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Abstract. The study of mixed convection heat transfer within rectangular cavities is a vital topic
in engineering applications such as ventilation systems and heat exchangers. In this research,
ANSYS Fluent software was used to simulate heat transfer within a rectangular cavity. The left
wall was heated, and the right wall was cooled; the aspect ratio (AR) was varied (0.5-2), and an
inlet was installed at the top and an outlet at the bottom, while the other walls were insulated.
The Reynolds number (Re) values ranged from (4000 to 22000), and the Richardson number
(Ri) ranged from (10 to 1200). The results showed that the Nusselt number increased with
increasing Re and decreased with Ri, reaching a maximum of 185.3 at AR = 0.5 and Re = 21312,
while the highest thermal efficiency of 0.284 was recorded at AR = 1 and Re = 4736. The flow
and temperature contour also revealed that AR = 1 provides an optimal balance between heat
transfer enhancement and flow stability, making this ratio most suitable for the design of a highly
efficient thermal system.

Keywords: vehicle cabin, thermal management, turbulent flow regime, reynolds number, aspect
ratio, CFD simulation

(Received 2025-08-28, Revised 2026-01-14, Accepted 2026-01-20, Available Online by 2026-04-27)

© 2026 The Author(s). Advance Sustainable Science, Environmental Engineering and Technology (ASSET) are published under the
terms of the Creative Commons Attribution-ShareAlike (CC BY-SA 4.0). Authors retain the copyright to their work. Users may read,
copy and distribute the work in any medium provided the authors and the journal are appropriately credited



https://doi.org/10.26877/asset.v8i2.2638
https://creativecommons.org/licenses/by-sa/4.0/
mailto:sarmad.ahmed96@uobabylon.edu.iq

1. Introduction

Mixed-convection heat transfer is a complex thermal phenomenon that arises from the interaction
between forced convection, caused by fluid motion due to external sources, and free convection, caused
by density differences resulting from a thermal gradient. The car cabin is a relatively closed
environment, and its heat distribution is significantly influenced by the design of the ventilation system,
the location of the air vents, and the temperature difference between the interior surfaces. Understanding
this phenomenon is of great practical importance in improving passenger comfort and reducing energy
consumption in heating and cooling systems [1], [2], [3], [4], [5].

Previous studies on mixed convection in channels and cavities with the effect of wall motion and
source location on heat transfer will be reviewed. JF Hinojosa et al. [6] conducted an experimental and
numerical study that examined the heat transfer and airflow characteristics of turbulent mixed
convection within a ventilated cavity. Air was used as the heat transfer fluid, with a uniform heat flow
applied to a vertical wall opposite a constant-temperature wall, while the other walls remained thermally
insulated. The results showed that the standard k—¢ turbulence model provided the best agreement with
the experimental data, with differences not exceeding 3%. The heat transfer coefficient ranged from
2.2-3.4 WIm2K, increasing with increasing Rayleigh and Reynolds numbers. Numerical analyses
confirmed that the agreement between the experimental and numerical results was higher at higher inlet
velocities, highlighting the effect of varying Rayleigh and Reynolds numbers on the flow patterns and
temperature distribution. Lounes Kouf et al. [7]mixed convection heat transfer was numerically studied
within ventilated cavities with inlet and outlet openings under four different port configurations. The
researchers used the RNG k—e turbulence model with the finite volume method to study the effects of
ventilation and heating at high Rayleigh numbers. The results showed that configuration D provided the
best thermal distribution and ventilation efficiency, while configurations A and C were suitable for
winter conditions, and configuration B performed well in temperate climates.

