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OZET

Bu calismanin amac1 yaz aylarinda i¢ ortam havasini daha serin tutan Harran konik ¢atili evlerini enerji verimliligi
agisindan, bina ¢at1 geometrisinin i¢ ortam havasina etkisini arastirmaktir. Bu amagla Harran konik ¢atili evler ayni
taban alani, hacim ve termofiziksel 6zelliklere sahip diiz catili bir bina ile karsilastirilmigtir. Farkli geometrilerdeki
catilardan gerceklesen 1s1 transferiyle biitiin binanin 1s1l performansinm1 degerlendirmek amaciyla deneysel bir
calisma gergeklestirilmistir. Bu ¢alismanin amaci, hangi ¢ati geometrisinin yaz mevsiminde daha enerji verimli
oldugunu belirlemektir. Bu sebeple diiz gatili bina referans alinarak farkli geometrideki catilarla karsilastirilmstir.
Adyabatik hazne teknigi kullanilarak cat1 tiplerinin dogal 1s1 transfer katsayilar1 ve toplam 1s1 transfer katsayilar
deneysel olarak incelenmistir. Sonug olarak konik ¢atilt modelin dis yiizey dogal taginim 1s1 transfer katsayisinin ve
toplam 1s1 transfer katsayisinin diiz gatiya gore sirasiyla 1,5 ve 2,5 kat daha fazla oldugu bulunmustur. Bulunan
sonuglar, yaz aylarinda Harran evlerinde i¢ hava sicakliginin daha diisiik olmasin1 dogrular niteliktedir.

Anahtar Kelimeler: Dogal taginim, ¢at1 geometrisi, toplam 1s1 transfer katsayisi
ABSTRACT

The aim of this study is to investigate the effect of building roof geometry on indoor air in terms of energy
efficiency in Harran conical roof houses, which keep indoor air cooler in summer. For this purpose, Harran conical
roof houses were compared with a flat roofed building with the same floor area, volume and thermophysical
properties. An experimental study was carried out to evaluate the thermal performance of the whole building with
heat transfer from roofs of different geometries. The aim of this study is to determine which roof geometry is more
energy efficient in summer. For this reason, the flat roofed building was compared with roofs of different geometry.
The natural heat transfer coefficients and total heat transfer coefficients of the roof types were investigated
experimentally by using the adiabatic chamber technique. As a result, the outer surface natural convection heat
transfer coefficient and the total heat transfer coefficient of the conical roof model were found to be 1.5 and 2.5
times higher, respectively, than the flat roof. The results found confirm that the indoor air temperature is lower in
Harran houses during the summer months.
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GIRIS

It is known that conical domed Harran houses keep the indoor air cooler in summer than modern flat-roofed
buildings (Basaran, 2011; Yildirim et al., 2014). Experimentally examining the effect of domed roof geometries on
the indoor environment and reflecting their advantageous effects on new building designs is important in terms of
energy savings. There are many studies in the literature on the investigation of natural convection in closed spaces,

which are associated with many other engineering and industrial applications such as electronics, room heating,
solar collectors (Sarris et al., 2004; Dalal & Das, 2006; Dogan et al., 2012; Saleh & Hashim, 2014).

