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The aim of the paper is to present a three dimensional transient cooling analysis of
an automobile cabin with a virtual manikin under solar radiation. In the numerical
simulations the velocity and the temperature distributions in the automobile cabin

as well as around the human body surfaces were computed during transient cooling
period. The surface-to-surface radiation model was used for calculations of radia-

tion heat transfer between the interior surfaces of the automobile cabin and a solar
load model that can be used to calculate radiation effects from the Sun’s rays that
enter from the glazing surfaces of the cabin was used for solar radiation effects.

Inhomogeneous air flow and non-uniform temperature distributions were obtained
in the automobile cabin and, especially in ten minutes of cooling period, high tem-
perature gradients were computed and measured and high temperature values
were obtained for the surfaces which were more affected from the sunlight. Valida-
tions of the numerical results were performed by comparing numerical data with

the experimental data presented in this study. It is shown that the numerical results
were in good agreement with the experimental data.
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Introduction

Thermal comfort of the occupants in a vehicle cabin is a growing concern due to occu-
pant’s health and safety. In addition to that, with more stringent requirements for efficient utili-
sation of energy resources within the transport industry must rely on improving energy effi-
ciency of vehicles [1, 2]. With this respect, engineers have to consider energy consumption
during heating or cooling of an automobile cabin due to legal restrictions and efficient use of en-
ergy resources. The need to reduce heat loads that enter passenger compartments has become an
important issue in the early stage of vehicle design and the radiation plays an important role on
the thermal comfort in the compartment [3, 4]. Thus, engineers have to design more effective
HVAC systems of automobiles under different environmental conditions. Computational fluid
dynamics (CFD) analysis tool is now being used to evaluate the different environmental condi-
tions of an automobile cabin in many aspects [3-17]. The experimental studies have been also
performed under different environmental conditions [18-20]. But these studies were time con-
suming and the total costs of these studies were also very high. But, when the CFD tool is used
with experimental studies such as wind tunnel tests, researchers have the ability to evaluate the
thermal characteristics of the automobile cabin in different environmental conditions within a
short time and CFD methods have also positive effects in the vehicle development time. For
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these reasons described, CFD method is a useful tool to determine 3-D velocity and temperature
distributions, thermal characteristics of the automobile cabin, and the local heat transfer charac-
teristics of the surfaces of the human body [16, 17]. Many researchers used CFD analysis tool as
a complement to their experimental studies. Kilic and Sevilgen, [4] used different types of
boundary conditions on the human body surfaces to determine the suitable boundary condition
for evaluating thermal comfort. Numerical results were in good agreement with the experimen-
tal data used in their study. Zhang et al. [5, 6] investigated the environment simulation of an au-
tomobile with and without passengers and the comparisons between predicted and measured air
temperatures were presented in their studies. However, the complexity of human thermo-physi-
ological model and physiological shape of the human body and highly transient conditions in
the vehicle cabin lead to difficulties in CFD analysis [7]. In this study, the flow field and the tem-
perature distribution of the automobile cabin under the influence of solar radiation was carried
out in transient cooling period. To evaluate the flow and the thermal characteristics of the vehi-
cle cabin in different aspects, virtual points and planes in different locations were defined and
the numerical results were compared to the experimental results. Thermal characteristics of the
automobile cabin and human body surfaces were also considered in the numerical analysis. So-
lar radiation has been shown to cause considerable discomfort to people in vehicles [21].The ef-
fects of solar radiation on surface temperature of the automobile cabin inside were discussed and
the predicted transient temperature data were compared to the measured data obtained from the
experimental study.

Numerical simulation model and method

Modelling geometry

The main surfaces and the interior of the automobile cabin are shown in fig. 1. This
cabin was modelled by using dimensions of a real car which was a 2005 model Fiat Albea. In

Cantar this automobile cabin, there are two types of in-
Defrosttype console Console neals Ype let vents. These are defrost and console type inlet
/ g -Ff’asse"ge’ seat vents and they have rectangular shape. In this
(front) Passenger seat d . id d 1 finl
(back study, we just considered console type of inlet

vents and we assumed that defrost type of inlet
vents were turned off.

