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Exposure to direct sunlight raises interior temperatures in vehicle cabins, risking heat-
related illnesses. Solar passive techniques mitigate this issue, especially during hot 
parking conditions. However, a comprehensive mathematical model encompassing 
both solar chimney and vehicle cabin is lacking. This study develops a novel 
mathematical model to predict temperature distribution and airflow rate, enhancing 
system performance evaluation. The system comprises a solar air collector with an 
adjustable arm mounted on the vehicle's roof. The model was validated theoretically 
and experimentally. The experimental work is conducted with the physical model with 
an air gap of 0.1 m, 0.77 m width, and a 1.12 m collector length under outdoor 
conditions. Results indicated a gradual increase in temperatures of the glass cover, air 
in the collector channel, absorber, and mass airflow rate with solar radiation intensity, 
significantly influencing system performance. The high value of R2 and the consistency 
of the model's results with theoretical and experimental outcomes justified the validity 
and accuracy of the proposed model, exhibiting a deviation percentage of less than 
10%. The developed model can be utilized to study influential parameters for 
optimizing the proposed strategy's performance and components, yielding 
comparable results to experimental data. Additionally, it provides researchers and car 
makers with a broader perspective and a range of options for further improvement in 
weight, size, cost, and aerodynamic of the vehicle. 
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1. Introduction 
 

Developing approaches to decrease the high interior cabin soak air temperature for realizing 
human thermal comfort, decreasing peak cooling load and cooling capacity for improving fuel 
economy, and reducing tailpipe emissions have been of significant interest to car-makers and 
researchers since the vehicles have been on the road. 
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Replacing the interior cabin air of a soaked parked car instantaneously with fresh ambient air 
using passive cooling techniques can be considered a practical approach to reduce the high cabin air 
temperature and improve the human comfort level upon entry. A solar-powered ventilator is the 
most common technique extensively studied in this field. For example, using photovoltaic power 
ventilation to reduce interior cabin temperature has been examined by Chiou [1]. On the other hand, 
some researchers reported that the solar-powered auto air ventilator's performance was never 
proven efficient due to its low flow rate and minimal reduction in the interior surfaces' temperatures 
[2]. Also, their application is impractical since the car windows must be rolled down a few centimeters 
to fit the ventilators, and the user requires placing the ventilator on the window each time (time-
consuming) [2,3]. Besides, its application is unsuitable for window-tinted cars because tints will 
decrease solar panels' solar energy absorption [2]. However, passive cooling from an approach that 
uses solar energy to induce natural ventilation for enhancing cabin thermal comfort and fuel 
economy under hot soaking conditions can be obtained from a solar chimney which demonstrated 
promising results in reducing the peak cabin soak temperature (20.5°C), as reported in Lahimer et al., 
[4]. 

Although cooling a hot compartment of a soaked vehicle using different passive approaches has 
been studied extensively in the literature, a mathematical model for incorporating the solar chimney 
as a solar passive approach on vehicle cabin roofs has not been reported in the relevant literature or 
studies. This study is the first attempt to develop a model to incorporate them. 

There will be many critical achievements from the development of this model; for example, the 
proposed model will allow researchers to evaluate and identify the potential and limitations of the 
solar-induced ventilation system for cabin temperature reduction. In addition, the model can be used 
to optimize the system thermal performance for promoting the passive cooling strategy for 
temperature reduction of a vehicle soaked under the direct sun. In this paper, the following 
objectives are sought after: 

(i) To develop a comprehensive mathematical model incorporating a solar-induced ventilation 
system into the roof of a vehicle cabin for energy analysis and parametric studies for 
obtaining the optimum geometries and performance for optimization and designing of the 
solar chimney. 

(ii) To validate the developed model theoretically and experimentally to justify the proposed 
model's validity and accuracy. 

(iii) To comprehensively evaluate the fundamental behavior and the heat transfer interaction for 
every component that constructs the proposed system. 

 
1.1 Principles and Applications 
 

Utilizing solar energy to generate sufficient temperature differences with the environment has 
been employed globally for centuries for power generation, space ventilation, and in agriculture for 
air replacement in greenhouses and drying crops [5-10]. The solar chimney is the most widely used 
device as a practical passive technique to generate airflow through the occupied space to provide 
cooling and enhance the space's natural ventilation [11,12]. Another kind of solar chimney is a solar 
heated chimney or solar roof chimney, which consists of the collector with or without stack and can 
be defined as a natural thermal pump that utilizes solar energy, which functions as an air-moving 
device for space heating, ventilation, and cooling. In addition, solar roof chimneys can be combined 
with other passive approaches such as the evaporative cooling technique, solid adsorption cooling 
cavity, and ground-to-air heat exchanger to enhance the internal thermal environment and air quality 
to improve human thermal comfort. 
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The principal driving mechanism of airflow through the chimney channel is thermal buoyancy 
force or temperature force due to changes in air density [13]. Thus, the primary function of the solar 
chimney is to feed the density variation along the collector channel to generate enough draft to 
overcome the negative thermal gravity effect under the design mass airflow [14,15]. 

