ve su
buhar1 akis hiz1 artsa bile H2/CO oranlar istenen degerin
altinda kalmistir. Ayn1 sekilde Sekil 8 incelendiginde, su
buhart akis hiz1 H, konsantrasyonunu artirsa da sicaklik
etkisi 6n plandadir. Sekil 9°da ise su buhari/hava oran ve
sicaklik artmasma ragmen yakit karigimimnin bilegimi
H>/CO oranlarm ilk sirada etkileyerek istenen degerin
altinda kalmasma neden olmustur. Su buharvhava
oraninin sentez gazi konsantrasyonuna etkisinin sicaklik
ve yakit bilesimi sabit tutularak incelenmesi
onerilmektedir.

Su buharrhava oraninin sentez gazi bilesimindeki etkisi
CH,; tretimi igin daha smirlayict bir faktor olabilir.
Ciinkii, sentez gazindaki CH4 konsantrasyonu bir 6nceki
boliimde de belirtildigi gibi gazlastiric akiskanin iginde
hava olmasi ya da tamamen hava ile gazlastirma
islemlerinde denge reaksiyonlarma bagl olarak artis
gosterebilmektedir. Sentez gazi igerigindeki CH4 ve H.



konsantrasyonlarmin dengedeki davranisi su buhari/hava

oraninin  optimizasyonu ile belirlenebilir. Sentez
gazindan CHj lretimi amaglandiginda sabit sicaklik,
sabit buhar akis hiz1 ve sabit yakit karigimm bilesiminde
beslenen hava debisinin CH4 konsantrasyonuna etkisi

incelenebilir.
SONUCLAR

Seyitomer ve Himmetoglu bitiimli seyllerine plastik
sehir atig1 karstirilarak laboratuvar oOlcekli akiskan
yatakli  bir gazlastrma  deneyleri
gerceklestirilmistir. Sicakligin, su buhari akis hizinin ve
beslemedeki plastik oranmmin sentez gazi bilesimine
etkileri incelenmistir. Yapilan c¢alisma sonucunda
hidrojence zengin sentez gazi iiretimi amaglandiginda
Himmetoglu bitiimlii seylinin Seyitomer bitiimlii seyline
tercih edilebilecegi belirlenmistir. Her iki bittimli seyl
beslemesi i¢in de plastik attk orami arttikca sentez
gazindaki CHs konsantrasyonu artmustir. Maksimum
CH, konsantrasyonu eldesi igin hem Himmetoglu
bitiimlii seyli hem de Seyitomer bitiimlii seyli tercih
edilebilir. Sentez gazi bilesiminin sicakliga, su buhart
akis hizina ve plastik oranina son derece bagli oldugu
goriilmiistir. Bu nedenle, sentez gazinin hangi alanda
kullanilacag1 belirlenerek isletme sartlarnin optimize
edilmesi gerektigi sonucuna varilmistir. Ayrica, iilkemiz
icin 6nemli bir fosil yakit kaynagi olmasi agisindan
bitiimlii seyllerin gazlastirma gibi verimli sistemlerde
degerlendirilmesi yerli kaynaklarin kullanimimi tesvik
edecek niteliktedir.

sistemde

Yapilan ¢alisma, Himmetoglu ve Seyitomer bitiimlii
seyllerinin sabit karbon igeriklerinin gazlastirmada
degerlendirmek iizere uygun olup olmadigmi belirlemek

amact ile laboratuvar Olgekli akiskan yatakli
gazlastiricida  gergeklestirilmistir.  Biiylik  dlgekli
sistemlere gecildiginde reaktor boyutlar,, besleme

noktast ve akis dinamikleri vb. gibi parametrelerin HM
ve SYT bitiimlii seyllerinden elde edilecek sentez gazi
konsantrasyonlarina etkisi gerekli yatak tasarim hesaplari
yapilarak gergeklestirilmelidir. Besleme noktasinin
uygun konumlandirilmasi ile yakit-buhar etkilesiminin
maksimum diizeye ¢ikarilmas: ve dolayisiyla karbon
dontisimiiniin  maksimum derecede elde edilebilmesi
yapilacak ¢alismalar ile miimkiin olacaktir. Ayn1 sekilde,
farkhh akiskanlasma rejimlerinde c¢alistirilan akiskan
yataklarin kullanimu ile yine gaz-kati etkilesimlerinin
incelenmesi Onerilmektedir. Yatak ozelliklerinin sentez
gazi akiskan
yataklarin gazlastirmada etkin rol oynamasi i¢in oncii
olacaktir.

iizerindeki etkilerinin  arastirilmasi
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Abstract: This study aims to numerically investigate and evaluate the enhancement of heat transfer by new capsule
dimples on tube surfaces for flow of water and Al.Os-water nanofluid with different concentrations, under uniform
surface heat flux. The originality of this work lies in combining two passive heat transfer enhancement methods such
as geometrical improvements and nanofluids together. Capsule dimples with different depths were considered. Al,Os-
water nanofluid was modeled as a single-phase flow based on the mixture properties. The effects of dimple depth and
nanoparticle concentrations on Nusselt number, friction factor and performance evaluation criteria (PEC) were studied.
Numerical computations were performed using ANSYS Fluent commercial software for 2000-14000 Reynolds number
range. It was found that when laminar, transient and fully developed turbulent flow cases are considered, increase in
the dimple depth increases the Nusselt number and friction factor for both pure water and Al,Os-water nanofluids cases.
Also, the friction factor increases as dimple depth increases. Results show that increase in PEC is more pronounced in
the laminar region than in the transition region, it starts to decrease for turbulent flows. For nanofluid, PEC values are
considerably higher than pure water cases. The variation of PEC for capsule dimpled tubes are dependent on flow
regimes and dimple depths. Increasing the nano particle volume concentration and dimple depth in laminar flows
increase the PEC significantly.