Antonio Carozza [8] unsteady mixed convection phenomenon was numerically investigated inside a
two-dimensional open cavity with different geometric dimensions, where the temperature on the side
walls was held constant while the other surfaces were thermally insulated. The solution was performed
using the finite volume method and the SIMPLE algorithm for a wide range of Reynolds numbers (100—
1000) and Richardson numbers (0.132-6.5x102) with different cavity aspect ratios. The results showed
that the heat transfer rate increases significantly with increasing Reynolds number, and the assisted
configuration was found to be more thermally efficient than the counter-convection configuration.
Bengisen Pekmen Geridonmez and Hakan F. Oztop [9] mixed convective flow in a shroud-driven cavity
under the influence of a uniform partial magnetic field was numerically analyzed using a pseudo-spectral
method based on vector basis functions. The cavity was designed as a two-dimensional square with
insulated horizontal walls and constant-temperature vertical walls, while the upper wall moved in the
positive or negative x-direction. The study investigated the effects of Hartmann number and Richardson
number, along with the length and location of the partial magnetic field, on the flow behavior and heat
transfer. The results showed that increasing the magnetic field length or its centring in the cavity reduced
the convective heat transfer. Furthermore, it was found that shroud movement in the negative x-direction
had a weaker effect on the convection compared to the positive x-direction.

Nikita S. Gibanov et al. [10] studied mixed convection inside a square cavity containing a triangular
porous layer and a local heater. The finite-difference method was used to formulate the flow, vorticity,
and temperature functions to solve the governing equations. The influence of Richardson and Darcy
numbers, heater length, and porous layer location on the streamlines, temperature distributions, and local
and average Nusselt numbers was analyzed. The results showed that these factors significantly influence
the flow patterns and heat transfer within the cavity. Hicham Doghmi et al. [11] examined mixed
convection heat transfer within a ventilated three-dimensional cavity using the finite volume method,
focusing on the influence of certain thermal and geometric parameters. The study covered a low
Reynolds number (100), with the Richardson number varying over a wide range from very low (0.01)
to high (up to 10). The role of the aperture dimensions was also analyzed, with a constant relative height
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of 1/8 of the cavity length and a variable relative width ranging from half the length to the full length.
The results showed that heat transfer and flow intensity improvement directly depend on the optimal
selection of these parameters, as balancing them leads to higher Nusselt number values and enhanced
thermal efficiency of the cavity.

Rongjia Zhu et al. [12] demonstrated the mixed-convection behavior at high Richardson numbers in
metallic reactors, using experimental data for a smelter-like vessel at Re = 47 and Gr = 1.1x10' with
dibenzyl toluene fluid. The results showed that the k—-@ SST turbulence model achieved the best
agreement with the experiments, and that the buoyancy effect was the dominant factor on flow and heat
transfer, while the effects of non-buoyancy factors were less pronounced. Ka Lok Lee et al. [13] studied
the effects of wind speed (0—9 m/s), deflection angle (0° and 90°), and inclination angle (15° and —90°)
on heat losses from a heated cylindrical cavity with different inner wall temperature distributions. The
results showed that the heat distribution had a significant effect on losses, with a change of up to 50%
in zero or sideways winds, while it decreased to about 20% in high-incline, headward winds. Downward-
sloping cavities lost approximately three times more heat than upward-facing cavities.

N. A. Bakar et al. [14] analyzed the effect of a magnetic field on fluid flow and heat transfer within
a two-dimensional square cavity, where the vertical walls remained insulated, the upper wall at a low
temperature, and the lower wall at a high temperature (Th > T¢). The results showed that the magnetic
field affects the streamlines and temperature distribution, as well as the Nusselt number values on the
hot and cold walls. Somayeh Davoodabadi Farahani et al. [15] studied mixed convection heat transfer
in a rectangular chamber with sinusoidally oscillating walls and mechanical vibrations, using the finite
volume method to analyze the effects of frequency, amplitude, Rayleigh number, and fluid type on the
Nusselt number. The results showed that sinusoidal hot wall vibrations and transverse chamber
earthquakes increased heat transfer by approximately 96% and 75%, respectively, with amplitude
having a greater effect than frequency. Nu was estimated with high accuracy using the GMDH model
(R2=0.948).