Till now, there has been increasing interest in re-employing solar chimney principles for different 
applications in different fields, for example, integrating solar chimney power systems with seawater 
desalination to produce electricity and freshwater [16]. Recently, Lahimer et al., [4] introduced the 
solar chimney concept as a promising passive approach for cabin soak temperature reduction. 
 
1.2 Modeling Work 
 

Bansal et al., [6] developed the first mathematical model for an inclined solar chimney derived 
from classical energy balance equations for a steady-state for enhanced stack ventilation. Andersen 
[17] presented a mathematical approach to predict the natural ventilation in a room with small 
openings by a set of equations based on the pressure model. Hirunlabh et al., [18] developed a 
mathematical model to study the effect of height and air gap on the performance of a metallic solar 
wall. Their validation showed a good agreement between the mathematical predictions and 
experimental results. Afonso and Oliveira [19] developed a thermal model and transient simulation 
considering the unsteady state one-dimensional heat transfer mode in the direction of the brick wall, 
pressure losses between the inlet and outlet, friction losses in the chimney walls, heat storage in the 
chimney walls, and wind effect. Their results showed that the airflow rate increased with the increase 
in the solar chimney height and linearly with the increase in the width and flow section. Ong [20] 
presented a mathematical model for a vertical non-metallic solar chimney to study the thermal 
performance of the solar chimney. It was found that the air mass flow rate increases correspond to 
the increase of wall length or solar radiation. Their simulation data were validated against Hirunlabh 
et al., [18] experimental results and correlated satisfactorily. Dai et al., [21] developed a 
mathematical model without considering the wind effect to predict the performance of the proposed 
solar house. A solar chimney and a solid adsorption cooling cavity drove the natural ventilation. Their 
mathematical model results (without considering the cooling cavity) were validated with those 
obtained from the commercial model MIX2.0 (Multi-zone Infiltration and eXfiltration) developed by 
Li et al., [22,23]. They found that the agreement between the two models was reasonable. Martı and 
Heras-Celemin [24] developed a dynamic model to investigate the performance of solar chimneys 
with thermal inertia. The authors validated their model results against experimental results and 
agreed with them [18,25]. Sakonidou et al., [26] developed a mathematical model to determine the 
optimum inclination angle of the solar collector at which the maximum natural airflow inside the 
solar chimney can occur. They found that the maximum airflow was achieved at an optimum 
inclination angle of about 60o numerically and 65o to 76o mathematically. The model validation 
showed a good agreement between CFD and experimental results. 
 
2. Solar Chimney Concept for Cabin Soak Temperature Reduction 
 

As shown in Figure 1, the solar chimney system will create a hotspot zone to work as a thermal 
force device to maximize the air temperature difference between the solar-induced ventilation 
system and the car cabin to induce a natural convective air stream that can flow from the ambient 
passing through the car cabin and discharge to the surrounding through the solar chimney. In 
addition, its channel height will provide the required height for sufficient stack pressure to improve 
the airflow rate. 
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Fig. 1. Schematic diagram of solar chimney attached to the car cabin 

 
2.1 System Description 
 

The scheme of the system considered is sketched in Figure 1. The dimensions and physical 
characteristics of the system correspond to studied solar chimney values and with experimental data 
published by Lahimer et al., [4]. The solar air collector system consists of an enclosure, a single glass, 
an absorber made of black metallic, and insulations [6,18,25,27,28]. 
 
3. Mathematical Model Development 
 

The mathematical equations will be based on heat and mass transfer fundamentals and solar 
engineering calculations. Then, the model results will be validated with the theoretical and 
experimental results. 
 
3.1 Design Assumptions 
 
The following assumptions are based on experimental and theoretical studies [5,18,25,27-30]: 

(i) One-dimensional heat transfer mode, steady-state conditions, and laminar flow are 
assumed. 

(ii) Car cabin temperature is considered to be uniform. 
(iii) The cover is assumed to be opaque to infrared radiation, and its energy absorbability of 

solar radiation is negligible. 
(iv) Frictional losses along the collector surfaces have a minor effect due to very low-velocity 

flow compared to the pressure drops at the inlet and outlet openings, which can be 
neglected in this model. 

(v) All thermos-physical properties of the fluid are constant and function of temperature; they 
are assessed at an average temperature in the range of 293 K<Tf<333 K. 

(vi) It is assumed that the walls of the vertical stack are adiabatic. 
(vii) The thermal capacities of the glass cover, absorber plate and temperature drop across them 

are negligible. 
(viii) Glass (Tg) and absorber plate (Tp) surface temperatures are assumed to be uniform. 
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(ix) The solar collector chimney's top outlet and bottom input openings are assumed to be 
equal. 

(x) Temperatures change only in the flow direction and are considered identical along the 
width. 

 
3.2 Thermal Network 
 

The heat transfer processes are shown in Figure 2. These processes can be represented by a 
thermal network (Figure 3) [25]. 
 