Keywords: Heat transfer enhancement, nanofluid, capsule dimples, computational analysis

BORU YUZEYINDEKIi KAPSUL TiPi KABARTMANIN VE Al,03-SU
NANOAKISKANIN ISI TRANSFERINE ETKISININ SAYISAL ANALIZI

Ozet: Bu galismanin amaci, duvar yiizeyinden diizenli 1s1 akis1 uygulanan boru ici akislarda geometrik modifikasyon
yapilarak elde edilecek 1s1 transferi iyilestirmesinin numerik olarak incelenmesidir. Geometrik modifikasyon olarak
kapsiil tipi kabartmalar kullanilmis, akigskan olarak ise su ve AlI203-su nano-akiskan kullanilmigtir. Is1 transferi
iyilestirmesi i¢in hem geometrik modifikasyon yapilmis olmasi hem de bununla birlikte farkl yiizdelerde nano-akiskan
kullanilmis olmasi ¢alismay1 benzerlerinden farkli bir noktaya tasiyabilmektedir. Kapsiil tipi kabartmalar borunun i¢
yiizeyine farkli derinliklerde uygulanmistir. A1203-su nano-akigkan 1%, 2% ve 3% konsantrasyonlarinda tek fazl akis
olarak modellenmis ve uygulanmistir. Kabartmalarin derinliginin ve nono-akigkanin farkli konsantrasyonlarda
uygulamalariin Nusselt sayisi, Siirtlinme katsayis1 ve Performans Degerlendirme Kriteri (PEC) tizerindeki etkileri
caligilmustir. Sayisal analizler ANSYS Fluent kullanilarak 2000-14000 Reynolds Sayisi araliginda gergeklestirilmistir.
Sonuglar incelendiginde, tiim akigkanlar i¢in, laminer akis, gecis akisi ve tamamen gelismis tiirbiilansli akis durumunda
kabartma derinligi arttika Nusselt Sayisi ve ayn1 zamanda da siirtiinme katsayisinin arttii goriillmiistiir. Laminer
rejimde PEC daki artis etkisi tiirbiilans rejimine gore oldukga fazladir. Performans Degerlendirme Kriterinin degisimi
akis rejimine ve kabartma derinligine oldukga baglidir. Genel olarak, laminer akista nano-akigskan konsantrasyonu ve
kabartma derinligi arttik¢ca Performans Degerlendirme Kriterinin énemli dl¢iide arttig1 goriilmiistiir.

Anahtar Kelimeler: Isi1 transferi iyilestirmesi, nano-akiskan, kapsiil tipi kabartma, sayisal analiz

INTRODUCTION

Heat transfer in tubes is a field of interest for many are widely used in refrigeration, air conditioning, space
researchers due to its usability and accessibility in many heating, power generation, chemical processing for
engineering applications, such as heat exchangers, which cooling or heating purposes, district heating systems,
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renewable energy systems, geothermal water distribution
systems, solar collectors, etc.

In the variety of these applications, main challenge is to
increase the heat transfer performance of the systems per
unit area or volume regarding the limits of sizing to
achieve this goal. This challenge offers an opportunity
for improvement to develop methods to make heat
transfer equipment more compact and achieve a high heat
transfer rate using less pumping power to minimize the
energy and material costs. For this, the most effective
parameter is the heat transfer coefficients on the hot and
cold fluid sides, and the heat transfer coefficient can be
increased by one or more active or passive methods.

Methods that improve heat transfer by giving additional
energy are called active methods such as surface
vibration and flow vibration, electrostatic fields, and
mechanical aids. Methods that improve heat transfer rate
without additional energy requirement are called the
passive method which include surface geometrical
modifications to increase the heat transfer surface area or
using additives in the working fluid, such as
nanoparticles. Passive methods are more advantageous
than active methods since they do not require external
energy and are easier to apply. In the scope of this study,
two passive methods have been employed for heat
transfer enhancement.

Most common passive methods of geometrical
modifications found in the literature include louvered

strips (Eiamsa-Ard et al.,2008),  twisted  tapes
(Tabatabaeikia et al., 2014), helical screw inserts
(Pathipakka et al., 2010), wire coil insert

(Chandrasekar et al., 2013) and dimples on the tube
surface Li et al. (2015). These are used to increase the
turbulent flow characteristics through the tube and thus
enhance the heat transfer coefficient. One of the most
applicable and advantageous passive methods is using
three-dimensional dimples along the heat transfer
surface. The main reason of heat transfer enhancement
along the dimple surface is that thermal boundary layer
formation is disturbed and hence, Nusselt number and
heat transfer coefficient increases. (Cheraghi et al.,
2019)

While increasing the heat transfer coefficient,
geometrical modifications may also cause increase in the
friction which is generally not desired. As result of
increase in the friction, the pressure drop and necessary
pump/compressor work increases. Thus the proper
design and application of geometrical modifications,
including the dimples, is crucial. For this reason, a
dimensionless performance evaluation criterion (PEC) is
used to assess the thermal-hydraulic performance of heat
transfer enhancement techniques. (Li et al., 2016).