References [16], [17], [18], [19], [20] studied mixed convection in horizontal, square, and triangular
channels and cavities with localized heat sources and moving or fixed walls, focusing on the effects of
Richardson and Reynolds numbers, the location and shape of the heat sources, the presence or absence
of wall motion, and wall properties such as emissivity. The results showed that moving walls or changing
the location of the sources significantly enhances heat transfer, with a greater effect in some cases, such
as a moving left wall or the presence of a heat sink. However, the temperature distribution and heat
transfer rates depend on the source location and the properties of the walls and air. Mohammad Nahidul
Islam et al. [21] investigated the heat flow behavior in a square cavity with a heated base and a central
bulge. The results showed that increasing the Grashof number enhances natural convection and the
formation of secondary eddies, while a higher Reynolds number strengthens forced flow, potentially
reducing the effect of natural convection. The Prandtl number was also found to significantly influence
heat transfer; low values produce smooth heat fields, while high values lead to steep temperature
gradients. The bulge at the base enhanced local circulation and improved heat mixing, increasing the
average Nusselt number by up to 45% compared to a cavity with a flat base. This highlights the
importance of engineering modifications for optimizing heat transfer in applications such as electronics
cooling, energy storage, and HVAC system design.

This work will investigate mixed-convection heat transfer within a two-dimensional model
representing a simplified car cabin, focusing on turbulent flow over Reynolds number ranges of (4000
to 22000). The effect of the aspect ratio on thermal performance will also be investigated. Simulations
will be conducted using the finite volume method (FVM) using ANSYS Fluent to obtain temperature
distributions, velocity vectors, local pressure, effectiveness, and average Nusselt numbers. The effects
of inlet velocity and geometry on heat transfer behavior will then be analyzed. Although previous studies
have addressed the effect of wall movement, source location, and geometric dimensions on mixed
convection heat transfer, the gap lies in not studying the effect of changing the aspect ratio of a
rectangular cavity with the left wall heated, the right wall cooled, and the presence of an air inlet at the
top and an air outlet at the bottom while insulating the remaining walls, which is the subject of the
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current research.
2. Methods

2.1 Physical Description of Problem

The model under consideration is a closed rectangular cavity representing a simplification of a car cabin,
with variable length and a constant height of 2 m to achieve different aspect ratios (0.5, 1, 1.5, and 2).
The working fluid used is air at a reference temperature of (300 K). The right wall of the cavity is cooled
at (300 K), while the left wall is heated to a constant temperature of (320 K). The fluid inlet is located
at the top of the left wall, while the outlet is located at the bottom of the right wall. The remaining walls
(top, bottom, and parts of the walls without openings) are thermally insulated. This characterization aims
to study the effect of varying aspect ratios, as well as the inlet fluid velocity, on heat transfer and air
movement within the space, taking into account the combination of forced convection resulting from
the incoming air flow and free convection resulting from temperature differences between the walls.
Figures (1 and 2) show a two-dimensional cavity as the aspect ratio changes. This change aims to study
the effect of the cavity's geometric shape on the natural convection heat transfer mechanism, as a change
in the aspect ratio leads to a change in the flow distribution and temperature distribution within the
cavity.
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Figure 1. Numerical scheme of mixed heat flow and convection in: (A) vehicle cabin and (B)
rectangular cavity with input and output holes.
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Figure 2. Two-dimensional cavity conflguratlons at different aspect ratios.

2.2 Boundary Conditions and Parameters Studied

Turbulent airflow was assumed within the cavity, with Reynolds numbers ranging from Re = 4000 to
Re = 22000, with increments of 200 between each case. The fluid inlet temperature was set at 300 K,
while the outlet temperature was not imposed but calculated numerically as a result of the fluid's
interaction with hot and cold surfaces within the cavity. The right wall of the cavity was cooled to (Tc
= 300 K), while the left wall was heated to a constant temperature of (T = 320 K). All other walls
(including the ceiling and floor) were thermally insulated. The inlet at the top of the left wall was
represented by a constant velocity inlet, with the velocity varying to achieve the desired Reynolds
number values, while the outlet at the bottom of the right wall was represented by a constant pressure
outlet at the reference atmospheric pressure. The properties of the fluid (air) were kept constant at a
reference temperature of 300 K, with the appropriate values of density, viscosity, heat capacity, and
thermal conductivity being adopted for that temperature[22], [23], [24] . Table (1) shows the boundary
conditions adopted in the current study, which include the geometric properties of the cavity, thermal
wall conditions, flow type, in addition to the properties of the fluid used and the boundaries of the flow
inlets and outlets.

Table 1. Table of boundary conditions and physical parameters adopted in the study.