 
Fig. 2. Schematic diagram of the heat transfer in the physical model 
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Fig. 3. System thermal network 

 
3.3 Energy Balance Equations 
 

This model is designed based on the energy balance analysis to predict the absorber plate, the air 
in the flow channel, and glass cover temperatures of a solar-induced cooling system and the induced 
flow rate. 
 
3.3.1 Energy balance equation for glass cover 
 
The energy balance equations for the glass cover can be written as: 
 
[Incident solar radiation] + [radiative heat gain by glass cover from absorber plate] = [convective heat 
loss to air in the flow channel] + [overall heat loss coefficient from glass to ambient]. 
 
Mathematically, it can be formulated as: 
 

)1()()()( aTgTgAtU
f

TgTgAghgTpTpArpghgAgS −+−=−+
      

(1) 

 
The above equation can be rearranged as: 
 

(2)aTgAtUgAgSpTpArpgh
f

TgAghg)TgAtUpArpghgAg(h +=−−++
     (2) 

 
(a) Heat transfer from glass cover to ambient 
 

The overall heat loss coefficient from the glass cover to the ambient (Ut) is the summation of 
radiative loss to the sky, convective loss due to wind, and conduction through glass. It can therefore 
be written as follows: 
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)3(ch
wind

hrshtU ++=
            (3) 

 
(i) The radiative heat transfer coefficient 

 
The radiative heat transfer coefficient from the outer glass surface to the sky, referred to as the 

ambient temperature (hrs), is given by Eq. (4) [31,32]: 
 

)4(
)(

))(22)((

aTgT

sky
TgTskyTgT

sky
TgTg

rsh
−

−++
=


         

(4) 

 
The sky temperature can be calculated using one of the several available correlations, it can be 

roughly calculated 6−= asky TT  or 9−= asky TT  [31,33,34]. In contrast, some researchers took it simply 

equal to the ambient temperature asky TT =  [35]. In this analysis, the implemented sky temperature 

is 
5.1

0552.0 asky TT = , this relation is obtained by Swinbank [36], Tsky and Ta are both in Kelvin. 

 
(ii) The convective heat transfer coefficient 

 
The convective heat transfer coefficient between the glass cover surface and the ambient air is 

due to wind; it is determined with respect to the wind velocity (V) as: 
 

)5(0382 V..
wind

h +=
             

(5) 

 
V is the wind speed over the surface (for 0≤ V ≤7 m/ s). It is a linear empirical formula developed 

by Watmuff et al., [37] for natural flow convection. These formulae are reported by several authors 
and used in many studies [5,27,28,38-41]. Khoukhi et al., [42] used the above formulae at a wind 
speed velocity of 1.5 m/s, while Akhtar and Mullick [29] found by the analysis that a 10% error in the 
value of hwind led to 1–2% error in the value of Ut. So, Watmuff's correlation hwind will be employed in 
this article unless otherwise stated. However, for simplicity, the conductive heat transfer coefficient 
for glass hc can be taken as (5.91 W/m2 K) [5,28]. 
 
(b) Solar radiation heat flux 
 
The absorption of solar radiation heat flux in the glass cover Sg is given by: 
 

)6(tIggS =
              

(6) 

 
αg = Glass absorptivity is 0.06 [12,28]. 
It = Total solar radiation on a tilted surface (W/m2). 
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3.3.2 Energy balance equation for the air between the glass cover and absorber plate 
 
The energy balance for the air in the gap between the glass cover and absorber plate is as follows: 
 
[Convective heat transfer from the absorber plate to the air] + [convective heat transfer from the 
glass to the air] = [useful heat gain by the air]. 
 
This energy balance can mathematically be formulated as: 
 

)7(")()( q
f

TgTgAgh
f

TpTpAph =−+−
        

(7) 

 
The equation below can be used to calculate the heat removal (useful heat gain) by the air stream 

(
"q  ) [43]: 

 

)8()(
1

"
fi

T
fo

T
f

mCq −=
            

(8) 

 
The average air temperature (Tf) for the air in the gap can be calculated using a simple linear 

equation based on experimental observations [18]. It is given as in Eq. (9): 
 

)9()1(
fi

T
fo

T
f

T  −+=
            

(9) 

 
A value of 0.75 is taking for   as assumed by Hirunlabh et al., [18]. Tfi is assumed to be equal to 

the car cabin temperature (Tc). Hence, the heat removal by the air between the glass and absorber 
plate can be written as: 
 

)10(
)(

1"



cT
f

T
f

mC
q

−
=

                      
(10) 

 

Therefore, by substituting the value of 
"q

 in Eq. (7) and rearranging it, the energy balance for the 

air between the glass and absorber plate can be written as in Eq. (11): 
 

)11()
1

(

)
1

(

cT
f

mC

pTpAph
f

T
f

mC

pAphgAghgTgAgh





−=

+++−

                 

(11) 

 
3.3.3 Energy balance equation for the absorber plate 
 
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]. 
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Mathematically, it can be formulated as: 
 

)12()()()( aTpTpA
b

UgTpTpArpgh
f

TpTpAph

pApS

−+−+−

=

               

(12) 

 
By rearranging the above equation, we obtain: 
 

)13(

)(

aTpA
b

UpApS

pTpA
b

UpArpghpAph
f

TpAphgTpArpgh

+=

+++−−

                

(13) 

 
Ag, Ap is assumed to be equal. hrpg, hp, Ub, and Sp can be calculated from the below-given relations.  

