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This article explores the potential of vehicle interiors, which can reach temperatures of
up to 120°C due to solar exposure, as efficient solar collectors. Comparative studies have
been conducted on the thermal behavior of heat-soaked vehicle cabins and dedicated
solar collectors, highlighting their potential benefits in heating, cooling and ventilation.
Thermal soak tests reveal a remarkable similarity in thermal performance between the
two, with minor temperature variations of up to 5.3°C between the equivalent
components. These temperature deviations are mainly due to differences in absorptivity
characteristics, in which the black absorber plate exhibits superior absorption capabilities
compared to the grey interior cabin surfaces. Integration of ambient air through the inlets
on the cabin floor helps with initial cooling of the hot soaked cabin. The collector benefits
from a preheated air mixture (comprising heat-soaked cabin air and ambient air), which
improves its operating temperatures. This characteristic is attributed to the synergistic
integration of the two systems. By decoupling these systems and aligning the properties
of the absorber plate, the cabin and the collector could become thermally identical. The
potential of the heated vehicle cabin as a power generation source is underscored, which
presents opportunities to supplement the energy demand in remote locations. This study
illuminates the untapped potential of vehicular solar heat capture, highlighting its
feasibility, diverse applications, and significant implications for sustainable energy
strategies and community development.

1. Introduction

Vehicles parked in direct sunlight will have extreme temperatures: 80 °C for air and 120 °C for the
dashboard [1]. This temperature exceeds the level of thermal comfort upon entry and has been
proven to be deadly to children and pets when it is forgotten or left intentionally. Medical
professionals see that the interior of a vehicle functions as an oven, accelerating perspiration in
confined children. This increased sweating leads to increased evaporation of bodily fluids, increasing
the potential for hyperthermia, a severe medical condition involving elevated body temperature, and

* Corresponding author.

E-mail address: amirrazak@umpsa.edu.my

https://doi.org/10.37934/arfmts.116.1.223241

223



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 1186, Issue 1 (2024) 223-241

ultimately presents a substantial risk of death [2]. Another health problem for vehicle occupants is
the alarming emission of volatile organic compounds (VOCs) as the cabin temperature increases
sharply; VOCs are emitted exponentially from hot interior surfaces such as the dashboard, backboard,
seat covers, and other accessories [2-4]. As a result, prolonged exposure to VOC will eventually lead
to cancer development [5,6]. Furthermore, decreasing the cabin temperature by the air conditioning
system (AC) to maintain a comfortable environment for vehicle occupants will increase fuel
consumption and tailpipe emissions [7]. The heating, cooling and ventilation loads of buildings are
the most consumed in total energy consumption. Thus, using the solar air collector concept as a
passive load reduction approach can considerably save energy bills and reduce carbon dioxide
emissions. In a hot climate, a solar chimney could bring the temperature of the school room close to
the ambient air, reducing the cooling load of the room, ensuring energy savings and thermal comfort
[8]. The application of solar air collectors has covered a wide range of areas, but vehicle cabins instead
of solar air collectors for heating, cooling and ventilation have not been introduced. This study
highlighted the thermal similarity of vehicle thermal cabin soak with solar thermal collector,
highlighting its feasibility, diverse applications, and significant implications for sustainable energy
strategies and community development.

2. Similarity between Vehicle Cabin and Solar Air Collector
2.1 Physical Similarity Analysis

Figure 1 shows the physical model of the solar air collector and the heat transfer process. Air
enters the collector at the bottom opening and the hot air exits from the top of the collector.
heee Outlet Air

Sun

Tsky

Absorber Plate

Glass

Insulation

Inlet Air : ]

Fig. 1. Schematic diagram of the heat transfer in the physical model
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The vehicle cabin is similar to the concept of a solar air collector. However, the cabin can be
compared to an efficient solar collector and is the reason for the development of the greenhouse
effect phenomenon [9]. The vehicle cabin has windows that act as a collector transparent cover for
sun rays to pass through and raise interior temperatures. Furthermore, the interior surface
temperature, such as the dashboard, steering wheel, and seats, can reach as high as the black
absorber plate temperature of the solar air collector. Since the cabin has two openings, it can be
ideally suited as a solar collector with a unique interior absorber.

2.2 Thermal Similarity Analysis

Fundamentally, the energy conversion behavior that occurs within the vehicle cabin is similar to
that of a solar air collector. For instance, the heat transfer mechanisms that occur in the cabin glazing
are similar to those in the solar air collector glass cover. As shown in Figure 2, some of the incident
solar energy received in the cabin glazing surfaces is lost through convection and radiation towards
the sky and the other to the cabin interior by convection and re-radiation in the thermal infrared
wavelength range [7]. Thus, the interior cabin surfaces will gain the heat loses from the interior
glazing surfaces and from absorbing the shortwaves of the incident solar radiation once they pass
through the glazing of the cabin.