Parameter Symbol Value/field Unit Note

Length of cavity L 4,2,1.333,1 m -

Height of cavity = H 2 m Constant for all cases

Aspect Ratio AR 05,1,1.5,and2 ---m- AR=L/H

Hot wall Ty 320 K Left wall

temperature

Cold wall T 300 K Right wall

temperature

Type flow Turbulent — --—-- e e

Reynolds number Re 4000-22000  —eem -

range

Inlet hole ~  --—--- Velocity inlet m/s -

Outlet hole ~  --—--- Pressure outlet Pa Atmospheric pressure

Insulation walls ~ -——-- oT s Upper and lower walls
oy
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Flud - air e Constant properties at

300K

Densify P 1.177 kg/m? at 300K
Dynamics M 1.846 x10° Pa.s at 300K
viscosity

Heat capacity Cp 1007 Jkg.K at 300K
Thermal A 0.0262 W/kg.K at 300K
conductivity

2.2.1 Governing and Dimensionless Equations

The problem is solved using the equations of flow and heat transfer for mixed convection, assuming
laminar flow, a Newtonian fluid, and steady-state conditions. The governing equations are [25], [26],
[27]:
Continuity equation (mass conservation):

ou ov

&+520 (1)

Momentum equation (conservation of momentum) in the x and y directions:

ou  ou op o’u o
plU—+V— |=——+ulU—+V— (2)
ox oy OX OX oy
N oV op ov oW
U—+V— |=——+ulU—+V— |+ T-T 3
Energy equation (conservation of heat energy):
2 2
oC uﬂ+vg =k ngg (4)
L ox oy ox> oy

The k—¢ turbulence model was used in numerical simulations to study mixed-convection heat transfer.
This model is one of the most popular and effective turbulence models for dealing with turbulent flows
inside cavities and channels. The model is based on solving two energy conservation equations: the
turbulence kinetic energy (k) and its decay rate (¢). This allows for estimating the effect of turbulence
on fluid velocity and heat transfer within the studied range. This model provides good accuracy in
representing the velocity and temperature distributions in turbulent flows within reasonable limits of
computational complexity [28], [29], [30], [31].
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Ith :IOC,U ? (9)

Typical constant values were used for the model (k-g), where C, = 0.09, C;.=1.44, C,.=1.92, and the
diffusion coefficients were 6:=1.0, ok =1.3

This study relied on a set of dimensionless relationships, equations, and basic criteria to describe the
phenomenon of mixed convection heat transfer within the studied cavity. The Reynolds number (Re)
represents the effect of forced flow forces, while the Grashof number (Gr) expresses the effect of
buoyancy forces resulting from temperature differences. The Richardson number (Ri) is used to compare
the effects of natural and forced convection. The Prandtl number (Pr) links the physical properties of the
fluid through viscosity and thermal diffusivity. The heat transfer quantity (Q) and the average heat
transfer coefficient (h..) were calculated, followed by the Nusselt number (Nu), which is a key indicator
of heat transfer efficiency. In addition, the efficiency coefficient (¢) was used to comprehensively
evaluate the performance of the thermal cavity by comparing the actual heat difference with the
maximum possible heat difference[32], [33], [34], [35].

Re = %Lw (10)
3
GI’: gﬂ(rh _Tc)Lca (11)
V2
Ri= s—erz (12)
C
pr=Y =0 (13)
a A
Q=[q'dA (14)
h -9 (15)
A(TW _Tf )
Nl
NU,, = -2 16
ave /1 ( )
T,-T,
— 0 n 17
¢ Th _Tin ( )

222 Procedure of Numerical Solution

Numerical simulations were performed using ANSY'S Fluent software to find the temperature and fluid
velocity distribution inside the rectangular cavity at different aspect ratios (AR = 0.5, 1, 1.5, and 2) and
Reynolds number ranges from Re = 4000 to Re = 22000 with 200 increments between each case.