The overall back heat transfer coefficient Ub from the bottom of the absorber plate to the 
ambient is given by Klein [44]: 
 

)14(
1

1

insk

insw

insh

b
U


+

=

                      

(14) 

 
To some extent, it is reasonable to consider that all resistance to heat flow is due to insulation. 

Thus, convection and radiation resistance to the surrounding can be neglected [45]. The above 
equation can be written as (15): 
 

)15(

insw

insk

b
U


=

                       

(15) 

 
(a) Absorbed solar radiation on the absorber plate 
 

The incident solar radiation flux passing through the glass cover is absorbed by the absorber plate 
and given by: 
 

)16(tIgpS p=
                       

(16) 

 
Where glass transmitivity τg is taken as 0.84 and absorptivity of the absorber plate αp as 0.95 [12,28]. 
 
3.4 Heat Transfer Coefficients 
 

The above energy balance equations consist of heat transfer coefficients; hrpg, hg and hp; below 
are their related equations: 
 
3.4.1 The radiative heat transfer coefficient between absorber plate and glass cover 
 

The radiative heat transfer coefficient between the absorber plate and the glass cover (hrpg) is 
given by Eq. (17) [31,32,46]: 
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)17(

1
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(17) 

 
3.4.2 Convective heat transfer coefficient between the glass cover and the air in the flow channel 
 

The empirical relations and correlations used to calculate the natural convective heat transfer 
coefficients and the Nusselt number (Nu) of natural convection on inclined plates for laminar flow 
are obtained from Holman [32]: 
 

ℎg =
𝑁𝑢𝐾𝑓

𝐿g
                        (18) 

 
Nusselt number 
 

1110Pr5102.0Pr)cos(60.0 = GrxGrNu 
 

 
Grashof number, 
 

2

4)(

ff
K

gLgSg
Gr




=

 
 
and Prandtl number, 
 

𝑃𝑟 =
𝜇𝑓𝐶𝑓

𝐾𝑓
 

 
(i) Physical properties of air 

 
Air thermal properties are assumed to vary linearly with the air temperature and evaluated at 

mean film temperatures of the average surface and air temperatures [20]. The correlations given 
below were proposed by Ong [20] and based on tabulated data from Incropera et al., [47] for air 
properties between 300K and 350K. 
 

mT

1
=

 
 

2

sT
f

T

mT
+

=
 

 
where Ts represents the surface average temperature, it is equal to Tg when the glass cover is 
considered and equal to Tp when the absorber plate is considered. 
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Thermal conductivity: 
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Kinematic viscosity 
 

f

f
f 


 =

 
 
Dynamic viscosity: 
 

510)]300(00472.0846.1[ −−+= mT
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Specific heat: 
 

310)]300(00004.0007.1[ −+= mT
f

C
 

 
Density: 
 

)]300(00353.01614.1[ −−= mT
f


 

 
3.4.3 Convective heat transfer coefficient between the absorber plate and the air in the flow channel 
 

The calculation of the convective heat transfer coefficient between the absorber plate and the 
air in the flow channel is given below: 
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and Prandtl number, 
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Those empirical equations also apply to extensive applications such as solar chimney power 

plants within the above operating temperature [48]. 
 
3.5 Mass Air Flow Rate through Solar Chimney and Stack 
 

The required air mass flow rate (kg/s) through the solar chimney is caused only by the buoyancy 
force. It can be estimated according to thermodynamics, fluid dynamics theories, and the energy 
conservation law applied to the car cabin. Once known, the solar chimney's parameters can be 
designed to induce the required air mass flow rate that can carry out the heat gain by the car cabin. 
 
3.5.1 Natural draft driving forces 
 

A natural draft is the upward displacement of the hot air, replacing it with cold fresh air. The flow 
can be induced by buoyancy force resulting from the density difference between interior and exterior 
air caused by the temperature difference between the space and its surroundings. To ensure the 
flow, a draft or buoyancy force has to overcome the gravitational force and frictional loss in the two 
openings and duct [49-51]. Accordingly, if the indoor possesses a higher temperature than the 
environment, hot air (less dense) will move up and skip from the top opening and let the cold air 
enter from the lower opening [52]. Only pressure due to stack is going to be considered. 
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∆𝑃𝑡 = ∆𝑃𝑤 + ∆𝑃𝑠                       (20) 
 
where, 
 
ΔPt = Total driving pressures difference (Pa) 
ΔPw = Pressures difference due to Wind (Pa) 
ΔPs = Pressures difference across the opening (Pa), due to stack effect or temperature forces 
 
(a) Buoyancy force 
 

The pressure drops of the stack effect available to withdraw the air through the duct can be 
calculated with the equations presented below [23,53]. 