Sun

Fig. 2. Heat energy balance in vehicle cabin
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2.2.1 Thermal modelling and governing equations of the vehicle cabin and solar collector

Figure 1 and Figure 2 show the heat transfer mechanisms in both systems during exposure to
direct solar load. Thermal modelling of the cabin and collector was developed using the principles of
heat and mass transfer and solar engineering calculations, which assumed a uniform temperature
distribution. In principle, both models have three energy balance equations: one for the exterior
surfaces (cabin's glazing, roof, collector cover, enclosure), another for the interior air, and the last for
the interior surfaces (interior cabin components (e.g., seats, dashboard, steering wheel, floor, other
accessories) and absorber plate. Since the vehicle cabin can be considered similarly to the solar
collector, the following energy balance equations for the main components of both systems would
be the following

(i) The energy balance equation for the air
Inside the cabin

Inside the vehicle cabin, the primary heat source of the cabin air thermal load is long-wave radiant
energy, which is released from the interior surfaces and the roof after they absorb the shortwaves of
the incident solar radiation that passes through the cabin glazing during direct exposure to the sun
rays [10-12]. Thus, cabin air gradually becomes hotter by convection heat transfer from these masses
[13-18].
The energy balance equation for the air inside the cabin can be written as follows:
[Convective heat transfer from the cabin interior surfaces to the air| +
[convective heat transfer from the windshield to the air] =

[the heat gain by the cabin air].

Newton's law of cooling gives the following expression for the heat transfer by convection from
the interior surfaces of the cabin and the surface of the interior windshield to the cabin air:

hsi Asi(Ts; — Tc) + hyi Aw(Tw,i — Te) = q"cavin (1)
The heat gain by the cabin air q”cbin can be calculated using the following equation:

q"cabin = McCp(Tc — Ty) (2)
In the collector

The energy balance equation for the air in the solar collector channel can be written as:
[Convective heat transfer from the absorber plate to the air] +

[convective heat transfer from the glass to the air] =

[the heat gain by the air in the solar collector's channel].

This energy balance can be mathematically formulated as follows:
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hp Ap(Tp - Tf) + hg Ag(Tg,i - Tf) =q"coll (3)
The heat gain by air can be calculated using the following equation:
q"conl = mcolle(Tfo - Tfi) (4)

The mean air temperature (Tj) of the air in the gap can be calculated using a simple linear equation
based on experimental observations [19]. It is given as in the following equation:

(ii) The energy balance equation for the glazing

The heat transfer calculation for the radiation exchange between the inside surfaces of the cabin
will be the most difficult due to the variety of materials used and their irregular shapes. The following
assumptions are made for simplifying the analysis

(a) Both systems are under steady-state conditions, one-dimensional heat transfer mode and

laminar flow.

(b) Glazing thermal mass and conduction through glass are neglected due to small thickens.

(c) The interior of the cabin is considered as one part.

Figure 1 and Figure 2 illustrate the heat balance at the glazing surfaces, which involved convection
and radiation from the glazing to the interior and to the outside air of both systems.

Cabin glazing heat balance

Like the glass cover in the solar air collector, the cabin glazing is a semitransparent medium where
solar irradiation can be partially reflected, absorbed and transmitted, Figure 2. On the
interior/exterior surface of both systems, it is considered heat exchange between the surrounding
and the surface by radiation and convection. The energy balance equations for the cabin windows
are all similar; thus, in order to avoid repeating the similar equations, only the energy balance
equation for the windshield will be exhibited in this paper.

[Incident solar radiation] +

[radiative heat transfer from the cabin interior surfaces to the windshield] =
[convective heat loss from the windshield to the cabin air] +

[convective heat loss from the windshield to the ambient air] +

[radiative heat transfer from the exterior windshield surface to the sky].

Mathematically, it can be formulated as follows.

SwhAw + hrsw,i As,i(Ts,i - Tw,i) =
hw,i Aw(Tw,i - Tc) + hw,eAw(Tw,e - Ta) + hrw,e Aw(Tw,e - Tsky) (6)
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Glass Cover Heat Balance
The energy balance equations for the glass cover can be written as:

[Incident solar radiation] +

[radiative heat transfer exchanged between the absorber plate and glass cover] =
[convective heat loss from the glass cover to the air in the flow channel] +
[convective heat loss from the glass cover to the ambient air]| +

[radiative heat transfer from the exterior glass cover surface to the sky].

Mathematically, it can be formulated as follows.