2.2.3 Mesh Generation

The geometric model was created using ANSYS Design Modeller, with dimensions of L = 2m and
height varying according to the AR ratio. A regular Triangular Structured Mesh was generated to ensure
accuracy and reduce the number of elements. A grid independence test was conducted, testing three
mesh density levels and selecting the mesh that achieves a balance between accuracy and computational
time. Figure (3) shows the numerical mesh generation process for a two-dimensional cavity at different
aspect ratios (AR=0.5, 1, 1.5, and 2). The mesh resolution and distribution are essential factors in
ensuring the accuracy of numerical results when simulating heat transfer by natural convection, as the
mesh affects the representation of the flow and temperature distribution within the cavity. An
appropriate mesh size was chosen to achieve a balance between numerical accuracy and minimizing
computational cost.
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AR=2

Figure 3. Generating the numerical mesh of the cavity at different aspect ratios.

2.2.4 Validation of Numerical Simulation

The results of the current study were compared with those of Rahman et al. [36], who investigated the
effect of Reynolds and Prandtl numbers on mixed convection heat transfer in a square cavity containing
a heat-conducting square cylinder at different locations. The comparison showed a high convergence
between the Nusselt number results, with the relative error between the two studies ranging from 0.60%
to 3.97%. This validation strengthens the validity of the adopted mathematical and physical hypotheses
and provides confidence in the analysis of mixed convection heat transfer in rectangular cavities, as
shown in Figure (4).
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Figure 4. Comparison of the Nusselt number and Reynolds number relationship for the current work
Versus a previous study.

3. Result and Discussion

31 Effect of (Re, Ri, and AR) on Heat Transfer

The numerical results in the three Figures (5-7) clearly demonstrate the behavior of mixed convection
heat transfer. Figure (5) shows the relationship between the average Nusselt number (Nu) and the
Reynolds number (Re) at different aspect ratios (AR). It is observed that increasing Re from 500 to 2000
leads to a significant increase in Nu. For example, at AR = 1, Nu increased from about 8 to nearly 21
(an increase of approximately 162%), while at AR = 0.5, the increase was smaller, from about 6 to 14
(approximately 133%). This is due to the thinning of the thermal boundary layer and the increased
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intensity of the vortices with increasing Re, which improves thermal mixing. Figure (6) shows the
variation of Nu with the Richardson number (Ri) at different AR ratios. It is observed that increasing Ri
from 0.01 (forced convection dominance) to 10 (natural convection dominance) significantly reduces
Nu due to the weakening of the shear forces and the increased thickness of the thermal boundary layer.
For example, at AR = 1, Nu decreases from about 20 at Ri = 0.01 to about 9 at Ri = 10 (a decrease of
approximately 55%). Figure (7) highlights the same effect of AR at different Reynolds numbers,
demonstrating optimal cavity ratios that achieve the highest heat transfer efficiency. For example, at Re
= 1000, Nu reaches its highest value at AR =1, at about 15, while it decreases to about 12 at AR = 2 (a
decrease of approximately 20%). At Re = 2000, cavities with lower ARs outperform, with Nu reaching
about 22 at AR = 0.5 versus about 20 at AR = 1. In general, these changes are explained physically by
the balance of buoyancy and shear forces. At low Re, natural convection effects dominate, resulting in
weak mixing, while as Re increases, forced convection increases and enhances internal vortices,
increasing heat transfer efficiency. AR also affects the length of the flow path and the distribution of
vortices, which determines the intensity of convective mixing and the increase or decrease in Nu values.
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Figure 5. Variation of the average Nusselt number with the Reynolds number at different aspect ratios
of a rectangular cavity.
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3.2 Local Pressure within the Cavity

Figure (8) shows the distribution of local pressure (P) along the hot wall at different heights (H=0.5, 1,
1.5, and 2 m) for different aspect ratios (AR = 0.5, 1, 1.5, and 2). It is noticeable from the figure that the
pressure increases gradually and almost linearly with height, regardless of the AR value, reflecting the
effect of gravity on the hydrostatic pressure distribution within the space. The differences between the
pressure values at the same height between the different AR cases appear to be very slight, not exceeding
about £0.03 Pa at most points, indicating that the effect of the aspect ratio on the local pressure on the
hot wall is secondary. This can be explained physically by the fact that natural convection and mixing
within the space lead to slight changes in the density and velocity distributions. However, since the hot
wall is thermally constant along its length in all cases, the differences in the pressure distribution are
primarily related to a slight difference in the flow pattern near the wall. It can be concluded from the
figure that the pressure distribution is mainly governed by the properties of natural convection and the
laminar nature of the flow near the wall, and that AR does not cause significant changes in these
properties within the study area.