The pressure resulted by the buoyancy force, ΔPs is obtained by below integration: 
 

∆𝑃𝑠 = 𝑃𝑖 −  𝑃𝑜 = g ∫ (𝜌𝑜 − 𝜌𝑖)𝑑ℎ
ℎ

0
                     (21) 

 
where, 
 
ΔPs = Stack pressure (Pa) 
Pi = Static pressure at the inlet (Pa) 
Po = Static pressure at outlet (Pa) 
ρo = Density of the outside air (kg/m3) 
ρi = Density of the inlet air to the chimney (kg/m3), same as ρf . Commonly ρi is assumed to be constant 
within the chimney or to vary linearly with height [54]. 
g = Gravitational constant, (9.81m/s2) 
h = Stack height of the chimney channel, (m) 
 

Since air is considered a perfect gas, the relationship between pressure, density, and temperature 
is expressed as [50]; 
 
𝑃 = 𝜌𝑅𝑇 
 
where R is the gas constant for the air with value of 287J kg-1 K-1. 
 
The above equation can be shown in terms of temperature [50,52]: 
 

∆𝜌 =
𝑃𝑜

𝑅𝑇𝑜
(

𝑇𝑖 − 𝑇𝑜

𝑇𝑖
) = 𝜌𝑜

∆𝑇

𝑇𝑖
= 𝜌𝑖

∆𝑇

𝑇𝑜
 

 
From Figure 4, the pressure difference between points (a) and (i) can be derived: 
 
∆𝑃𝑠 = 𝑃a − 𝑃𝑖 = 𝑃𝑏 + 𝜌𝑜gℎ − 𝑃𝑏 − 𝜌𝑖gℎ 
 

∆𝑃𝑠 = gℎ(𝜌𝑜 − 𝜌𝑖) = gℎ∆𝜌 =
𝜌𝑜gℎ∆𝑇

𝑇𝑖
=

𝜌𝑖gℎ∆𝑇

𝑇𝑜
                   (22) 
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Fig. 4. Schematic diagram of the naturally induced ventilation through the solar 
chimney 

 
Similarly, Andersen [50] used a momentum equation based on Newton's second law to find the 

linear pressure distribution between the openings. Thus, the pressure difference generated by the 
difference in temperature between the air inside and outside may be expressed as: 
 

∆𝑃𝑠 = 𝑃𝑖 − 𝑃𝑜 = gℎ(𝜌𝑜 − 𝜌𝑖) = gℎ∆𝜌 =
𝜌𝑜gℎ∆𝑇

𝑇𝑖
=

𝜌𝑖gℎ∆𝑇

𝑇𝑜
 

 

Δ𝑃𝑠  =  𝜌𝑖gℎ
∆𝑇

𝑇𝑜
 

 

∆𝑃𝑠 = 𝑃𝑖 − 𝑃𝑜 = 𝜌𝑖gℎ
𝑇𝑖−𝑇𝑜

𝑇𝑜
 

 
However, for an inclined chimney, h=Lsinθ. 
 
where, 
 
Pi = Pressure at the inlet, (Pa) 
Po = Pressure at the outlet, (Pa) 
Ti = Inside chimney temperature, (oC) 
To= Outside chimney temperature, (oC) 
L = Length of the duct, (m) 
θ = Inclination of the duct axis to horizontal, (o) 
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When Ti>To, an upward flow occurs and a reverse flow occurs when Ti<To. 
 

The buoyancy pressure can be defined as the difference between the pressure exerted by the 
weight of a column of air in the chimney at temperature Ti and the pressure exerted by an equivalent 
column of outside air at temperature To [55]. 

The pressure difference that drives airflow through a stack due to buoyancy force can be 
expressed in different relationships. For example [56]: 
 

∆𝑃𝑠 = −3455∆ℎ(
1

𝑇𝑜 + 273
−

1

𝑇𝑖 + 273
) 

 
where, 
 
ΔPs = is the pressure difference at the stack inlet (when h=0) or the stack outlet (when h=stack height) 
Δh = is the height difference between the openings (m) 
 
3.5.2 Air mass flow rate equation 
 

Based on the first law of thermodynamics along with the Bernoulli equation and conservation of 
mass using the continuity equation, a formula for the induced mass airflow rate by natural draft for 
the solar-induced ventilation system can be derived. 
 