Flow regime is found to have a significant effect on the
heat transfer performance. Enhancement of heat transfer
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using dimpled tubes has been studied for different
Reynolds numbers in the literature.

Cheraghi et al., (2020) conducted a numerical study on a
new configuration of deep dimpled tube under constant
heat flux to evaluate the effects of dimple pitch, dimple
diameter and dimple depth on the heat transfer and flow
field for considering Reynolds numbers of 500, 1,000 and
2,000. The study showed that decreasing the distance
between dimples while increasing the dimple depth and
diameter would result increase in the Nusselt number and
friction factor. A sudden growth in the friction factor is
observed due to the formation of vortexes behind each
dimple, causing a larger pressure drop than that of plain
tubes. According to the performance evaluation criteria,
the higher enhancement for the deep dimpled tubes can
be achieved by increasing the dimple diameter, pitch and
Reynolds number and reducing the dimple depth.

On the transitional (2000<Re<4000) and the moderate
(4000<Re<10000) ranges of Reynolds numbers,
(Vicente et al., 2002) experimentally studied flow and
heat transfer in helically dimpled tubes by using water
and ethylene glycol and ten different configurations of
tubes with various depths and pitches of dimples. The
results showed that as the depth of dimples increased, the
heat transfer performance of the tube improved.

On higher Reynolds numbers, (turbulent flow
Re>10000), (Kumar etal.,2017) experimentally and
numerically investigated the effects of dimples on the
heat transfer and hydrodynamics performance of dimpled
tubes for Reynolds numbers between 4,000 and 28,000
and using air as the working fluid. The study showed that
the highest Reynolds humbers yielded the highest Nu and
lowest friction factor as expected. On the other hand,
increasing the stream and span-wise direction to a certain
extent would positively affect heat transfer enhancement,
and both thermal and hydraulic performance would
increase if the stream and span-wise directions decrease.
The author revealed that the optimum thermal and
hydraulic performance is reached when stream and span-
wise direction had the value of 15 times the dimple
diameter.

Shape, size, depth, and pitch of the dimples are important
properties that affect heat transfer performance in such
flows. Ming et al. (2016) numerically studied the effects
of geometrical parameters on heat transfer and pressure
loss inside a dimpled tube. The results showed that the
reduction in the pitch of dimples and increase in the depth
contributed to the heat transfer enhancement. However,
these variations increased the pressure loss.

Wang et al. (2010) experimentally investigated the heat
transfer enhancement and friction factor of different
shape dimpled tubes. Experimental data showed that
tubes with ellipsoidal dimples simultaneously had higher
Nusselt number and lower friction factor than the tubes
with spherical dimples. Also, ellipsoidal dimples



roughness accelerated the transition to critical Reynolds
number down to less than 1000.

Chen et al. (2001) experimentally studied six different
dimpled tubes with different dimple parameters, ratio of
depth to tube diameter, depth to pitch ratio and number
of dimples on the tube surface. The Reynolds numbers
taken in this experiment had ranged from 7,500 to
52,000. It was found that the enhancement in heat transfer
reached 137% compared to standard plain tubes and the
performance criteria showed values from 0.93 to 1.16 in
which the dimpled tube with values above unity were
considered to succeed in the performance enhancement.

Another important heat transfer enhancement method
employs nanoparticles suspended in water solutions,
called nanofluids to improve the thermo-physical
properties of the working fluid. Combining this technique
with surface alterations makes further enhancement of
heat transfer characteristics. Nanofluids have proven to
affect heat transfer positively, and the use of nanofluids
in many research applications has been of interest to
researchers, especially in the heat transfer and fluid
dynamics communities due to advantages in improving
heat transfer rate.

Because metals have higher thermal conductivity than
nonmetals, metallic or metal oxide nanofluids have been
chosen for heat transfer fluid. Xuan and Li (2000)
achieved a remarkable heat transfer enhancement of 39%
using 2% volume fraction of Cu nanoparticles dispersed
in water. Briclot et al. (2020) have also accomplished a
40% increment in Nusselt number using Al.Oswater
nanofluid with a volume fraction of 6.8% in their study
intended for liquid cooling of electronic components.
(Firoozi et al. 2020)

Khedkar et al. (2014) experimentally investigated the
effect of different nanoparticle concentrations of a TiO--
water base nanofluid on the heat transfer performance in
a concentric tube heat exchanger; hence the use of
nanofluid was for cooling purposes in which the inner
tube was for the nanofluid, and the outer tube was for
water as a hot fluid. The coolant working range of this
experiment had Reynolds numbers ranging from 300 to
4,000. They investigated the effects of different
nanoparticle concentrations (2% and 3%), and showed
that increasing the Reynolds number resulted in a
significant increase in heat transfer performance
compared to pure water as a cooling fluid.