0.4 0.6 08 1.0 1.2 14 1.6 18 20 22
H(m)

Figure 8. Variation of local pressure with height of a hot wall at different aspect ratios.

3.3 Cooling Effectiveness

The results also showed that the heat transfer efficiency inside the two-dimensional rectangular cavity
is clearly affected by the Reynolds number (Re), the Richardson number (Ri), and the aspect ratio (AR).
Analyzing the relationship between the efficiency and Re (Figure 9), it was observed that the efficiency

02602023-010



decreases with increasing Re for all values of AR. The efficiency for AR = 1 decreased from 0.281 at
Re =~ 4736 to 0.133 at Re = 21313, a decrease of approximately 52.7%, while the efficiency for AR =2
decreased from 0.263 to 0.160 for the same range, a decrease of approximately 39.2%. This decrease is
attributed to the dominance of the forced convection effect at high speeds, which reduces the effect of
natural convection and thus weakens the mixing of thermal layers. In contrast, Figure (10) shows that
the efficiency clearly increases with increasing Ri, reflecting the natural convection enhancement of
heat exchange efficiency. The efficiency of AR = 1 increased from 0.132 at Ri = 30 to 0.281 at Ri =
1200, an increase of 113%. The efficiency of AR = 2 increased by 66.5% over the same Ri range,
indicating that natural convection significantly contributes to the improvement of heat transfer
performance. Regarding the effect of AR, the results in Figure (11) show that there are optimal values
for the aspect ratio depending on Re. AR = 1 achieved the highest efficiency (0.281) at Re =~ 4736, while
at high Re, such as 21313, AR = 2 became more efficient (0.160) compared to AR = 0.5 (0.133), a
difference of 20.3%. This behavior can be explained by the fact that varying AR leads to a change in the
flow pattern and vortex distribution within the cavity, which in turn affects heat transfer efficiency.
Therefore, the interaction between the effects of Re, Ri, and AR is complex, requiring careful selection
of engineering and operational parameters to achieve optimal thermal performance.
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Figure 9. Variation of effectiveness with Reynolds number at different aspect ratios of a rectangular
cavity.
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3.4 Qualitative Analysis of Temperature and Velocity Fields

Figures (12) and (13) represent the numerical distribution of both temperatures and velocity vectors
inside the rectangular cavity at different aspect ratios (AR = 0.5, 1, 1.5, and 2). Figure (12) shows that
the temperature distribution is significantly affected by changes in AR, as the pattern of the thermal
gradient and thermal boundary layers changes. At AR = 0.5, a limited thermal gradient appears on the
hot wall due to the short height of the cavity. This weakens the development of natural convection
currents and causes heat to remain concentrated near the upper surface, explaining the reduced heat
exchange efficiency in this case. In contrast, at AR = 2, a strong, vertically extended thermal gradient
and a thin thermal layer on the hot wall are evident. This reflects the development of natural convection
within the cavity, leading to improved thermal mixing and increased efficiency. Figure (13) shows the
velocity vectors inside the cavity, which illustrate the internal flow pattern. At AR = 0.5, a complex flow
pattern is formed, including multiple superimposed vortices, indicating relative turbulence in the flow.
However, this does not contribute to efficient heat mixing due to the short vertical distance for these
vortices to develop. At AR = 1, the vortices begin to become more regular, showing a pronounced
rotational motion on the hot wall and an upward flow on the cold surface. As AR increases to 1.5 and 2,
a single, large, dominant vortex with a horizontal or oblique axis forms, covering most of the cavity.
This indicates a stable mixed convection pattern and improved heat transfer due to stronger rotation and
more uniform heat mixing. Thus, it is clear that increasing AR contributes to enhancing both the thermal
gradient and eddy current development, which positively impacts the efficiency of heat exchange within
the cavity. The relationship between the space shape and flow pattern also demonstrates the importance
of geometric design in improving thermal performance.
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Figure 12. Temperature distribution inside the cavity at different aspect ratios (AR = 0.5, 1, 1.5, 2).