Bernoulli's equation, in general, is written as below: 
 

𝑃 +
1

2
𝜌𝑣2 + 𝜌g𝐻 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡                     (23) 

 
where, 
 
v = Fluid flow velocity, m/s 
g = Gravitational constant, 9.81m/s2  
H = Height of the point above a reference plane, m 
P = Pressure at the chosen point, Pa 
ρ = Density of the fluid at all points in the fluid, kg/m3 
 
Applying Bernoulli's equation between inlet i and outlet o, as shown in Figure 4, can get; 
 

𝑃𝑖 +
1

2
𝜌𝑖 𝑣𝑖

2 + 𝜌𝑖 gH =  𝑃𝑜  +  
1

2
 𝜌𝑜𝑣𝑜

2 +  𝜌𝑜gH                   (24) 

 
For the solar chimney with one inlet and one outlet openings the volume flow rate through each 

opening is given by: 
 

𝑄 = 𝐶𝑑𝐴𝑜√2gℎ
𝑇𝑓−𝑇𝑜

𝑇𝑜
                       (25) 

 
The approximate amount of the rate of mass flow at the outlet of the solar air collector or at the 

vertical stack intake is [6,17]: 
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𝑚 = 𝐶𝑑𝜌𝐴𝑜√
2g𝐿 sin 𝜃(𝑇𝑓−𝑇𝑐)

(1+𝐴𝑟
2)𝑇𝑐

                      (26) 

 
where, 
 
m = Mass air flow rate, (kg/s) 
Cd = Discharge coefficient of the channel opening, (0.6) 
ρ = Air density in the duct, (kg/m3) 
Ai&Ao = cross sectional area of the inlet and outlet to airflow channel, (m2) 
L = Collector length, (m) 
θ = Inclination of the collector axis to horizontal, (o) 
Tf = Mean air temperature inside the airflow channel, (K) 
Tc = Cabin temperature, K 

Ar = Ratio of (Ao) to (Ai)
i

o
r

A

A
A = , is also known as an aspect ratio 

 
For a given friction coefficient, the following formula for the airflow rate in ducts and chimneys 

can be used [55]: 
 

𝑄 =  𝐴𝑜√2
𝐴𝑒𝑓𝑓 

𝑃𝑒𝑓𝜌𝐿
 √∆𝑃𝑠                      (27) 

 
where, 
 
Aeff = Effective area. This area is affected by opening size and configuration, cross-sectional area, and 
pressure losses. 
Pe = Cross-sectional perimeter, (m) 
f = Friction coefficient 
ΔPs = Pressure difference is the pressure difference between the interior and exterior at the height 
of the top opening and can be substituted by wind effects. 
 

The interior mean air temperature of the extended vertical stack equals the mean air 
temperature (Tf) inside the airflow channel. However, the rate of mass flow at the extended vertical 
stack outlet can be estimated according to the following formula, taking into account that the total 
height will be the summation of the extended vertical stack height (Hvst) and airflow channel height 
(Lsinβ) as in Yusoff et al., [28]: 
 

𝑚 = 𝐶𝑑𝜌𝑓𝐴𝑜√
2g(𝐿 sin 𝜃+𝐻𝑣𝑠𝑡)(𝑇𝑓−𝑇𝑐)

(1+𝐴𝑟
2)𝑇𝑐

                     (28) 

 
(a) Discharge coefficient 
 

The coefficient of discharge (Cd) is defined as the ratio of the cross-section area at the vena 
contracta to the actual opening area [57]. It is considered an essential parameter to estimate the 
actual mass flow rate through the solar chimney when a theoretical model is employed to study the 
system's performance [58]. It considers the system's total flow resistances, the non-uniform 
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distribution of inlet velocities, the contraction of a fluid stream, surface roughness, among others 
[6,53,58]. 

 

𝐶𝑑 = √
1

∑ 𝐾𝑖
  

 
where ∑ki is the sum of the pressure loss coefficient for the flow system [53]. 

A value of 0.57 can be considered as a typical value for thermal buoyant flows as suggested by 
Andersen [17] and used by several authors [5,25,26,28,57]. 

However, in case coefficient of velocity Cv and coefficient of contraction Cc are known, so Cd can 
be calculated [50]: 
 
Cd = Cv Cc 

 
3.6 Airflow Velocity 
 

The velocity of air in the flow channel can be calculated using the Eq. (29) as suggested by Mathur 
and Mathur [5] and Ong and Chow [25]: 
 

𝑣𝑜 =
𝑚

𝜌𝑓𝐴𝑜
                        (29) 

 
 
 
vo = velocity of the air at the outlet of the flow channel, (m/s) 
ρf = Air Density (kg/m3) 
Ao = Outlet cross-sectional area to airflow channel, (m2) 
 
3.7 Solution Procedure 
 

Since the three energy balance equations of the glass cover, air, and absorber plate are linear in 
T, they can be solved simultaneously using matrix inversion methods. Some researchers solve these 
matrices iteratively by using the Gauss-Seidel method employing a computer program such as 
FORTRAN [12]. The heat balance Eq. (30), Eq. (31), and Eq. (32) can be rearranged into a matrix form 
for the solution of those equations as: 
 

(2)aTgAtUgAgSpTpArpgh
f

TgAghg)TgAtUpArpghgAg(h +=−−++
               (30) 

 

)11()
1

(

)
1

(

cT
f

mC

pTpAph
f

T
f

mC

pAphgAghgTgAgh





−=

+++−

                 