SgAg + hypg Ap(Ty — Tgi) = hg i Ag(Tgi — T5) + hgeAg(Tge — To) + hrge Ag(Tge — Tsky) (7)
(iii) The equation for the energy balance of the interior surfaces

Interior cabin surface heat balance

Interior cabin surfaces, such as the dashboard and seats, have irregular shapes that complicate
heat transfer calculations. It has led many authors, particularly Khayyam et al., [20], Fayazbakhsh and
Bahrami [21], and Wang and Xiang [22], to assume that these surfaces were flat to simplify their
thermal cabin models. Furthermore, the intricate nature of radiative heat transfer among interior
cabin surfaces, as highlighted by Marcos et al., [23], has been omitted from consideration due to its
potential to significantly complicate the computational process. Furthermore, the authors assert that
heat transfer originating from the door panels can be ignored, as its impact is deemed negligible
compared to heat transfer originating from the windows.

The energy balance equation for the interior surfaces after the above simplifications can be
written as:

[Incident solar radiation] = [convective heat transfer to cabin air]

Ssilsi = hs;i Asi(Ts; — To) (8)
Absorber plate heat balance

The energy balance equation for the absorber plate can be written as:

[Incident solar radiation] = [convective heat loss to air in the flow channel] + [radiative heat loss to
the glass cover] + [conduction to the ambient]. Mathematically, it can be formulated as follows:

insAp (Tp_Ta)

k
spAp = hyAy(Ty — Tp) + hppgAy (T — Tgi) + (9)

AWins
(iv) Heat transfer coefficients
The energy balance equations are composed of convective and radiative heat transfer

coefficients such as hryg, hg, and hp. These coefficients can be obtained from the empirical correlation
for the Nusselt number. From the nature of the heat transfer and the type of flow, the Reynolds
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number (Re) or the Grashof number (Gr) must be calculated, and then the appropriate Nu
correlations can be selected. For example, these correlations are given by previous studies [23-35].

where L is the characteristic length, h is the convection heat transfer coefficient, and k is the thermal
conductivity of the fluid.

(v) Solar radiation heat flux

The incident solar radiation heat flux absorbed by the transparent surface (cabin glazing and glass
cover) is given by:

The incident solar radiation heat flux absorbed by the solid surface (cabin interior surfaces and
absorber plate) is given by the following:

S = Tgalt (12)
Total incident solar irradiance can be estimated from different models for the calculation of solar

radiation, such as in previous studies [36-39].
The sky temperature can be obtained according to the following equation [40]:

T,, =0.0552T "8 (13)

(vi) Mass flow rate

Therefore, in that case, the mass flow rate equation becomes applicable. However, the buoyancy-
driven natural draught flow rate through the two openings can be roughly estimated using the mass
air flow equation [41,42]:

Cabin Mass Flow Rate Equation

2gH(Tc—Tq)
Meapin = CdpAO,’m (14)

Collector mass flow rate equation

2gLsin (T f—T¢)

(1+4DTe (13)

Meon = Cap4,
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The compilation of equations involved in the modeling are listed in Table 1.

Table 1
Summary of equations used for car cabin and solar air collector
Equation Vehicle cabin Solar collector
Energy balance hgi Agi(Ts; = T.) + hy Ay (Ty,; — T¢) hy Ap(Ty, — T¢) + hg Ag(Tgi — Tf)
equation for the air = q" cabin =q"on
Heat gain 9" cavin = McCp(Te — To) q"con = MeouCr(Tro — Tri)
Energy balance Swhw + Aps,i Agi(Tsi — T i) SgAg + hypg Ap (T, — Ty)
equation for the =hyi Aw(Tw; —T¢) = hg; Ag(Tg; — Tf)
glazing + hyeAw(Twe — Ta) + hg,eAg(Tg.e —T)
+ hrw,e Aw(Tw,e - Tsky) + hrg,e Ag(Tg,e
- sky)
Energy balance Ssilsi = hg; Asi(Ts; — T¢) spAp = hy Ay (T, — Tf) + hypgAp(Ty
equation for the —Tg)
interior surfaces N kinsAp(Ty — Tp)
AWins
Heat.tr.ansfer N, = h_L N, = h_L
coefficients k k
Solar radiation heat S =1al; S =tal;
flux

Mass flow rate _ 2gH(T, — T,) B 2gLsin 6 (Ty — T¢)
Meapin = CapAo A+ AT, Meou = CaP Ao (1+ AT,
r)la r/oc

3. Usages of Accumulated Heat inside Hot-Soaked Vehicle
3.1 Energy Source for Power Generation

Recently, automakers and researchers have been working to exploit techniques that recover heat
losses from the vehicle engine that are dissipated by the cooling circuit or carried out by the exhaust
gases through the tailpipe to improve the thermal efficiency of the engine, in turn fuel economy.
Also, to reduce the heat gain by the interior of the vehicle cabin for improving thermal comfort and
fuel economy. According to Seebeck, engine heat losses and cabin heat gain can be used as a source
of energy for the thermoelectric power generator system to supply electricity to cooling devices to
reduce the cabin temperature of the vehicle soaked in the sun or to charge batteries [43,44].