Computational fluid dynamics (CFD) simulations are frequently used in analyzes where the effect of building
geometry on the convection heat transfer coefficient (CHTC) is investigated. Hu et al., (2018) investigated the
convective heat transfer coefficient on different building surfaces and ground for a building cluster with high
Reynolds number. Forced, natural and mixed convection heat transfer states are simulated. Surface-averaged
Nusselt numbers for forced convection were found to be proportional to Re®”. The Nusselt numbers are the
windward, upper, side, leeward surface and ground numbers, respectively, from largest to smallest. For natural
convection, surface-averaged average Nusselt numbers were found to be proportional to Gr*. Nusselt numbers
were found as wall, surface and floor numbers, from largest to smallest, respectively. Montazeri & Blocken, (2018)
investigated the combined effects of wind speed, building height and width, and wind direction on the surface-
averaged CHTC,,, for windward facades of buildings. High resolution CFD simulations of wind flow and forced
convection heat transfer were performed and validated by wind tunnel measurements. The results show that
CHTC,y for a given wind direction increases as the building height increases. However, increasing the building
width has the opposite effect on CHTC,,,. Montazeri & Blocken, (2017) derived new generalized expressions from
CFD simulations for surface-averaged forced convection on building facades and roofs, taking into account the
reference wind speed, the width and height of the building facade against the wind as parameters. The results show
that for a given building geometry, the relationship between surface-averaged convection heat transfer coefficient
and wind speed is an exponential power law dependent on the surface type (upwind, lee, side, face, roof). In
another study (Montazeri et al., 2015) in which the effect of building size and geometry on the heat transfer
coefficient was examined, CFD simulations of forced convection heat transfer was carried out on the windward
facade of 22 buildings with different geometries. The effect of the building geometry on the convective heat
transfer coefficient distribution was investigated at different reference wind speeds: for buildings with H>W, for

buildings with HKW and for buildings with H=W. The results show that CHTC JU{2* is relatively insensitive to

the reference wind speed. For W=10 m and increasing H from 10 m to 80 m, the surface-averaged CHTC /U33*on

the wind direction front increases by about 20%. However, for H=10 m, increasing the building width from 10 to

80 m has the opposite effect on the surface-averaged CHTC /UL2*. Jiang et al., (2020) used CFD simulations to
analyze the forced convection heat transfer in the louvered wind front, which was confirmed by wind tunnel
experiments. In most cases, the surface average convection heat loss of sun-side louvers is much higher than that of
the shaded side. The maximum difference was found more than twice.

In the literature, there are studies in which alternative and new approaches are tried in studies examining the
relationship between building geometry and heat transfer coefficient. Frangois et al., (2020) presented an
alternative approach to estimate the value of the whole building by determining the heat flux at a particular location
on the wall surface. As a result of the method used, h coefficient values close to and similar to the standard value in
ISO 14683 standards were found. Yang et al., (2017) determined the radiative heat flux, convective heat flux, and
total received heat flux on the outer surface of an exterior wall in different seasons with an experimental approach.
The results show that radiation heat accounts for a large portion of the total heat throughout the year. In the study
(Evangelisti et al., 2017), in which heat transfer processes between building walls and the environment were
examined using on-site measurements, existing correlations based on wind speed, Standard recommendations and
an empirical methodology, there was a percentage difference of 26.5% with the Standard and 13.4% with the
ASHRAE correlation. found.

There are also studies in which building geometry and energy consumption, heat transfer coefficients are carried
out with theoretical analyzes and different simulation software. The total and radiative heat transfer coefficients of
an enclosure with different room sizes, heated from a single wall, were investigated by theoretical calculations and
the Engineering Equation Solver (EES) program. A correlation was found that includes the effect of aspect ratio
(H/L). The results showed that the average radiation coefficient is in the range of 5.4-5.5 W/m? K and it changes
little according to the room dimensions (Acikgoz, 2015). This study presented an approach for calculating heat
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emissions from buildings to ambient air and applied the approach in EnergyPlus. A simplified spreadsheet
calculation has been made to validate the method implemented in EnergyPlus. Hong et al., (2020) conducted
simulations covering 16 commercial building types, four climates and two energy efficiency levels to understand
and evaluate building heat emissions. The simulation results showed that the annual site energy use of a building is
different from the annual heat emissions. In 70% of the simulations, heat emissions were higher than on-site energy
use. For most building typologies, it is concluded that climate has a strong influence on heat emissions. lousef et
al., (2019) investigated the effect of external CHTC models on the predicted energy performance of buildings with
a wide variety of geometries. EnergyPlus six commonly used CHTC models are applied and compared. While there
is a deviation of -14.5% for the annual heating demand, a maximum deviation of +42.0% is obtained for the annual
cooling demand compared to the generalized CHTC model. Premrov et al., (2017) focused on the impact of
building shape on annual energy needs in six different macro-climate regions in Europe. As a result, it was found
that two-storey houses outperform single-storey houses in cold climate conditions. The increased aspect ratio has a
positive effect on reducing the energy requirement. In the case of hot climatic conditions, the findings were almost
the opposite of those obtained for cold climes.