We designed a virtual manikin divided into
16 segments in sitting posture. This manikin was
used in the numerical calculations to evaluate
the local thermal characteristics of the human
Figure 1. CAD model of the automobile cabin body and it had a standard height (1.70 m) and
weight (70 kg), and it had a total surface area (1.81 m?) suitable for a standing posture and had a
total surface area (1.20 m?) for a sitting posture. The rest of the total surface was contact with the
solid surfaces of the automobile cabin. The main surfaces of the automobile cabin and the sur-
faces of the manikin used in this study were listed in tab.1.

Steering

wheel Floor ./

Driver seat

Computational domain and mesh structure

In previous research, Sevilgen and Kilic [8], used triangular elements on the surfaces
of the automobile cabin and the tetrahedral cells in the volume region. In this study, we used
hexcore meshing type which is a hybrid meshing scheme that include Cartesian cells inside the
core of the computational domain and tetrahedral cells close to the boundary surfaces. This
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Table 1. Interior surfaces of the automobile cabin and the surfaces of the manikin
Surfaces of the Surfaces of the Surface
automobile cabin manikin area [m’] .

Windshield 1 — Head 0.119 \ _
Rear glass 2 —Neck 0.020
Fdoor glass (rs) 3 — Lshoulder 0.016 ' 1
Fdoor glass (Is) 4~ Chest 0.237 L 2
Bdoor glass (rs) 5—Larm 0.113 12 3
Bdoor glass (Is) 6 — Lhand 0.018 13 2
Driver seat 7 — Lthigh 0.096 14 |
Passenger seat (f) 8 —Lleg 0.139 e 5
Passenger seat (b) 9 — Lfoot 0.027 6
Console 10 — Rshoulder 0.016 16 7
Centre console 11 —Rarm 0.113 8
Steering wheel 12 — Pelvis 0.005 @
Floor 13 — Rhand 0.018 v
Ceiling 14 — Rthigh 0.096 \42

15 — Rleg 0.139

16 — Rfoot 0.027

Total 1.20

Note: rs — right side; Is — left side; F, f — front; B, b — back; R — right; L — left
mesh structure was called “Hex-Core” and more detailed information about this mesh structure
can be found in reference [22, 23]. The section view of volume cells at centre plane and the sur-

face mesh of the automobile cabin are shown in fig. 2.

[

Figure 2. The section view of
volume cells at centre plane
and surface mesh of the
automobile cabin

In the computational domain, about 900.000 volume cells were generated for the tran-
sient cooling simulation. This mesh structure was obtained from the comparison of the results of
several numerical simulations to get optimum mesh density.

Boundary conditions and solar simulation

The initial conditions used in this numerical study are shown in tab. 2. The exterior temperature of

the numerical simulation was set to as a con-
stant value of 30 °C and convective bound-  Table 2. Initial conditions of the numerical simulation

ary condition was used for the outer and || The initial cabin temperature 50 °C
glass surfaces of the automobile Cab'm~ The |/ The exterior temperature around the cabin| 30 °C
glass surfaces were defined as semi-trans-
parent wall and the other outer surfaces
were defined as opaque wall. In this study,

Operating conditions (HVAC system) Idle mode

Total simulation time and the time step 30 min/1 s
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all glass surfaces in this passenger car have transmissivity of 80% and absorptivity of these walls is
taken as 10% in the numerical simulations and the absorpsitivity of opaque surfaces is set to 80%.
The convective heat transfer coefficient for external flow around the automobile cabin was set to 15
W/m?°C and the thickness of the glazing and solid walls are set as 5 mm and 12 mm, respectively.
We assumed that the environmental conditions were remained unchanged during the numerical
simulation. The initial air temperature inside the automobile cabin was set to 50 °C. The total simu-
lation time was 30 min and at the beginning of the simulation, the simulation time step was set as
0.001 s and this value was constant for first 5 min of cooling time and it was set to 1 s for the rest of
this numerical simulation. The time step is necessary for getting more precise and satisfactory nu-
merical results, and choosing the time step correctly, es-