Gowtham et al., [44] recovering the heat from the exhaust of the vehicle engine by using a
thermoelectric generator to cool down a hot cabin temperature of the vehicle, as shown in Figure 3.
The authors claimed that at least five units of their prototypes will be able to equalise the interior
cabin temperatures with the ambient in 20 min. Sunawar et al., [43] used the accumulated heat inside
the hot soaked vehicle cabin as a source of energy for the thermoelectric generator system to supply
electricity to the cooling devices to reduce the temperature of the vehicle cabin soaked in the sun
and charge batteries. The authors stated that for this approach to be feasible, more areas need to be
considered. According to their calculation, if 1 m? of vehicle roof is used, the thermoelectric generator
could generate up to 280W of electric power.
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Fig. 3. Thermoelectric power generator installed on exhaust pipes [45]
4. Materials and Methods

Since using a hot soaked vehicle cabin as a solar air collector has not been reported in the existing
literature, the objective of this paper is to perform a comparison study to show that the thermal
behaviour of a soaked vehicle cabin under the direct sun is similar to the performance of the solar air
collector for promoting space heating, cooling, and ventilation.

4.1 Experimental Setup

A car and solar air collector in Figure 4 were used to perform outdoor thermal hot soaking tests
to experimentally compare the thermal performances of both systems. The car was modified to work
as a solar air collector. It has two inlets on the cabin floor with the same area as the outlet on the
cabin roof. All car windows and doors remained closed throughout the test. The solar air collector
with adjustable arm mounted on the roof of a vehicle with an air gap of 0.1 m, a width of 0.77 m and
a collector length of 1.12 m. Both systems were orientated facing south in an open space under direct
sun without shadow interference during the experimental measurements.

Datataker DT80 has been used to measure collector temperatures (glass cover, absorber plate,
and outlet air) and cabin temperatures in the car (windshield, dashboard, and outlet air), in addition
to weather data such as ambient temperatures and global horizontal solar irradiance. The data
acquisition system recorded the data every 60 seconds step interval throughout the test, and the sky
conditions throughout the experiment were observed.
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Fig. 4. Test car at the experimental field case

4.2 Experimental Soaking Procedure

The experimental soak procedure adopted in this paper was developed by the authors in previous
work for the thermal hot soak test in the outdoors [46]. The soak tests were planned to be conducted
on two different days (May 26, and June 6, 2017) to ensure different climatic conditions. The
summary of date, soak period, instrumentation, orientation, sky condition and average climatic
parameters are detailed in Table 2.

Table 2
Summary of the configurations tested during the soaking trials
Configuration  Soaking Inlet Orientation Sky Average ambient  Average solar
Period condition temperature irradiance
°C W/m?
0] 11:46-15:46 Recirculation South-East Partly 32.6 725
(ON) and cloudy
two openings
on the cabin
floor;
(1) 10:06-15:18 Recirculation South-East Mostly 34.5 767
(ON) and two sunny
openings on

the cabin floor.

The temperatures of important locations in the car and solar chimney were selected for
monitoring and recording air and surface temperatures as shown in Figure 5 by the black circle and
summarized in Table 3.
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Fig. 5. Location of thermocouples in the cabin and solar collector

Table 3
Summary of the location of the car cabin and solar air
collector for temperature measurements

No. Location Dimensions (cm)
1 Dashboard In the centre

2 Windshield 60W & 33L

3 Cabin Air Outlet In the centre

4 Absorber In the centre

5 Glass cover In the centre

6 Collector outlet air In the centre

5. Results and Discussion

The experimental results of the hot thermal soaking test for both cases are listed in Table 4 and
shown in Figure 6 to Figure 11. Table 4 summarised the maximum and average recorded
temperatures for each location with the corresponding time, under average environmental
conditions.