Before the experimental work presented in this study, CFD simulations were performed for the same scenario.
Harran’s conical roofed building has for this purpose been compared with flat roofed building of equivalent
thermo-physical properties, base area and volume (Yildirim et al., 2017). Three dimensional CFD simulations using
the low-Reynolds number modeling (LRNM) and standard turbulence models are performed. The effect of roof
geometry on natural ventilation is investigated. The conical roof house has higher convective heat transfer
coefficient on windward side but a lower value on the roof. In the case of wind incidence angle of 90 and cross
ventilation, the Harran house has better (8%) performance than flat roofed building.

The literature review clearly shows that the effects of building geometry on thermal performance have been the
subject of many studies, but the relationship between natural convection and roof geometry has not been closely
examined. In this study, the U-value approach, which covers all the effects of heat transfer from the roof, including
convection, conduction, and radiation, was used. In order to determine which of the roof geometries is more
resistant to heat loss, it was investigated experimentally using the adiabatic box technique (Yesilata & Turgut,
2007; Turgut & Yesilata, 2009). The thermal performances of different roof geometries have been determined by
assuming the same volume and floor area. The walls and floors of the models are insulated, only the roof is made
of metal, and the direct effect of the roof geometry on the indoor air and the natural convection from the roof are
examined. The values obtained by the method used were validated with the literature values.

METHOD
Preparation of Building Models

The Conic 60 building model is a 1/5 reduced dimensions of an actual Harran house room. Model Conic 30 and
Flat have same volume and base area with Model Conic 60 (Figure 1).

T

54 cm 18cm
60 | /\30 y *
§ Model Conic 60 § Model Conic 30 g Model Flat
3 wn
v
— 60ocm — > < gom — > *— 60 cm —>

Figure 1 The Building Models and The Roof Angles Used in Experiment
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As can be seen from Figure the roof slope of Model Conic 30 and 60 are respectively 30° and 60°. Walls and floors
of the models are constructed from 15 cm expanded polystyrene has a thermal conductivity of ~0.040 W/m K. 1.5
cm galvanized iron sheet used for roofs and has thermal conductivity of 15.6 W/m K (Figure 2).

Figure 2 Model Conic 30, Flat and Conic 60

Figure 3 Water Reservoir with Resistance Heater and Placing on The Floor Closed with Aluminum Foil

30 It of water put into reservoir made of sheet metal and closed with aluminum foil (Figure 3) Once the roof placed
on the walls, the junctions were sealed with silicone adhesive to prevent indoor air leakage.

Measuring Instruments

Temperature measurement is made by using T-type thermocouple in experiments. Read error is about +0.25°C with
the thermocouple. The temperature measurement points are shown in Figure 5. Also, the ambient and the wall
surface temperatures of the room are measured. Temperature measurements were made at intervals of 10 minutes
and saved with 32 Channels Hioki 8422-51 Memory Hilogger (Figure 4).
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Figure 4 The Data Logger Used in Experiments and the Placement of the Therocoupls on the Outer Surface of
Model Roofs

Measurements and Assumptions

Water in the reservoir is heated to a certain temperature and the electrical connection is cut off then the water is
allowed to cool. Experiments were made in a closed space. During experiments average of the difference between
the wall outside surface temperatures of the models and the ambient temperature are observed about 0.5°C. The
temperature gradient is assumed to be along the y axis and in the horizontal (x axis) it is negligible (Figure 5). For
the surface temperatures, measurements were made at many points. And then the average of the measured values
used in calculations as an isothermal surface. The indoor air temperatures of the models are the average of
measurements at six different points as shown in Figure 5.
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Figure 5 The Experimental Setup Belonging to Model Flat, Conic 60 and Temperature Measuring Points

Two methods are used to examine the data obtained from the measurements. These are dimensionless temperature
and energy balance method