(31) 

 

)13(

)(

aTpA
b

UpApS

pTpA
b

UpArpghpAph
f

TpAphgTpArpgh

+=

+++−−

                

(32) 
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1111
RpTc

f
TbgTa =++

 
 

2222
RpTc

f
TbgTa =++

 
 

3333
RpTc

f
TbgTa =++

 
 

                     (33)

 
 
where the matrix coefficients are defined as follows:

  

gArshchwinhpArpghgAgha )(
1

++++=
 

 

gAghb −=
1  

 

pArpghc −=
1  

 

gAgha =
2  

 

)
1

(
2 

f
mc

pAphgAghb ++−=

 
 

pAphc =
2  

 

pArpgha −=
3  

 

pAphb −=
3  

 

pApUpArpghpAphc ++=
3  

 
The defined column vector terms in the right-hand side of the matrix form are as follows: 
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1
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aT
P

A

insw

insk
pAtIgpR


+= )(

3


 
 
Eq. (33) can be writing as:  
 
[A]x[T]=[R]                        (34) 
 
Eq. (34) will have the solution as the temperature can be found by matrix inversion: 
 
[T]=[A]-1x[R]                        (35) 
 

Hence, temperature values of Tg, Tf, and Tp at specific iterations are obtained, and the air 
properties and heat-transfer coefficients are updated based on these temperatures [12]. Thus, the 
air mass flow rate can be calculated. 
 
4. Results and Observations 
4.1 Validation of the Developed Mathematical Model 
 

Validation of the mathematical model will be performed by comparing the theoretical prediction 
results with those published in Lahimer et al., [4] and Mathur and Mathur [5] and with the previous 
experimental work conducted by the authors of this paper. As a result, the system can be optimized 
and can then be constructed accordingly. 
 
4.1.1 Model validation with Mathur and Mathur [5] study 
 

The theoretical equations and procedures adopted in this study will be used to simulate the 
theoretical and experimental results of previous work in Mathur and Mathur [5] under the reference 
working conditions, assumptions, and materials properties. 

The validation was carried out for the solar radiation and its corresponding ambient temperature 
under the range (500 to 750 W/m2) with an increment of 50 W/m2. The chimney was a unit square 
meter at a fixed inclination angle of 45o, chimney width 0.35 m, coefficient of discharge of air channel 
inlet (Cd=0.57), air gap (d=0.35) m, glass absorptivity (αg=0.06), absorber plate absorptivity (αp=0.95), 
glass emissivity (εg=0.90), absorber plate emissivity (εp=0.95), glass transmissivity (τg=0.84), mean 
temperature approximation coefficient (γ=0.74) and unit area ratio. In addition, the wind speed was 
not considered. 

Figure 5(a) to Figure 5(c) show the variation of temperatures (Tg, Tf, and Tp) according to different 
solar radiation intensities and ambient temperatures. 
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(a) Glass surface temperature 

 
(b) The air temperature inside the airflow channel 

 
(c) Absorber temperature 

Fig. 5. Comparison between the developed model results with theoretical and 
experimental results measured by Mathur and Mathur [5] 
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(a) Results discrepancy 
 

The differences between the present model results and the numerical results of Mathur and 
Mathur [5] are due to simplifying assumptions made due to various weather conditions considered 
in the studies. 
 
(b) Results analysis 
 

Analysis of the above results indicates that all temperatures (glass, air, and absorber) and airflow 
gradually increase as the solar radiation intensity increases. The present model results are closer to 
the experimental results of Mathur and Mathur [5] than their numerical results. Thus, the difference 
between the predicted results of the current model and those in the literature is meager. However, 
the study of heat transfer in the chimney and investigating its performance using the mathematical 
model developed in this paper obtained through an overall energy balance on the solar chimney is 
consistent with the published literature and relatively more accurate. 

For the glass, air, and absorber temperature, the value of R2 (Coefficient of determination) is 
relatively high, which indicates a good fit between the literature and the present model. This study's 
theoretical result agrees well with the numerical and experimental findings, as documented by 
Mathur and Mathur [5]. 

Based on Figure 5 and Table 1, the statistical test results confirmed the accuracy of the theoretical 
model (present) with the theoretical results of Mathur and Mathur [5], consequently ensuring the 
appropriateness of the design and sizing assumptions and procedures being adopted in this study. 
 

Table 1 
Statistical test results of agreement between the developed 
theoretical model (present) and the theoretical of Mathur and 
Mathur [5] 
Parameter R2 Efficiency 

Glass temperature 0.999 0.97 
Air temperature 0.998 0.99 
Absorber temperature 0.999 0.513 

 
4.1.2 Model validation with Lahimer et al., [4] experimental results 
 

Although the developed model was validated against the theoretical and experimental results of 
Mathur and Mathur [5], the third check for the validity of this model will be performed against the 
experimental results conducted by the authors of this study to confirm the model's accuracy. The 
measurements (Tg, Tf, and Tp) were taken while conducting a soaking test to evaluate the system 
performance reported in a previous study of case (II) on June 6, 2017 [4]. Figure 6 to Figure 8 compare 
temperatures measured and model prediction results for that chosen date. The results of the 
theoretical model used for the comparison were obtained from the actual physical geometries: a 
0.77m width and a 1.12 m collector length with an air gap of 0.1 m, with an aspect ratio of 11.2 
(L/d=11.2). 