Ho et al. (2018) performed experimental investigations
on a tube with circular cross-sections under constant heat
flux for laminar flow with Reynolds numbers ranging
from 120 to 2,000 using an Al,Os-water nanofluid as a
working fluid. To evaluate the effects of the nanofluid
subjected to variable operating temperatures on heat
transfer characteristic and pressure differences, an
additional numerical study was conducted. The results
proved that using Al>Oz nanoparticles in a water based
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nanofluid for forced heat transfer applications would
minimize the temperature difference between the mean
fluid temperature and wall temperature that results a
better heat transfer characteristic but increases the
pressure drop.

In this study, heat transfer enhancement by new capsule
dimpled tube surfaces is numerically investigated with
pure water and Al,Oz-water nanofluid for different
geometrical properties of dimpled tubes and different
concentrations of  nanoparticles. Heat transfer
enhancement regarding Nusselt number and heat transfer
coefficient, and pressure drop regarding friction factor
changes are investigated, and performance evaluation
criteria is calculated and compared for different cases.

METHODOLOGY

In the present study, flow of pure water and Al,Oz-water
nanofluid in a dimpled tube with a constant surface heat
flux was considered. Methodology followed is based on
the mathematical modelling and numerical solution of
the governing equations. ANSY'S Fluent was used for the
numerical simulations. Then, from the numerically
obtained temperature and flow fields, the heat transfer
coefficient and friction factor were calculated. Different
cases were simulated and compared to evaluate the
effects of the dimple geometrical parameters, Reynolds
number and nano particle concentration on heat transfer
coefficient and PEC.

Problem Geometry and Mathematical Formulation

The geometry of the flow domain considered in the study
is shown in Fig. 1. As seen in the figure, heat transfer
surface has capsule dimples, and the flow domain is
extended with an undimpled inlet section. The tube cross
section is circular. Fluid is flowing through the tube. A
constant heat flux is applied through the outer surface.

Figure 1. Capsule dimpled tube with undimpled entrance
section and a periodic quarter sector used for the analysis.

As shown in Fig. 1, the tube consists of 200 mm
undimpled entrance length and 440 mm dimpled region.
The tube diameter is 18 mm and kept constant for all the
simulations.



A sketch of the geometry of dimples is shown in Fig. 2.
As seen in this figure, a dimple is characterized by depth
(h), length (d), pitch (P) and length from center to center
(w). In the present study, dimple depth is varied as all
other dimple parameters are kept constant.

Pitch P Dimple Length d

3 J N 4
|

Center to Center length w

Depth h

Tube Diameter D,

Dimpled Tube Length L 4

Figure 2 Schematics view of the dimple geometry and
important dimple parameters.

Governing Equations

To derive the governing equations for the current
physical problem, the equations of conservation of mass,
Newton's Second Law, and the Law of Conservation of
Energy should be formulated. For the derivation of the
governing equations the following assumptions were
made: Flow is three-dimensional, steady, viscous,
incompressible, turbulent, body forces are negligible,
working fluid properties are constant, and the fluid is
Newtonian.

In addition, it is assumed that the nano particle
distribution in the flow field is uniform, nanoparticles
and the base fluid are in thermal equilibrium, and the
velocities of the nanoparticles and base fluid are equal.
The physical properties of the nanoparticle-water mixture
are calculated using the correlations in the literature as
given below.

Based on the above assumptions, Reynolds averaged
governing equations can be written as below:

Continuity equation:

T+

ow
—=0
0z

o)

Where @, v and w are the time-averaged velocity
components in the x, y and z directions, respectively

Momentum equations:

x-direction:
_ou 7\ _  dp 021
puy (W5, + 75, 4 W5) = =2y G5+ 55
ou Bu v ou'w’
622) - (W t % T ) @
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y-direction'
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In these equations, p, p,, and u, denote the pressure,
effective density (mixture density) and effective viscosity
(mixture viscosity) of the nanofluid, respectively.

Energy equation:

div (ppfVConsT) = div(k, grad (T) —

ConsV")

where, T is the temperature, ky is the effective thermal
conductivity (mixture conductivity) and Cpns is the
effective specific heat (mixture specific heat) of the
nanofluid.

P T’ (5)

Boundary conditions

Considering the physics of the problem described above,
the boundary conditions can be expressed as follows:
The velocity at the inlet is only in axial direction
and uniform.

Inlet temperature is uniform and constant (293
K).

Uniform heat flux is applied along the surface
of the tube (10,000 W/m?).

The exit gage pressure is zero.

Further explanations regarding boundary conditions are
found in the following parts.

Properties of nanofluid

The properties of the nanofluid are calculated using the
equations proposed by different researchers in the
literature.

Calculation of nanofluid density is carried out using the
correlation proposed by Cho and Pak (1998) as below:

Pnf=(1-@)pps+@pnp (6)
where ¢, is volume concentration of the nano particles,
the subscripts bf and np refer to base fluid and
nanoparticles, respectively.

The effective specific heat of the nanofluid (Cp)ns can be
calculated based on the expression proposed by Xuan and
Roetzel (2000):

(1=9)(PCp)pft+ P (PCpInp
Pnf

(C )nf - (7)



The Maxwell’s model (1954) is used for evaluation of the
thermal conductivity as shown below:

knp+2kpr—2@(kpr—knp)
knp+2kpr+ @(kps— Kknp)

kns = bf ©)
where knp, kot and ¢ are the thermal conductivity of
nanoparticles, thermal conductivity of the fluid and the

volume concentration, respectively.