T[?CO] pecially at the beginning of the numerical simulation,
- _ affects the numerical results at the end of the simulation.
The air temperature at the inlet vents was determined as

\ a function of time by means of a user defined function

R | which was obtained from the measured data and this
temperature profile shown in fig. 3 was used for all inlet

20 \ vents in this numerical simulation. The velocity magni-

tude was set to 2.5 m/s for all inlet vents and the direc-
10 tion of the resultant velocity vector was normal to the
0 860 720 1080 1440 [5]1800 surface boundary. Atmospheric conditions were applied

at the outlet surface (tab. 3).
Figure 3. Transient temperature data for At the manikin surfaces we used temperature
inlet vents boundary condition and we assumed that the tempera-

Table 3. Solar radiation model and boundary conditions

Solar radiation model

Solar radiation algorithm Solar ray tracing algorithm
Radiation model Surface to surface (S2S) model including view factors
Solar irradiation 875 W/m?

Boundary conditions

Constant surface temperature
(T,=33.7°Cand T, =33.0 °C)

Manikin surfaces

Inlet vents (heat transfer) Transient temperature profile obtained from measured data (fig. 3)

Inlet vents (momentum) Constant velocity (2.5 m/s)

Outlet vents Gauge pressure = 0 Pa

Exterior air temperature 30°C

Glass surfaces Convective boundary condition (4 = 15 W/m?°C), semi-transparent wall
Other outlet surfaces Convective boundary condition (4 = 15 W/m2°C), opaque wall

Other inner surfaces Adiabatic boundary condition

ture of manikin surfaces was constant and it was set to 33 °C at the naked surfaces such as head
and hands, and at the clothed surfaces it was set to 33.7 °C as related to the thermal resistance of
summer clothes. Heat interactions between human body and the immediate surroundings occur
by several modes of heat exchange. Latent heat loss was not considered and respiration was ne-
glected in the present computations. We assumed that the boundary conditions for the areas con-



Sevilgen, G., Kilic, M.: Investigation of Transient Cooling of an Automobile Cabin with ...
THERMAL SCIENCE: Year 2013, Vol. 17, No. 2, pp. 397-406 401

tact with the solid surfaces were adiabatic thus we just considered the total sensible heat which is
transferred from the human body surfaces to the environment by convection and radiation.

In this study FLUENT software was used for 3-D air flow and heat transfer field analy-
sis. Fluent software solves continuum, energy and transport equations numerically with natural
convection effects. In numerical solution, second order discretization method was used for con-
vection terms and SIMPLE algorithm was chosen for pressure-velocity coupling. For the turbu-
lence modelling, the RNG k-¢ model was chosen for the numerical calculations. This turbulence
model is generally used for such calculations due to stability and precision of numerical results
in literature [24, 25]. For including the solar simulation into the numerical simulation, we used
solar load model which was available in FLUENT 6.3.26. This software provides a solar load
model that can be used to calculate radiation effects from the Sun’s rays that enter a computa-
tional domain. The position of the sun related to experimental conditions was determined with
solar calculator available in FLUENT. In solar calculator, Sun’s location in the sky was deter-
mined with a given time-of-day, date, and position and we defined the location of the cabin
model with Cartesian co-ordinates and the sun direction vector considering the time of day and
date of the experimental studies. The combining of all these parameters will produce a solar ray
that would occur at that time for this location. In this study, the value of the direct normal solar
irradiation produced in the solar load model was about 875 W/m? at that given time for this nu-
merical simulation. S28S radiation model including calculation of view factors was used for radi-
ation heat transfer among the interior surfaces of the vehicle cabin. The detail description of
these models can be found in reference [23].