Dimensionless Temperature Method
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Testing of the building models are not carried out at same time so the outdoor temperatures of models may be
different. Similarly, the water temperature in the reservoir in the beginning of the test may vary slightly according
to the model. To eliminate these differences between the models and to make an objective approach the
dimensionless temperature method is used. The equilibrium temperature could not be obtained although
experiments last more than 24 hours. This definition is useful even for building models tested at different indoor
and outdoor temperatures while maintaining the same heat transfer mechanism. Since the rate of reduction of the
curves at the end of the experiments is almost constant, the experimental period can be considered long enough to
make a fair comparison. (Turgut & Yesilata, 2009). The dimensionless temperature is defined as below,

* T(t)_TO
0" = T(t=0)-T,
(1)

where, T(t = 0) = T; is initial temperature of water and T'(t), is temperature of reservoir at any time ‘t’ and T IS
the ambient temperature. Thus, it will be possible to compare insulating properties of different roof geometries by
these dimensionless temperature parameters.

Energy Balance Method

In the literature (Globe & Dropkin, 1954) there are relations for horizontal rectangular closed spaces with surfaces
at constant temperature. When the hot plate is at the bottom, significant convection currents start for Ra; > 1708
and the heat transfer rate increases (Figure 6). Main objective is to determine the effects of heat transfer in the
cavity (Nogueira et al., 2011). By this method, the total heat transfer coefficient and the convection heat transfer
coefficients of each model’s inner volume and external roof surface can be calculated. The calculation procedure is
based on the energy balance applied to the roof of each model. The total heat transfer (Eq.2) taking place to the
ambient air from the roof surface consists of convection (Eg.3) and radiation (Eq.4) (Figure 6)

T T ambiont

convection "
radiation

Rc n
Insulation T1 >T2 Q TZ
./ -
convection radiation i Fluent
T
'\
Ty

Figure 6 The Schematic Representation of The Convection and Radiation Resistances of Flat Roofed Model and a
Rectangular Shaped Closed Environment Heated from Bottom Surface

Qtotal = 9rc + Qrra

)

Qrc = hr (To,s - Tambient)
3)

Qrra = SU(TO,S4 - To‘é)

(4)
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where ¢ is Stefan-Boltzmann constant. Here the total heat transfer (g:o¢q;) 1S €qual to heat transfer by conduction
through the roof and therefore the natural convection heat transfer coefficient on the outer surface of the roof
(h,) can be calculated by the equation below,

T; —T,
erSL—m_SU(To,s‘L_To%)
cr
h, =
(To,s_Tambient)
(®)

where T; ¢ and T, ¢ are the temperature of inner and outer surface respectively. And the radiation heat transfer
coefficient is calculated as,

hyq = EO'(To,sz + To%)(To,s + Tw)
(6)

The temperature is Kelvin above equation, and it is observed that Tgmpient = Too during experiments. The
combined heat transfer coefficient is defined by

hcombinea = hr + hyg

()

In literature there are many relations about natural convection heat transfer coefficients based on experimental
studies (Cengel, 2011). Flat roof was evaluated as a cooling of horizontal hot upward plate. During the experiments
Ra is observed in the range of 10* — 107 and for this range, the relation (McAdams, 1954)

Nu = 0.54 Ra}’* (8)
is used to calculate the average heat transfer coefficient on the external surface of the roof. Because of the heat

transfer direction is vertical, the energy balance can be written between the ground and the roof. Total heat transfer
taking place to roof consists of convection (Eqg. 9), radiation (Eg. 10) and conduction (Eg. 11)

dcin = hin * (Ts - Tin,s) (9)

where T and Ty, ¢ are the temperature of roof and inner surface respectively.
(TS+273)4—(Tin,s+273)4

q Jin — o * —&5 [y (10)
S CON e
where F,, is the view factor for parallel rectangles.
Ts_Tin,s
Gconjin = kg x——= (11)

L

Therefore, the overall heat transfer from enclosure to roof is equal to the heat conduction through the roof and
energy balance can be written as follows,