For the calculation of the effective viscosity, expression
developed by Pak and Cho (1998) is used.

sy = s (1 + 39110y + 533.99%,) ©)

Important Flow Parameters

Reynolds number is one of the important parameters used
to characterize fluid flows. For the problem under
consideration, Reynolds number is defined in terms of
mixture properties as:

anUDh

Re = (10)

Knr

where pnr is the nanofluid density, U the average velocity,
Dy the hydrodynamic diameter (for circular tube Dy being
the same as the tube diameter) and pns is the dynamic
viscosity of the nanofluid.

Nusselt number quantifies the convection heat transfer
relative to conduction heat transfer within a fluid layer
(Cengel, 2014). The average Nusselt number is defined
as

hDp
knf

Nu (11)

where h, ki and Dy are the average heat transfer
coefficient, thermal conductivity of nanofluid and
hydraulic diameter of the tube, respectively.

The average friction factor for the plain tube and capsule
dimpled tube are calculated using the Darcy equation as
(Cengel, 2014):

__ 2DpAp
" pnrLU?

(12)

To ensure that the flow is hydrodynamically fully
developed before entering the dimpled tube, it is
important to have the necessary entrance length. To meet
this requirement, the tube is extended by a plain section
at inlet end as seen in Fig. 1.
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Heat Transfer Enhancement and Performance
Evaluation Criteria

Contribution of the dimples to the heat transfer rate is
determined by comparing the Nusselt number with the
Nusselt number for non-dimpled plain cases. For the
estimation of the enhancement, heat transfer
enhancement ratio (ER), which is the ratio of the Nusselt
number in an enhanced case (dimpled tube) to the Nusselt

number in the plain tube case (plain tube)
(Kukulka et al., 2013), i.e.

— Nug
ER= o (13)

Since the geometrical modification at the heat transfer
surface may cause an increase in the pressure drop
(friction coefficient), a performance criterion combining
the Nusselt number and friction coefficient (pressure
drop) is defined. This criterion is known as Performance
evaluation criteria (PEC), and different expression are
proposed. PEC is the ratio of heat transfer enhancement
to the hydraulic losses. Expression used for PEC
proposed by Gee and Webb (1980) is given as:

Nug
Nup

()

In this study the performance evaluation criterion (PEC)
is used to estimate the performance of the different cases
considered.

PEC =

(14)

1
3

Turbulence Equations

In the current study, laminar, transient, and turbulent
flows were considered. Literature review shows that for
low Reynolds number flows (one considered in this
study) the realizable k-¢ model yields better predictions
in near wall flows in comparison to other turbulence
models (Alshehri et al., 2020). Hence, the realizable k-¢
turbulence model was chosen for the numerical
simulations.

For turbulent kinetic energy kK, the transport equation is;

[(u+52)

Where Gy, Ym and ok represent the generation of turbulent
kinetic energy due to the mean velocity gradient, the
contribution of fluctuating dilatation in compressible
turbulence to overall dissipation rate and a turbulent
Prandtl number for k, respectively.

d(pku;) @
6xi - 6xi

dk
axi

| +6Gi — pe =y (15)

In addition, the transport equation for the turbulent
kinetic energy dissipation rate (¢), is written as:

d(peu;)) 0
axi - axi

[(u + Z—:) :—;] + pC,Se — pC, % (16)



where;

_ n _k
C, = max 0.43,11?], n="= /%55,

The constants are: C, = 1.9, ox = 1.0 and 6. = 1.2.
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The eddy viscosity u is calculated as

k2
He = pc'q ’
(18)
C, is calculated as
1
Gy = A0+Ask(:*
(19)
where

U* = Sllsll + ﬁi]'ﬁijx AO = 404, AS —

Vécos® (20)

® =3cos tV6Wand W = ﬁ‘;s‘“
(21)
and
< al Oy aui
S =SSy, Q=05 (a_x] +6_Xj>
(22)

NUMERICAL SOLUTION

ANSYS Fluent software is utilized to solve the nonlinear
governing equations presented in the previous part for the
described physical problem of steady, incompressible,
turbulent flow and heat transfer in a capsule dimpled tube
with water and nanofluid as the working fluids.

The pressure and velocity coupling the Semi-Implicit
Method for Pressure Linked Equations (SIMPLE)
algorithm is used. Momentum and energy equations are
discretized by the second order upwind scheme. For the
convergence criteria, the residuals for all the variables are
set to 1076,

Mesh Generation and Mesh Independence Study

To ensure the reliability and compatibility of the
numerical results, a good computational mesh should be
generated. As seen in Fig. 3, a quarter sector of the pipe
enclosing one row of the dimples was considered as the
computational field. Due to the 3-dimensional capsule
geometry, a 3-dimensional mesh is formed. (For the
simulations in plain pipes a 2-D mesh system is used.)
To resolve the sublayer regions developed near the tube
wall, a fine mesh structure usually with y*=1 is
implemented. The tetrahedral mesh structure was used,
and it was produced using ANSYS meshing tool.
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Figure 3. Mesh structure of capsule dimpled tube.