Experimental set-up

Experimental studies took place in Bursa, Turkey, on August. The tests were per-
formed on 2005 model Fiat Albea sedan automobile equipped with 1600 ¢cm? engine. During the
experiment both internal and external surface temperatures and interior air temperature mea-
surements were taken. During the experiment only four of the console vents were fully opened.
In addition, all measurements were taken in a parked automobile with only driver inside. To de-
termine the interior air temperature distribution in the compartment, measurements were ob-
tained from different level of the cabin. During the experiments, compartment internal surface
temperatures such as; ceiling,
front windshield, right and left

windows, and internal body Table 4. The location of the temperature sensors used in this study

surface temperatures such as; Points Location Points Location
seats, dashboard, instrument P1 | Right front foot level | P4 Right back chest level
panel, and steering wheel were P2 Left front foot level P5 Right back head level
measured and recorded by 12 P3 | Right back knee level | P6 Left back knee level
channel thermometer. Some

points on which the measured
data obtained in the test carare ~ Table 5. Measurement devices

assigned in the volume of the Measuring range Accuracy
virtual cabin and also on sur-

Temperature measurement | Cole palmer digi-sense

faces to validate the computed Temperature probe 12 Channel thermometer 0.1%
results. The locations of these —200+300 °C
points were described in tab. 4. Testo 454 multi func.

Velocity measurement

Measurement devices are Velocity probe measurement device 0.02 m/s
given in tab. 5. In order to de- 0-10 m/s
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termine the value of the experimental error, uncertainty analysis is carried out using equations
proposed by Moffat [26]. Maximum uncertainties in experimental results were found to be
within +£1%. The test conditions were achieved after the automobile was kept waiting for two
hours in the outer environment which had high temperature value and intense sunlight
(1kW/m?).

Results and discussions

The mean interior air temperature and the mean surface temperatures are shown in tab.
6. Mean surface temperature values ranged from 38 °C to 56 °C at 30 s of cooling period. At the
beginning of the cooling period, the mean high surface temperature values were obtained at the
console, steering wheel, center console, passenger seat (front), windshield surfaces, efc., which
were directly affected with the sunlight. The mean surface temperature values of the outer sur-
faces of the cabin such as windshield and glass surfaces were decreased slowly compared to the
other surfaces which were not directly affected from the sunlight. On the other hand, the mean
surface temperatures were continuously decreased with cooling time and the mean air tempera-
ture was computed about 28 °C at the end of the numerical simulation. Another result obtained

Table 6. The computed mean surface temperature values and interior air temperature

Cabin surfaces and interior air temperature Tl
30s 60s | 120s | 300s | 600s | 1200s | 1800 s

Windshield 47.8 | 46.5 444 | 43.1 424 | 420 | 415
Rearglass 39.8 37.9 36.0 34.2 33.0 333 31.6
Fdoor glass (rs) 41.3 38.9 37.3 35.5 35.0 343 34.5
Bdoor glass (rs) 38.0 | 35.9 337 | 319 | 312 31.3 30.9
Fdoor glass (ls) 39.7 | 382 36.3 35.0 | 34.2 340 | 339
Bdoor glass (1s) 384 | 36.7 344 | 329 | 31.7 313 31.4
Driver seat 454 | 420 | 37.0 | 342 | 33.0 | 33.0 | 324
Passenger seat (f) 53.8 50.3 44.7 41.3 40.7 39.4 39.3
Passenger seat (b) 46.1 41.8 37.3 333 31.8 344 31.6
Steering wheel 53.8 502 | 46.7 | 44.0 | 426 | 428 | 41.1
Console 557 | 52.7 | 48.0 | 456 | 443 43.0 | 42.7
Centre console 51.6 48.5 43.7 40.3 39.1 383 38.1
Cabinleftside 44.1 41.3 38.0 | 357 | 347 | 340 | 34.0
Cabinleftside 40.7 38.3 35.2 33.0 31.9 31.6 31.5
Floor 41.6 | 392 352 | 33.1 324 | 319 | 319
Ceiling 41.6 | 39.5 36.3 343 33.6 | 33.6 | 33.1
Interior air temperature 43.7 39.2 33.6 29.9 28.7 28.1 27.9