TO,S

T. -
qcin t Qradin T 9eonin = kr * % (12)
The heat transfer coefficient for the enclosure can be obtained from the above equation and written as
o Tins~Tos (T5+273)4—(Tin,5+273)4 Ts—Tins
T . - - a”
" (2 mg (5D -
hin - (13)

(Tz=Tiy)
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In literature, there are also relations for the constant temperature rectangular enclosures (Cengel, 2011). As a result
of flat roof model experiments, the range of Ra; demonstrated compliance with the following equation (Globe &
Dropkin, 1959) ( 3x10° < Ra; < 7x10°):

Nu = 0.069 Ra,’*Pr0074 (14)

So, all the convection and radiation coefficients are known, the total thermal resistance from ground to roof of the
models can be calculated as below,

1 L 1
Rrotar =5—-+5+ (15)

Uncertainty Analysis
Most widely used uncertainty analysis is the method of Kline and McClintock (1953). According to this method, R

is the measured parameter and x, x,, x3, ... ....., X, are the independent variables. In this case, it can be written as
below,
R = R(X1,X2,X3, cuv e v v, Xp)
(16)
Each independent variable error rates are wy, w,, ws, ... .....,w, and wg is the error rate of R magnitude and is
defined as,
aR 28R 2 R 2
Wk = [(a—xlwl) +(owa) + oo+ (o) ]
(17)

Errors in length measurement are neglected. Errors in temperature measurements depend on measurement
instruments and as follows,

(k1) Uncertainty for thermocouple==+0.25°C
(k2) Uncertainty for data recorder=0.1°C
(k3) Uncertainty for the connections=0.1°C

Uncertainty in temperature measurement is calculated as follows,

wr = [k? + k2 + k3]Y/? = +0.28°C
(18)

Uncertainty in convection coefficients is calculated with the equation below,

wh w wr WTeo 1/2
e[+ ) ()]
(19)

where wyy, is the uncertainty of conduction heat transfer and calculated as follows,

wo _ (WTi,y)Z N (WTd,y)2
o |\ ar AT

(20)

1/2

When the above equation solved for the conduction through the flat roof, w, = %8.1 for AT = 5°C. This high
error rate is because of the small temperature difference. The temperature difference between the external surface
of the roof and the ambient temperature is AT = 10°C and for this case w,, = % 9. The uncertainty for Nusselt
number can be calculated as below,
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(21)

The average convection coefficient of flat roof surface is 4.2 W/m?K, and the uncertainty for this value is about
Wyu = %2.1

RESULTS AND DISCUSSION

As a result of experiments, the dimensionless temperature curves of the three roof models are drawn with using the
obtained data. (Figure 7). As can be seen from the graph the flat roofed model is the most durable model in terms of
losing indoor heat and the model Conic_60 tends to lose heat most quickly. Also Figure 8 is drawn for the
comparison of the indoor air temperatures of the conical domed Harran house model (Conic_60) and the flat roofed
model. At the same environment conditions, the water in the reservoirs of these two models is heated to same
temperature (87.5 °C) and allowed them to cool approximately 39 hours. As Figure 8 shows that Model Conic_60
indoor air temperature is 3.4°C less than the flat roof model during the cooling period.

1.20

== = Model Flat
----- Model Conic_60
s Model Conic_30

0.20

0.00
10 250 490 730 970 1210 1450 1890 1930 2170 2410

Time (Min)

Figure 7 The Variation of Dimensionless Temperature Difference with Time
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Figure 8 The Change of Indoor Temperature of The Model Flat and Model Conic_60

To determine the effect of the roof geometry to indoor air, the total thermal resistances of the models are calculated
(Table 1). The total heat transfer coefficient of the Model conic_60 is found the highest.