To verify the validity of the simulation results and
keeping the computational costs as low as possible, a
mesh independence study was conducted. For the mesh
independence study, case with Reynolds numbers 14,000
is considered and computations were repeated with
different mesh sizes. To determine the optimum mesh
size, Nusselt numbers obtained with different mesh sizes
for different dimple depths were compared. The average
Nusselt numbers calculated from the numerical results
with different meshes are shown in Fig. 4 and Fig. 5 for
plain and dimpled tubes, respectively.

Analysis of Fig. 4 shows that a mesh 700,000 with nodes
yields mesh independent results for plain pipe flows
considered. Also, from Fig. 5 conclude that a mesh of 3.0
million nodes is good for mesh independent results for
different dimple depths considered. Hence, for all the
plain tube simulations and dimpled tube cases, mesh size
of 700,000 and 3.0 million was used, respectively.
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Figure 4. Variation of Nusselt number obtained with mesh
number for the plain tube.
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Figure 5. Variation of Nusselt numbers obtained with mesh
sizes for dimple depths of 1.0, 1.5, 2.0 and 2.5 mm.

Comparison of Turbulence Models

To assess the suitability of the turbulence model used, a
sequential study was conducted for flows with different
Reynolds numbers using different turbulence models
(realizable k-g, standard k-g¢ with enhanced wall
treatment for the near wall flow and the SST k-w). The
Nusselt numbers and friction factors are obtained with
different models and compared with the Petukhov
correlation given below (Cengel, 2014):

(g)(Re—looo)Pr

Nu = 05 2 (23)
1+127(3)  (Pra-1)
This correlation is valid for the ranges of
3,000 < Re < 5x108 and 0.5 < Pr < 2,000.
110
2
+ 90 a4
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] &
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2 50 @ Standard k-e
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Figure 6. Comparison of Nusselt Numbers obtained using
different turbulence models with the Petukhov correlation

As seen in Fig. 6, Nusselt numbers for the realizable k-g
model has a better approach than the other models for all
Reynolds numbers being considered. Based on that, the
realizable k-¢ turbulence model is selected.
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Validation of Numerical Results

To validate the numerical method and computer program
used in the present study, a verification study was carried
out considering the flow of water in the plain and dimpled
tubes separately.

Numerical computations were performed for flows with
different Reynolds numbers. The Nusselt numbers
calculated from the numerical results and Nusselt
numbers calculated from Petukhov correlation were
calculated and compared in Fig. 7. As seen in Fig. 7, the
results show a good agreement. For the case of a fully
developed laminar flow, Nusselt number was calculated
as 4.29, which is excepted when compared with the
literature (Cengel, 2014).
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Figure 7. Comparison of numerically calculated Nusselt
numbers with Petukhov correlation in plain tube.

The friction factor calculated from the numerical results
in the plain tube also shows good agreement with the
Petukhov correlation given below, with an average value
of 0.03 and the errors fall within the acceptable range.

f=(0.790 InRe — 1.64) 2
(24)

Validity range of this expression is 3000 < Re < 5x10°.

To demonstrate the validity of the numerical results in the
dimpled tubes, a verification study was carried out based
on the study by Sabir et al. (2020) in ellipsoidal dimpled
tube. The tube used in the study has a diameter of 17.3
mm, dimple diameter and depth are 3.9 mmand 1.17 mm,
respectively with a pitch of 10 mm. A constant heat flux
of 10,000 W/m? was applied.

The Nusselt numbers are compared in Fig 8. Maximum
difference in the Nusselt numbers is calculated about
10%. The average friction factor is calculated as 0.06 and
compared with the results given by Sabir et al. (2020) a
15% difference is observed.  These differences are
considered in the acceptable ranges.
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Figure 8. Comparison of numerically calculated Nusselt
numbers with study of Sabir et al. (2020) for dimpled tubes.

RESULTS AND DISCUSSIONS

The objective of the study is to investigate the heat
transfer enhancement for a tube flow using dimpled tube
surface and nanofluid. For this purpose, numerical
simulations were performed in plain and dimpled tubes.
To investigate the effects of dimple depth on the heat
transfer rate, the computations were performed with
dimple depths of 1, 1.5, 2 and 2.5 mm for pure water flow
and nanofluid flow with nanoparticle volumetric
concentrations of 1%, 2% and 3%. The values of
geometrical parameters of the tube and dimples are given
in Table 1. The computations were performed for
Reynolds numbers 2,000, 4,000, 6,000, 8,000, 10,000,
12,000 and 14,000.

Table 1. Values of tube and of dimple geometric parameters.