Figure 6 and Figure 7 show that the variations of the dashboard temperature during the parking
conditions are relatively close and similar to the pattern of the absorber plate, which indicated that
both surfaces were highly impacted by the values of the solar irradiance. These results are similar to
those reported by other researchers [47]. In case (l), the highest recorded temperature was 85.52C
at 13:02 for the absorber surface and for the dashboard surface, it was 71.22C at 13:35. The average
temperature difference was 112C. In case (ll), the highest recorded temperature was 92.32C at 12:53
for the absorber surface and for the dashboard surface was 71.32C at 13:21. The average
temperature difference was 182C.
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Temperature (°C)

Fig. 6. Comparison of absorber and dashboard temperatures during thermal

Table 4

Summary of maximum recorded and average temperatures at target
locations under average environmental conditions during thermal soak

tests
Temperature Location 2C Case

[ Il
Max. Absorber 85.5 92.3
Time 13:02 12:53
Max. Dashboard 71.2 71.3
Time 13:35 13:21
Average temperature difference 11 18
Max. Glass cover 56.2 57
Time 13:12 12:53
Max. Windshield 54.4 53
Time 13:36 12:08
Average temperature difference 2.4 3.6
Max. Outlet Collector Air 62 59
Time 14:05 13:53
Max. Air in the exhaust cabin 51 53.5
Time 14:04 14:36
Average temperature difference 4.8 5.3

90

40 1.

30

— Absorber see-+-+ Dashboard

soaking test, case |

9:34 10:04 10:34 11:04 11:34 12:04 12:34 13:04 13:34 14:04

Time (h)
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Fig. 7. Comparison of absorber and dashboard temperatures during thermal soaking
test, Case Il

The figures illustrate that the absorber plate in case (ll) recorded higher temperatures than in
case (I) due to the higher solar intensity on the day of the experiment. The absorber plate in both
cases absorbed the most solar radiation due to the surface colour. The absorber had a black surface
which captured more radiation than the dashboard surface (grey). If the vehicle cabin has black
interior surfaces with the same absorber plate material, both will be thermally identical.

Figure 8 shows the measurement results of case (l). The highest recorded temperature was
56.29C at 13:12 for the glass cover surface and for the windshield surface was 54.42C at 13:36. The
average temperature difference was 2.42C. Figure 9 shows the measurement results of case (ll). The
highest recorded temperature was 572C at 12:53 for the glass cover surface and for the windshield
surface was 532C at 12:08. The average temperature difference was 3.629C.
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Fig. 8. Comparison of collector cover and windshield temperatures during thermal
soaking test, case |
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Fig. 9. Comparison of the collector cover and windshield temperatures during thermal soaking test,
Case Il
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Both figures show that the variations in windshield temperature during parking conditions are
very close and similar to the pattern of the glass cover, indicating that both surfaces were thermally
equivalent. This is because both surfaces were made of glass and had almost identical thermal
properties.

Figure 10 and Figure 11 show that the variations of the outlet solar collector and the cabin air
temperatures are relatively close and have similar patterns due to the physical and thermal similarity
between the car cabin and the solar air collector. In case (I), the highest recorded temperature for
the air temperature of the outlet solar collector was 62 °C at 14:05, while for the air of the outlet
cabin was 51 °C at 14:04. The average temperature difference was 4.8 2C. In case (ll), the highest
recorded temperature for the outlet solar collector outlet was 59 2C at 13:53, while for the cabin
outlet air it was 53.5 2C at 14:36. The average temperature difference was 5.3 2C.

65
60 -
55 A
50 1 5 Lo
£ AW, SN e .
545 1 vr. .?.-'-...,. LRI I § e )
40 A R e o]
o &
35 VEAE &
SR — Qutlet solar collector air  +---+-< Outlet cabin air
30 4
25 T T T T T T T T T T T T T T T T
11:46 12:16 12:46 13:16 13:46 14:16 14:46 15:16 15:46

Time (h)

Fig. 10. Comparison of solar collector outlet and cabin air temperatures during thermal soaking
test, case |
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Fig. 11. Comparison of the solar collector outlet and cabin air temperatures during the
thermal soaking test, Case I

From Table 4, it can be seen that case (Il) has higher temperature increase than case (I) and
reached the maximum value before case (I), as case (Il) recorded a higher solar intensity than case
(). 1t was also observed that the outlet collector air recorded a higher temperature than the glass
cover in both cases, although the glass cover has a large thermal capacity compared with the air. It
was not surprising because the rise in air temperature can be attributed to the convective heat
transfer from the black absorber plate (with the highest temperature) and the glass cover itself to
the air in the flow channel. In addition, we attribute this observation to the heat transfer mechanism
carried out by re-radiation in the thermal infrared wavelength range and convection due to wind,
which takes place on the outer surface of the glass cover.

According to the table and figures above, in contrast to the measurement of temperatures of
different locations on the solar collector, the cabin temperature of the car of different locations in
both cases was very close with an average temperature difference of about 0.4 °C. Since the cabin is
larger than the collector, it has many internal components with different thermal capacities, such as
seats, floors, dashboards, etc. These components could function to regulate the temperature of the
interior of the cabin.