from these numerical simulations is that the front part of the cabin interior was more affected by
the solar radiation than the rear part of the cabin. The surface temperature predictions of the nu-
merical simulation were shown in fig. 4. At the beginning of the cooling period, the surface tem-
peratures had very high values and the maximum temperature value was obtained for the con-
sole surface which was one of the more affected surfaces from the sunlight. This local
temperature value for this surface was computed about 72 °C at 5 min of cooling period. These
high temperature values occurred due to solar radiation and greenhouse effects in the automo-
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bile cabin. The predicted surface tempera-
ture values at the rear part of the cabin inte-
rior were changed between 27 °C and 32 °C
at 30 min of cooling period.

Air flow distribution of the vertical plane
of the automobile cabin at 10 and 30 min
of cooling periods were shown in fig. 5. At
30 min of cooling period, maximum air ve-
locity was computed near the inlet vents
(middle) and it was about 2.0 m/s. In accor-
dance with flow direction this value was de-
creased to 0.83 m/s in the rear part of the
cabin interior at that time. In the front region
of the vertical plane of the automobile cabin,
velocity values changed between 0.1 to 2.0
m/s while in the front region of this plane
these values ranged from 0.1 to 1.33 m/s.
From the comparison of the velocity distri-
butions at 10 and 30 min of cooling periods,
the velocity values computed for same loca-
tions at the vertical plane were changed

Figure 4. Local surface temperature [°C] predictions
during cooling period

T ™ 0.13
9

0.19 : 03315 Al
013 = IS i :

- =y - P
| a0 Rpe

t=600s t=1800s

Figure 5. Velocity [ms]| distributions at the vehicle vertical plane

slightly thus we conclude that the steady-state conditions were reached at 10 min of cooling period
in terms of velocity distributions.

Air flow distribution of the horizontal plane of the automobile cabin at 10 and 30 min of
cooling periods were shown in fig. 6. In the front region of the vertical plane, computed velocity val-
ues changed between 0.1 and 2.4 m/s. On the other hand, these values ranged from 0.1 to 0.3 m/s in
the rear region of this plane. From these results, we can say that inhomo- geneous velocity distribu-

t=600s t=1800s

Figure 6. Velocity [ms™"] distributions at the vehicle horizontal plane
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Figure 7. Temperature
[°C] predictions at the
vehicle vertical plane
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Figure 8. Temperature
[°C] predictions at the
vehicle horizontal plane

tion occurred in the front region of this
plane. Air temperature distributions at
the vertical plane during cooling pe-
riod were shown in fig. 7. High tem-
perature values occurred near the
driver head level and the windshield
surface at the beginning of the cooling
period due to solar radiation effects.
The computed temperature values of
the vehicle vertical plane ranged from
28 to 45 °C at 60 s of cooling period
and these computed temperature val-
ues decreased continuously during
cooling period. At 30 min of cooling
period predicted temperature values at
this plane changed between 15 °C and
34 °C. These results show that non-
-uniform air temperature distribution
was obtained for the vertical plane of
the vehicle cabin at 30 min of cooling
period. Air temperature distributions at
the horizontal plane were shown in fig.
8. At the beginning of the cooling pe-
riod, high air temperature values were
computed near the front passenger seat

and also around the human body surfaces. These temperature values were calculated about 42 °C
and 43 °C, respectively, at one minute of cooling period. However, low temperature values occurred
near the inlet vents and these temperature values were calculated about 28 °C at that time. At the rear
part of the horizontal plane, computed local temperature values changed between 24 °C and 28 °C at
20 min of cooling period. These local values ranged from 13 °C to 30 °C in the front region of the
horizontal plane. From these results it can be seen that the rear region of the vehicle cabin was cooled