Tube Diameter D, 18 mm
Length of dimpled section L, 440 mm
Dimple length d 12/13/14/15 mm
Pitch P 15 mm
Dimple Depth h 1/1.5/2/2.5 mm
Center to center length w 10 mm
o

As the nanofluid, water-Al,Oz mixture is used.
Thermophysical properties of the Al,Os-water nanofluid
are calculated using the expressions given in Section 2
and given in the Table 2 for different volume
concentrations (Minea, 2017).
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Table 2. Thermophysical properties of Al20s-water nanofluid
for different nanoparticle volume concentrations

Volume
Concent p n Cp k
r?g/IO)n (kg/m®) | (Pas) | (I/kgK) | (W/mK)
(0]
1 1,026.2 0.001444 4,048.8 0.63
2 1,056 0.001996 3,924.2 0.649
3 1,085.7 0.002654 3,806.3 0.667

The simulations were performed first for plain tube cases
using pure water and nanofluid as working fluid. Then
for dimpled tubes again for pure water and nanofluid as
working fluid. The effects of Reynolds number, dimple
depth and nanoparticle volumetric concentration on
Nusselt number and friction factor are calculated. To
characterize the heat transfer enhancement, the
performance evaluation criteria (PEC) is also calculated
for all the cases considered. The results are presented as
graphs and analyzed below.

Effects of Capsule Dimples

Fully developed flow enters the dimpled tubes. Due to
the dimples on the surface, considerable changes take
place in the velocity and temperature fields, especially
near the tube wall. Velocity increases and drops form
because of the change in the flow cross sectional area due
to the dimples.
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Figure 9. Velocity contours at a section of dimpled pipe for the
flow of pure water flow with Re=10000 and dimple depth of 2
mm.

For the flow of pure water with Re=10000 and dimple
depth of 2 mm, velocity contours for the dimples at the
middle of the pipe on z direction along the flow are given
in Fig. 9. As seen in Fig. 9, over the dimples, boundary
layer thickness decreases while some recirculation forms
between the dimples at downstream face of the dimples.

From the temperature field calculated, the average heat
transfer coefficients and then average Nusselt numbers
were calculated for the flow of pure water at different
Reynolds numbers in tubes with different dimple heights.
These Nusselt number results are shown in Fig. 10.
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Figure 10. Variation of Nusselt number with Reynolds
numbers at different dimple depths for pure water flows.

One can observe from Fig. 10 that both with increasing
Reynolds number and the dimple depth, the Nusselt
number increases. It is also seen in this figure that the
increase in Nusselt number is more pronounced as flow
regime changes from laminar regime (Re =2000) to
turbulent regime (Re=4000). This behavior is seen in
both plain and dimpled tubes. In this transition region, it
is seen that the rate of increase of the Nusselt number is
higher in plain pipe flows than that of dimpled pipes. The
reason for this phenomenon is that, for low Reynolds
number flows, the presence of dimples in a tube surface
affects the flow domain by generating vortices which
disturb the flow and allow the flow to reach a turbulent
state even at lower Reynolds numbers where the flow is
considered to be laminar in a plain tube.
(Suresh etal., 2011). In the fully turbulent flows, the
increase in the Nusselt numbers is almost linear for both
plain and dimpled pipes. Increasing the dimple depth also
increases the tube surface area accordingly and in
contrast, allow the convective heat transfer to occur far
more efficiently, thereby increasing the Nusselt number
(Firoozi, 2020).

In Fig. 11, variations of friction factor with Reynolds
number in dimpled pipes with different dimple depths
and plain pipe for pure water flow are given. In this figure
it is clearly seen that dimples cause an increase in the
friction factor compared to the plain tube as expected. In
the transition region, as in the Nusselt number variation,
the variation of the friction factor in plain pipe is also
high compared to the dimpled tube flows. For the laminar
flows, increase in the friction factor is much higher with
increasing dimple depth.
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Figure 11. Variation of friction factor with Reynolds numbers
at different dimple depths for water.

The performance evaluation criteria (PEC) which is an
important tool to study the heat transfer and pressure drop
within the capsule dimpled tubes calculated and plotted
in Fig. 12. With the aid of PEC, performance of the
dimpled tube can be evaluated considering both Nusselt
number and friction factor effects.
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Figure 12. Variation of PEC with Reynolds numbers for
different dimple depths for water.

As can be seen in Fig. 12, PEC values are decreasing with
Reynolds humber and dimple depth. For the transitional
flow, (Re=4000-6000) 1.5 mm depth yields the best
performance. However, as Re increases and flow
becomes more and more turbulent, the dimples with 1
mm depth give better performance. It can be seen that,
increasing dimple depth increases the performance till an
optimum depth value. After that, especially in the
turbulent region, PEC starts to drop. So when 2 mm
dimple depth is used in the tubes, for the lower Reynolds
Number flows (laminar and transition) it gives better
performance, but when flow velocity increases and
turbulence dominates, the friction factor does not fall, on
the contrary it increases because of the dimples and
performance decreases When the graphic is further
examined, it can be seen that, 2.5 mm dimple depth has
the worst characteristics since the friction factor



increases dramatically and flow becomes blocked due to
decreased flow area for high dimple depths.

The effects of nanofluid

To investigate the effects of nanofluid on heat transfer
enhancement, the simulations were performed for flows
of Al,Os-water nanofluid with volumetric nanoparticle
concentrations of 1%, 2% and 3% for different dimple
depths (1.0, 1.5, 2.0 and 2.5 mm) and different Reynolds
numbers. Again, from the simulated temperature,
velocity, and pressure fields, Nusselt numbers, friction
factors and performance evaluation criterion were
calculated. For Nusselt number variation, it is noted that,
increasing capsule depth increases Nusselt number more
than the water flow in capsule dimpled pipes. In Fig. 13,
PEC variation for 1% nanofluid is given as an example.
Trends for all concentrations are similar.
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Figure 13. Variation of (PEC) with Reynolds numbers for
different dimpled depths for Al2Os-water nanofluid with 1%
concentration.