6. Conclusion

The thermal soaking tests conducted in this study revealed a remarkable similarity in thermal
performance between vehicle cabins, which can reach temperatures of up to 120 °C due to solar
exposure and dedicated solar collectors. Despite the minor temperature variations that ranged from
2.4 to 18 °C, the equivalence of the components was evident, with interior surfaces, such as the
dashboard, effectively functioning as absorber plates, and the windshield serving a role similar to a
glass cover. The study suggests that if the two systems were decoupled and the vehicle cabin had
black interior surfaces, it is plausible to achieve thermal identicality. This potential alignment in
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thermal properties highlights the feasibility of utilizing vehicle cabins as efficient alternatives to
traditional solar air collectors for heating, cooling, and ventilation purposes. This approach not only
presents an innovative energy source but also provides an energy-efficient solution for heating,
cooling, and ventilation. The findings of this study underscore the untapped potential of vehicular
solar heat capture, emphasising its diverse applications and significant implications for sustainable
energy strategies.

Acknowledgement

The authors wish to express their acknowledgement to Universiti Malaysia Pahang under grant
PGRS220388 and the Solar Energy Research Institute (SERI), Universiti Kebangsaan Malaysia, for
providing the laboratory and testing facility.

References

[1] Abd-Fadeel, Waleed A., and S. A. Hassanein. "Temperature variations in a parked car exposed to direct sun during
hot and dry climates." International Journal of Automobile Engineering Research & Development 3, no. 1 (2013):
75-80.

[2] Tong, Zheming, and Hao Liu. "Modeling in-vehicle VOCs distribution from cabin interior surfaces under solar
radiation." Sustainability 12, no. 14 (2020): 5526. https://doi.org/10.3390/su12145526

[3] Geiss, Otmar, Salvatore Tirendi, Josefa Barrero-Moreno, and Dimitrios Kotzias. "Investigation of volatile organic
compounds and phthalates present in the cabin air of used private cars." Environment International 35, no. 8
(2009): 1188-1195. https://doi.org/10.1016/j.envint.2009.07.016

[4] Huang, Wenjie, Menggiang Lv, and Xudong Yang. "Long-term volatile organic compound emission rates in a new
electric vehicle: Influence of temperature and vehicle age." Building and Environment 168 (2020): 106465.
https://doi.org/10.1016/].buildenv.2019.106465

[5] Tong, Zheming, Yue Li, Dane Westerdahl, and Richard B. Freeman. "The impact of air filtration units on primary
school students' indoor exposure to particulate matter in China." Environmental Pollution 266 (2020): 115107.
https://doi.org/10.1016/j.envpol.2020.115107

[6] Khanchi, Aziz, Christopher A. Hebbern, Jiping Zhu, and Sabit Cakmak. "Exposure to volatile organic compounds and
associated health risks in windsor, Canada." Atmospheric Environment 120 (2015): 152-159.
https://doi.org/10.1016/j.atmosenv.2015.08.092

[71 Bharathan, D., L. Chaney, R. B. Farrington, J. Lustbader, M. Keyser, and J. P. Rugh. Overview of Vehicle Test and
Analysis Results from NREL's A/C Fuel Use Reduction Research. National Renewable Energy Lab.(NREL), Golden, CO
(United States), 2007.

[8] Khedari, Joseph, Boonlert Boonsri, and Jongjit Hirunlabh. "Ventilation impact of a solar chimney on indoor
temperature fluctuation and air change in a school building." Energy and Buildings 32, no. 1 (2000): 89-93.
https://doi.org/10.1016/50378-7788(99)00042-0

[91 Rugh, John P.,RenéS. Howard, Robert B. Farrington, Matthew R. Cuddy, and Daniel M. Blake. Innovative techniques
for decreasing advanced vehicle auxiliary loads. No. 2000-01-1562. SAE Technical Paper, 2000.
https://doi.org/10.4271/2000-01-1562

[10] Parker, Danny. Analysis of Radiant Barrier Car Shade Performance: Preliminary Experiments and Proof of Concept.
FSEC-PF-160-89. FSEC Energy Research Center, 1988.

[11] Al-Kayiem, Hussain H., M. Firdaus Bin M. Sidik, and Yuganthira RAL Munusammy. "Study on the thermal
accumulation and distribution inside a parked car cabin." American Journal of Applied Sciences 7, no. 6 (2010): 784-
789. https://doi.org/10.3844/ajassp.2010.784.789

[12] Jasni, Mohd Alif, and Faiza Mohamed Nasir. "Experimental comparison study of the passive methods in reducing
car cabin interior temperature." In Malaysia: International Conference on Mechanical, Automobile and Robotics
Engineering (ICMAR) Penang, pp. 229-233. 2012.

[13] Arici, Oner, Song-Lin Yang, Daniel Huang, and Emin Oker. "Computer model for automobile climate control system
simulation and application." International Journal of Thermodynamics 2, no. 2 (1999): 59-68.