50
O 45/ 1 CFD
=~ 404 -
35
30
20" 20
60 640 1220 1800 60 640 1220 1800
t[s t[s
(a) P1 (Right front foot level) I (b) P2 (Left front foot level) tel
50
Ous 1 CFD
:T:i 2 Experimental
i Figure 9. Predicted
= temperature values (P1, P2,
80 and P3) and the comparison
25/~ with the experimental data
20
60 640

1220, 1800
tsl

(¢) P3 (Right back knee level)

more efficiently than the front region
for this numerical simulation.
Comparisons of the experimental
data and predicted temperature val-
ues at measuring points located in the
vehicle cabin environment are shown
in figs. 9 and 10. It can be seen from
the results at the selected points (P1,
P2, P3, P4, P5 and P6), the tempera-
ture differences between predicted
and measured data were about 2 °C in
general. The predicted temperature
results for all locations had same
trend with the experimental data.
These predicted results were affected
by many factors such as solar radia-
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=i 1 CFD 220 1 CFD | Table 7. The computed and measured surface
£ 2 Experimental °| £.45 2 Expermental | temperature values
= 40 =40 I
35& a7 G as) R | Surfaces of the Numerical | Experimental
0% 30| : automobile cabin t=1800 s t=1800 s
|
" | ' i Windshield 41.5 45.5
%o e 1220, 1800 60 640 1220 11000 Rearglass 31.6 31.6
SR :
{.1;0=.1- tﬂlghlback chesi Ie\aei} 3 {b) P5 (Right back head level) Fdoor glass (I‘S) 345 376
Tus 1CFD ! Fdoor glass (1s) 339 36.2
e 2EBxperimental | Pigyre 10. Prediction of
| Passenger seat (f) 39.3 36.5
35\ )] | the temperature values -
a0 \:‘“74»_,4\ | (P4, P5, and P6) and the Steering wheel 41.1 38.1
25 s iiiiamE comparison with the Console 42.7 43.9
200 a0 122 {s]'soo‘ experimental data Ceiling 33.1 342

(c) P& (Left back knee level)

tion, material properties of automobile parts, metabolic heat production of the driver, heat losses
from the outer surfaces of the cabin, heat transfer coefficient at the outer side, etc. Thus, the pre-
dicted results can be accepted as very good with confidence.

The computed and measured surface temperature values of the surfaces at 30 min of
cooling period were listed in tab. 7. The predicted surface temperature values were in good
agreement with the measured data in general.

Conclusions

In this study, a 3-D transient turbulent flow simulation with solar radiation effects was
performed and the validation of the numerical results was achieved by the comparison of the re-
sults to the experimental data presented in this study. As a result of these numerical simulations
we can say that inhomogeneous air flow distributions were obtained in general. Another impor-
tant result is that non-uniform temperature distributions obtained especially in 10 min of cooling
period so that we conclude that highly transient conditions were occurred in 10-15 min of cool-
ing period. On the other hand, the steady-state conditions were reached after 15 min of cooling
period in terms of velocity and temperature distributions. Air temperature and surface tempera-
ture predictions were in good agreement with the experimental data in general. We also shown
that an automobile parked facing the Sun, the air and the surfaces affected by solar radiation
reached considerable temperatures such as about 70 °C for the console surface. In addition,
these surface temperatures decreased slowly than the others because solar radiation effects re-
main unchanged during cooling process. These results are very important for reducing thermal
load of the automobile cabin and improving the thermal comfort conditions in an automobile
cabin. Reducing the thermal load of an automobile cabin considering thermal comfort and en-
ergy consumption of automobile HVAC system is the main objective of our later studies.
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