The variations of PEC with dimple depths at different
Reynolds number and nano particle concentrations are
shown in Fig. 14. As seen in these figures, at all lower
Reynolds numbers (Re<8000) considered, PEC increases
with increasing nano particle concentration. However, as
Reynolds number increases, the effects of nano particles
diminish.

In low Reynolds number flows, the presence of dimples
affects the flow field by generating vortices which disturb
the flow and allow the flow to reach a turbulent state even
at lower Reynolds numbers where the flow is considered
to be laminar in a plain tube. Hence, in the laminar region
PEC increases with both increasing dimple depth and
nanofluid concentration. This can be seen in Figure 14.
PEC values for the laminar region are very high
compared to transitional and turbulent flows.
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Figure 14. Effect of increasing dimple depth on PEC for

different Reynolds Numbers for different nanofluid
concentrations.
For the transition region, increase in volume

concentration of nanofluid increases the PEC. On the
other hand, as dimple depth increases, especially beyond
1.5 mm, it causes a reduction in performance for all cases.
It should also be noted that with the increasing dimple
depth, the blockage effects of the dimples increase which
can cause and increase in friction coefficient. This may
be because of the unpredictable flow phenomena that
relates to the transition region.

On the early formation of turbulent flow around
RE=6000, an increasing pattern in the PEC and a sudden
drop can be seen around the 2 mm depth of dimple depth.
In this region, 1 % in nanoparticle concentration of
nanofluids shows best performance among all cases.

For a higher Re, (12000 for instance) The dimple depth
adversely affects the performance since the friction
factors are very high. The PECs drop dramatically with
increasing depths. Moreover, the best performance is
found for 1% nanofluid and a tube with a dimple depth
of 1 mm.

CONCLUSION
A numerical investigation was carried out to investigate

the heat transfer, pressure drop characteristics and
performance evaluation criteria (PEC) for newly



proposed capsule dimpled tubes with pure water and
Al,Os-water nanofluid as the working fluids. The study
was performed for fully developed laminar, transition
and turbulent flow conditions with uniform heat flux
through the tube surface. The simulations were
performed using ANSYS Fluent. For capsule dimpled
tubes, three-dimensional; and for plain tubes, 2-D
simulations were performed for steady state flow
conditions.

Effects of Reynolds number, dimple depth, nano particle
volumetric concentration on Nusselt number, friction
factor and PEC were analyzed. The dimple depths
varying between 1 and 2.5 mm, Reynolds numbers
ranging  between  2000-14000, nano  particle
concentration varying between 1% and 3% are
considered in the numerical simulations.

The findings of the study can be summarized as
following:

For water as the heat transfer fluid, the Nusselt
number increases with increasing dimple depths at all
Reynolds numbers considered. Unfortunately, the
friction factor also increases with increasing dimple
depth. Hence, as PEC shows a significant increase in
the laminar region, it starts to decrease gradually in
the transition and then in the turbulent regions.

For Al,Os-Water nanofluid as the heat transfer fluid,
the trend of variation of Nusselt number, friction
factor and PEC with Reynolds number is similar to
those of pure water. Furthermore, for each dimple
depth considered, as the nanoparticle concentration
increases, Nusselt number and the friction factor
increases significantly compared to plain tube.

For small Re (laminar flow), higher depths of dimples
seem to have a better performance due to the increase
in Nusselt number for dimpled tube compared to plain
tube.

In high Reynolds numbers, the nanoparticle
concentration has less effect on increasing PEC, since
deeper dimples causes the friction factor to increase
very much.

A blockage phenomenon is observed when dimple
depths become deeper. This acts as barrier against
fluid flow, which in turn results in an increase in the
friction factor and a decrease in PEC. This also
depends on the Reynolds Number.

When considering PEC, the best performance among the
cases studied are found as follows:

For laminar region, 2.5 mm dimple depth and
3% nanoparticle concentration.

For transition region, 2 mm dimple depth and
3% nanoparticle concentration.

For early turbulence region (Re=6,000), 2 mm
dimple depth and 1% nanoparticle
concentration.

For turbulence region (Re>8,000), 1 mm dimple
depth and 1% nanoparticle concentration.
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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.

Ataer O. E., lleri A. and Gégis, Y. A., 1995, Transient
Behaviour of  Finned-Tube  Cross-Flow  Heat
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Making Conference, Detroit, 571-578.
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Philadelphia, PA, USA.

Internet, 2004, Tirkiye Istatistik Kurumu, Atiksu
Istatistikleri, http://ww.tuik.gov.tr/HaberBulteni.

DiGER HUSUSLAR

Hakem degerlendirmesinden sonra kabul edilen
makaleler, yukarida agiklandigi sekilde dizilerek basima
hazirlandiktan sonra, bir elektronik kopyasi editore
gonderilmelidir. Makalenin basima hazir kopyasi ile
birlikte, "Telif Hakki Devri Formu" da doldurularak
gdderilmelidir. Telif Hakki Devir Formu’na ve bu yazim
klavuzuna www.tibtd.org.tr adresinden ulasilabilir.


http://www.tibtd.org.tr/
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