Table 1 Total Heat Transfer Coefficient of The Models

Model U-value (W /m?K) R (K/W)
Flat 1.6 1.77
Conic_30 4.6 0.34
Conic_60 5.6 0.20

100

¢ Globe & Dropkin
y = 0.0674x0°3333

~— Experiment Result

y = 0.0514x93%
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Figure 9 The Comparison of The Experiment Results and the Literature Correlations of Nu and Ra for Horizontal
Rectangular Enclosures, L=58 cm

Figure 9 shows the comparison of the correlation given in literature for constant temperature horizontal enclosures
and the flat roofed model experiment results. And Figure 10 shows the comparison of the correlation given in
literature for cooling of constant temperature hot plate in a cold environment and the experimental results of the
cooling of flat roof. As can be seen in Figure 9 and 10 the data obtained from the experiments fit to the slope of
literature values. The average value of the natural convection heat transfer coefficient of the enclosure of the flat
roof is found 1.9 W /m?2K by using the literature correlation. As a result of experimental data, its average is found
1.8 W/m?K.

50

45

1 B A ¢ McAdams

35 \ s ‘ RES y =0.54x0%-25

30 4 e X 2K - —— X = Experiment Result

25 y = 0.5081x0-25¢

Nu,

20 1

15

10 + 4 IR

0.E+00 1E+06 2.E+06 3.E+06 4 E+06
Ra,

Figure 10 Comparison of Experimental Correlation with Correlation in Literature for The Average Nusselt
Number of Natural Convection on a Horizontal Plate

Figure 11, 12, 13 respectively show variation of the Conic_60, Flat, Conic_30 roof outer surface convection heat
transfer coefficients as a function of the temperature difference between roof outer surface and the ambient
temperature. The average natural convection coefficient of outer surface of Conic_60 roof is found 10.5 W /m?K
and the value for indoor is 8.9 W/m?2K . The average of the flat roofed model roof outer surface convection
coefficient is found 4.2 W /m?K. The indoor average value of convection heat transfer coefficients of the flat roof
is 1.8 W/m?K The average indoor and roof outer surface radiation heat transfer coefficients for flat roofed model
is respectively 0.3 W/m?K and 1.6 W/m?K. The convection heat transfer coefficients for model Conic_30 is,
h;, = 8.8 W/m?K, h, = 8.3 W/m?K. As seen above values, the model of conical domed Harran house (Conic
60) the coefficient for roof outer surface is more than Conic_30. But the most significant difference is between the
model Flat and Conic_60, because the Conic 60 ‘s convective heat transfer coefficient is 2.5 times the outer
surface value of flat roofed one.
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Figure 11 The Variation of The Model Conic_60 Roof Outer Surface Convection Heat Transfer Coefficient As o
Function of The Temperature Difference Between The Roof Outer Surface And The Ambient Temperature
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Figure 12 The Variation of The Model Flat Roof Outer Surface Convection Heat Transfer Coefficient as a
Function of The Temperature Difference Between the Roof Outer Surface nd The Ambient Temperature
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Figure 13 The Variation of The Model Conic_30 Roof Outer Surface Convection Heat Transfer Coefficient as a
Function of The Temperature Difference Between the Roof Outer Surface and The Ambient Temperature

CONCLUSION

Conical roofed Harran house model at 1/5 scale (Conic_0) and the equivalent volume and base area of flat roofed
model and a model has a roof slope (Conic 30) between these two roof types are used to define the total heat
transfer coefficients in terms of changing roof geometry. Also, the natural convection coefficients of the inner

volume and the roof outer surfaces of models are compared using experimental and literature data. Experimental
results showed that,

Model of conical-roofed Harran house average indoor air temperature is 3.5°C cooler than the flat roofed model

indoor air during the experiment at same environmental conditions. For the same base temperature, the roof slope
increases the indoor air temperature decreases.

Conical roofed Harran house model has the lowest total thermal resistance from base to roof is and its total heat
transfer coefficient is more than 2.5 times the flat roofed model.

It is found that Rayleigh number has an increasing trend with Nusselt number same time. Average convection
coefficients calculated with literature correlations are consistent with obtained from experimental data.

Conical roofed Harran house model has the highest inner and outer natural convection coefficients. The average of

natural convection heat transfer coefficient of the conical roofed Harran house model roof outer surface is about 1.5
times more than the flat roof model’s.
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