The present model obtained several theoretical results, such as glass, absorber plate, and air in 
the chimney's channel temperatures, heat transfer coefficients, and air mass flow rate. In this study, 
the calculated temperatures are only the targets of this comparison with their recorded counterparts. 
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(a) Glass temperature 
 

The theoretical model's glass temperature values are very close to those obtained 
experimentally. Also, the trends are almost identical, as shown in Figure 6. 
 

 
Fig. 6. Glass cover profiles for theoretically predicted data and experimental results 

 
The average error was 0.4, which shows that the theoretical and experimental results are in good 

agreement with the glass temperature. 
 
(b) Fluid temperature 
 

Contrary to the glass cover temperature, it was observed from Figure 7 that the calculated 
temperatures of the air inside the solar chimney's channel typically are lower than the experimental 
temperature by an average of about 9.5%. However, both results experienced the same behavior 
during the comparison. 
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Fig. 7. Comparison of model and measured air temperature inside the solar chimney 

 
According to Ong and Chow [25], the under-prediction of the temperatures of the air passing 

through the chimney's channel can be attributed to the exceeded heat gained experimentally by the 
air as it passes between two hot surfaces (glass and absorber plate). Therefore, the authors believed 
the theoretical model results could be enhanced by improving the heat transfer coefficient between 
the airflow, glass cover, and absorber plate. 

Regardless of the assumptions driving the theoretical model, the primary variation driver, wind 
speed, is expected to enlarge the variation since it was estimated based on the forecast with an 
average value of 2 m/s. 
 
(c) Absorber plate temperature 
 

Figure 8 shows that the theoretical absorber plate surface temperatures were over-predicted, 
and the measured absorber plate surface temperature was lower than the theoretical temperature 
during the field test. Graphically, as shown in the figure, the temperature distribution pattern of the 
theoretical results is consistent with the experimental one. The sudden drop in the theoretical 
absorber plate temperature curve corresponded to the sudden reduction in solar irradiance. 
However, the experimental temperature measurements are typically 9.89% below the corresponding 
theoretical temperature, and the differences are apparent during peak solar irradiance hours. 
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Fig. 8. Experimental and predicted absorber plate temperatures comparison 

 
If the effect of the wind were included, the differences between the theoretical model and 

experimental results would be negligible because it was supposed to be a constant value in the 
model. 
 
5. Conclusion and Future Work 
 

A mathematical model for incorporating a solar chimney and vehicle cabin has been developed 
along with its solution procedure for energy analysis and parametric studies for obtaining the 
optimum geometries and performance for optimizing and designing the solar chimney. The main 
findings of this study are summarized below: 

(i) The heat transfer mechanisms and the air mass flows in the two connected systems were 
successfully described by two coupled mathematical models. 

(ii) Glass cover, air in the collector channel, and absorber plate temperatures are the core 
values of the developed model to predict the air mass flow rate through the collector 
channel and investigate the performance of solar-induced ventilation. 

(iii) Glass, air, and absorbers are gradually increased with the solar radiation intensity increases. 
(iv) Solar radiation is the major contributor to enhancing the performance of the solar-induced 

ventilation system. 
(v) The glass temperatures obtained by the developed model were closer to the experiment 

results of both works than Mathur's model [5]. 
(vi) The air temperatures predicted by both models were below the measured values in both 

experiments. 
(vii) The measured absorber temperatures in the literature were lower than both models' 

results, but the developed model's results are the closest to reality. 
(viii) Although there are minor differences from the experimental results, the numerical results 

of the developed model demonstrated a better agreement with the experimental results 
than Mathur's model [5]. 
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(ix) The value of R2 for the glass, air, and absorber temperature is relatively high, indicating a 
good fit between the literature and the present model. 

(x) The inconsistencies between the developed model and the experimental results could be 
attributed to factors not accounted for in the developed mathematical model such as the 
sky conditions, wind speed and direction, measurement uncertainty, and material 
properties.  

(xi) The developed mathematical model can be used to study the influential parameters for the 
solar-induced ventilation system performance optimization and its components and gives 
comparable results to the experimental results. 

 
The comprehensive analysis of the numerical results from the developed model showcased a 

significant level of agreement with both the experimental findings in the literature and the 
capabilities of the current model. Furthermore, it illuminated potential areas for future exploration, 
presenting researchers and automobile manufacturers with a broader perspective and a range of 
options for designing high-performance solar chimneys to enhance thermal comfort upon entering 
vehicles heated by the sun. Additionally, this study's developed model can be effectively utilized to 
predict the performance of any solar chimney and cabin air temperature for any parked vehicle. 
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