[14] Saidur, Rahman, Haji Hassan Masjuki, and Md Hasanuzzaman. "Perfromance of an improved solar car ventilator."
International Journal of Mechanical and Materials Engineering 4, no. 1 (2009): 24-34.

[15] Park, Sungjin. "A comprehensive thermal management system model for hybrid electric vehicles." PhD diss.,
University of Michigan, 2011.

239


https://doi.org/10.3390/su12145526
https://doi.org/10.1016/j.envint.2009.07.016
https://doi.org/10.1016/j.buildenv.2019.106465
https://doi.org/10.1016/j.envpol.2020.115107
https://doi.org/10.1016/j.atmosenv.2015.08.092
https://doi.org/10.1016/S0378-7788(99)00042-0
https://doi.org/10.4271/2000-01-1562
https://doi.org/10.3844/ajassp.2010.784.789

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 1186, Issue 1 (2024) 223-241

[16]
(17]

(18]

[19]

[20]

[21]

(22]

(23]

(24]

[25]

(26]
(27]
(28]
[29]
(30]

[31]
32]
[33]
[34]
[35]
[36]
37]
[38]
[39]
[40]
[41]

[42]

[43]

Sanaye, S., and M. Dehghandokht. "Thermal Modeling for Predication of Automobile Cabin Air Temperature."
Automotive Science and Engineering 1, no. 3 (2011): 152-164.

Quadri, Zeya Ahmad, and Jomon Jose. "Computational analysis of thermal distribution within passenger car cabin."
International Journal on Theoretical and Applied Research in Mechanical Engineering 2, no. 2 (2013): 119-125.
Dadour, I. R., I. Almanjahie, N. D. Fowkes, Grant Keady, and Kaipillil Vijayan. "Temperature variations in a parked
vehicle." Forensic Science International 207, no. 1-3 (2011): 205-211.
https://doi.org/10.1016/j.forsciint.2010.10.009

Hirunlabh, J., W. Kongduang, P. Namprakai, and J. Khedari. "Study of natural ventilation of houses by a metallic
solar wall under tropical climate." Renewable Energy 18, no. 1 (1999): 109-119. https://doi.org/10.1016/S0960-
1481(98)00783-6

Khayyam, Hamid, Abbas Z. Kouzani, Eric J. Hu, and Saeid Nahavandi. "Coordinated energy management of vehicle
air  conditioning  system."  Applied  Thermal  Engineering 31, no. 5 (2011): 750-764.
https://doi.org/10.1016/j.applthermaleng.2010.10.022

Fayazbakhsh, Mohammad Ali, and Majid Bahrami. Comprehensive modeling of vehicle air conditioning loads using
heat balance method. No. 2013-01-1507. SAE Technical Paper, 2013. https://doi.org/10.4271/2013-01-1507
Wang, Hanging, and Liping Xiang. "Numerical simulation of air conditioning vehicle using computational fluid
dynamics." In 2009 Asia-Pacific Power and Energy Engineering Conference, pp. 1-4. IEEE, 2009.
https://doi.org/10.1109/APPEEC.2009.4918533

Marcos, David, Francisco J. Pino, Carlos Bordons, and José J. Guerra. "The development and validation of a thermal
model for the cabin of a vehicle." Applied Thermal Engineering 66, no. 1-2 (2014): 646-656.
https://doi.org/10.1016/].applthermaleng.2014.02.054

Incropera, Frank P., David P. DeWitt, Theodore L. Bergman, and Adrienne S. Lavine. Fundamentals of heat and mass
transfer. Vol. 6. New York: Wiley, 1996.

Rugh, John. Impact of Sungate EP on PHEV Performance: Results of a Simulated Solar Reflective Glass PHEV
Dynamometer Test. No. NREL/TP-540-45908. National Renewable Energy Lab.(NREL), Golden, CO (United States),
2009. https://doi.org/10.2172/957994

Holman, Jack Philip. Heat Transfer. 10th ed. McGraw-Hill, 2010.

Holman, Jack Philip. Heat Transfer. 5th ed. McGraw-Hill, 1981.

Cengel, Yunus A. Heat Transfer: A Practical Approach. McGraw-Hill, 2004.

McAdams, William H. Heat Transmission. 3rd ed. McGraw-Hill, 1994.

Mezrhab, Ahmed, and Mourad Bouzidi. "Computation of thermal comfort inside a passenger car compartment."
Applied Thermal Engineering 26, no. 14-15 (2006): 1697-1704.
https://doi.org/10.1016/].applthermaleng.2005.11.008

Tiwari, Gopal Nath. Solar energy: fundamentals, design, modelling and applications. Alpha Science Int'l Ltd., 2002.
Ito, N., K. Kimura, and J. Oka. "Field experiment study on the convective heat transfer coefficient on exterior surface
of a building." ASHRAE Transactions 78 (1972).