AR=15 AR=2

Figure 13. Distribution of velocity vectors inside the cavity at different aspect ratios (AR =0.5, 1, 1.5,
2).
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4. Conclusions

This work investigated mixed convection heat transfer within a rectangular cavity, focusing on the effect
of varying the aspect ratio (AR) on the thermal and hydrodynamic performance of the system. The left
wall of the cavity was heated, and the right wall was cooled, with an air inlet at the top and an outlet at
the bottom, while the remaining walls were thermally insulated. The flow and temperature behavior
were analyzed using numerical simulations, varying the Reynolds number (Re) and Richardson number
(Ri), to determine the optimal geometric configurations that achieve the highest thermal efficiency.
Based on the results extracted from the graphs, flowline analysis, and heat contour, the following
conclusions can be drawn: The results showed that the Nusselt number (Nu) increased with increasing
Reynolds number for all studied dimensionality ratios, indicating improved heat transfer with enhanced
forced convection within the cavity. At high Reynolds number values, the highest Nusselt number values
were recorded at an AR = 0.5 dimensionality ratio, while AR = 1 and AR = 1.5 were more efficient at
lower Reynolds number values. The results also showed that increasing the Richardson number, which
reflects the increased effect of natural convection compared to forced convection, led to a decrease in
the Nusselt number, indicating reduced heat transfer efficiency under natural convection. Conversely,
the highest Nusselt number values were recorded at lower Richardson number values, confirming the
effectiveness of forced convection in improving heat transfer. In terms of overall thermal performance,
the best Nusselt number values were observed at dimension ratios AR = 1 and AR = 1.5 in most cases,
indicating an optimal operating point for these ratios. Conversely, very low or very high dimension ratio
values resulted in reduced heat transfer efficiency. Regarding the pressure distribution within the cavity,
the pressure increased with increasing height H, regardless of the dimension ratio, with very slight
differences between the various cases, suggesting that the effect of dimension ratio on pressure
distribution is limited. The results also showed that efficiency decreases with increasing Reynolds
number due to increased flow velocity and decreased air residence time within the cavity. Conversely,
efficiency increases with increasing Richardson number, as the natural convection allows for a longer
and more uniform thermal contact time. A dimensionality ratio (AR) of 1 was found to achieve the best
efficiency in most cases, particularly at high Richardson number values. Heat distribution maps revealed
a clear thermal gradient on the heated wall, particularly at large aspect ratios such as 1.5 and 2, enhancing
the effect of natural convection. Flow line maps also showed the formation of multiple vortices at aspect
ratio AR = 0.5, compared to one or two more regular vortices at aspect ratios AR = 1 and AR = 1.5,
contributing to improved heat transfer through a more uniform flow mechanism.

As a future proposal, it is recommended to apply the studied mixed flow model to automotive HVAC
systems, taking into account the actual inlet and outlet locations, unstable operating conditions, and the
impact of passenger heat loads, with the aim of improving thermal comfort and increasing energy
efficiency in vehicles.
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APPENDIX

List of Nomenclature

Symbol Definition

AR Aspect Ratio

Cp Heat capacity, (J/kg. K)

FVM Finite Volume Method

g Gravity acceleration (m/s?)

Gr Grashof number

H Vehicle cabin height, (m)

h Heat transfer coefficient, (W/m?2. K)
HVAC Heating Ventilation Air Conditioning
L Vehicle cabin length, (m)

Nu Nusselt number
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P Airflow pressure (Pa)

Pr Prandtl number

Q Heat transfer rate (W)

Ra Rayleigh number

Re Reynolds number

Ri Richardson number

T Airflow Temperature, (K)

U Airflow velocity, (m/s)

uandv Component velocity in x and y direction, respectively, (m/s)
xandy Horizontal and vertical coordinate in a two-dimensional cavity, respectively
u Airflow dynamics viscosity, (Pa.s)

B Airflow thermal expansion coefficient, (1/K)

€ Effectiveness

A Airflow thermal conductivity, (W/m.K)

P Airflow density, (kg/m?)

v Airflow kinematic viscosity, (m?/s)

List of Subscripts

ave Average

c Cold

ca Characteristic
f fluid

h Hot

1 Inlet

o outlet

w Wall
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