Garg, Hari Prakash. Treatise on solar energy. John Wiley & Sons, 1982.

Incropera, Frank P., and David P. Dewitt. Introduction to heat transfer. New York: Wiley, 1985.

Incropera, Frank P., and David P. Dewitt. Introduction to heat transfer. 2nd ed. New York: Wiley, 1990.

Reindl, Douglas T., William A. Beckman, and John A. Duffie. "Evaluation of hourly tilted surface radiation models."
Solar Energy 45, no. 1 (1990): 9-17. https://doi.org/10.1016/0038-092X(90)90061-G

Duffie, John A., and William A. Beckman. Solar engineering of thermal processes. New York: Wiley, 1991.

Sanaye, Sepehr, Masoud Dehghandokht, and Amir Fartaj. "Temperature control of a cabin in an automobile using
thermal modeling and fuzzy controller." Applied Energy 97 (2012): 860-868.
https://doi.org/10.1016/j.apenergy.2012.02.078

Duffie, John A., and William A. Beckman. Solar engineering of thermal processes. 3rd ed. New York: Wiley, 2006.
Swinbank, W. C. "Long-wave radiation from clear skies." Quarterly Journal of the Royal Meteorological Society 89,
no. 381 (1963): 339-348. https://doi.org/10.1002/qj.49708938105

Bansal, N. K., Rajesh Mathur, and M. S. Bhandari. "Solar chimney for enhanced stack ventilation." Building and
Environment 28, no. 3 (1993): 373-377. https://doi.org/10.1016/0360-1323(93)90042-2

Andersen, K. Terpager. Theoretical considerations on natural ventilation by thermal buoyancy. No. CONF-950624-.
American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., Atlanta, GA (United States), 1995.
Sunawar, Aris, Iwa Garniwa, and Chairul Hudaya. "The characteristics of heat inside a parked car as energy source
for thermoelectric generators." International Journal of Energy and Environmental Engineering 10 (2019): 347-356.
https://doi.org/10.1007/s40095-019-0311-2

240


https://doi.org/10.1016/j.forsciint.2010.10.009
https://doi.org/10.1016/S0960-1481(98)00783-6
https://doi.org/10.1016/S0960-1481(98)00783-6
https://doi.org/10.1016/j.applthermaleng.2010.10.022
https://doi.org/10.4271/2013-01-1507
https://doi.org/10.1109/APPEEC.2009.4918533
https://doi.org/10.1016/j.applthermaleng.2014.02.054
https://doi.org/10.2172/957994
https://doi.org/10.1016/j.applthermaleng.2005.11.008
https://doi.org/10.1016/0038-092X(90)90061-G
https://doi.org/10.1016/j.apenergy.2012.02.078
https://doi.org/10.1002/qj.49708938105
https://doi.org/10.1016/0360-1323(93)90042-2
https://doi.org/10.1007/s40095-019-0311-2

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 1186, Issue 1 (2024) 223-241

[44]

(45]

[46]

(47]

Gowtham, Ganni, Ksitij Kumar, S. S. Charan, and K. Manivannan. "Experimental analysis of solar powered ventilation
coupled with thermo electric generator on unroofed parked vehicles." International Journal of Mechanical
Engineering & Technology (IJMET) 3, no. 3 (2012): 471-482.

Kim, Da-hye, Saerom Seo, Sijin Kim, Seungik Shin, Kwonsang Son, Seong-jae Jeon, and Seungwoo Han. "Design and
performance analyses of thermoelectric coolers and power generators for automobiles." Sustainable Energy
Technologies and Assessments 51 (2022): 101955. https://doi.org/10.1016/j.seta.2022.101955

Lahimer, A. A., K. Sopian, A. A. Razak, M. H. Ruslan, and M. A. Alghoul. "Experimental investigation on the
performance of solar chimney for reduction of vehicle cabin soak temperature." Applied Thermal Engineering 152
(2019): 247-260. https://doi.org/10.1016/j.applthermaleng.2019.02.021

Lahimer, Adel Abulgasm, Amir Abdul Razak, and Kamaruzzaman Sopian. "Mathematical Modeling and Validation
of Solar-Induced Ventilation System for Vehicle Cabin Cooling in Hot Parking Conditions." Journal of Advanced
Research  in  Fluid  Mechanics and  Thermal  Sciences 110, no. 1 (2023): 200-226.
https://doi.org/10.37934/arfmts.110.1.200226

241


https://doi.org/10.1016/j.seta.2022.101955
https://doi.org/10.1016/j.applthermaleng.2019.02.021
https://doi.org/10.37934/arfmts.110.1.200226

