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ABSTRACT

This study investigates the effect of inclined airflow angles on the
air body force and its influence on buoyancy-driven ventilation in
an un-stratified cross-ventilated rectangular domain with three
openings. The airflow is primarily driven by the stack effect, where
temperature differences between indoor and outdoor create
density gradients, resulting in natural convection with an opposing
flow introduced through one of the upper openings to mimic
realistic ventilation input. The study focuses on three inlet airflow
angles: 30°, 45°, and 55°, to assess their impact on temperature
and velocity distribution within the domain. The system is modeled
using a single-zone, one-dimensional approach, governed by
steady-state Navier-Stokes equations. The equations are
expressed in dimensionless form and solved using analytical
method for ordinary differential equations (ODEs) to derive explicit
solutions. Results show that lower airflow angles (e.g., 30°)
enhance airflow momentum along the primary flow directions,
intensifying convection and promoting faster air exchange, while
higher angles (e.g., 55°) reduce airflow efficiency and flatten
temperature gradients. The analysis also reveals that effective
thermal coefficient impacts buoyancy force magnitude, altering the
flow dynamics, and Prandtl number affects how fast heat moves
compared to velocity, influencing stratification and mixing. The
findings provide insight into optimizing natural ventilation design in
buildings and support the development of energy-efficient, passive
cooling strategies in architectural and engineering applications.

Keywords: Inclined Angle, Cross Ventilation, Rectangular
Domain, Temperature Differences, and Velocity Distribution.

INTRODUCTION

Airflow within enclosures such as buildings, ducts, or natural
ventilation systems is a key area of research in thermal-fluid
sciences. Understanding how air moves under the influence of
temperature gradients and external forces (like inclination or
gravity) is fundamental to improving the design and efficiency of
heating, ventilation, and air conditioning (HVAC) systems, passive
cooling systems, and various environmental controls in both
industrial and domestic settings.

Natural convection flows in rectangular enclosures, particularly
when influenced by inclined angles, have been the subject of
increasing attention due to their wide applications in solar
collectors, electronic cooling systems, building thermal insulation,
and energy-efficient architecture. The inclination of a cavity can
significantly alter the characteristics of buoyancy-driven flow and
heat transfer, thereby affecting thermal performance and comfort
conditions within a space. One of the essential challenges in fluid
dynamics is to analyze and predict how varying the inclination
angle affects the air body force during flow in a cavity. This effect
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becomes more critical when dealing with stratified or thermally
layered flow systems, where the alignment of thermal gradients
relative to gravity can significantly enhance or suppress convective
motions.

The significance of this investigation lies in its potential contribution
to optimizing thermal systems and improving energy efficiency in
built environments. By focusing on the influence of the inclined
angle on the air body force during the airflow process in a
rectangular building model, the study addresses a practical
problem with real-world relevance to architecture, HVAC system
design, and thermal comfort and offers valuable contributions in
improving understanding of inclined natural convection, application
in sustainable building design and enhanced indoor air quality and
thermal comfort. Some researchers have made an effort to
investigate this phenomenon: (Emswiler, 1926) investigated the
case of multiple openings in a wall and obtained an expression for
the rate of flow of air in terms of temperature differences using
Bernoulli's Equation for ideal flow, and they did not consider the
case of a single opening. The study of natural convection has been
extensively focused on air flow issues in buildings, with practical
applications ranging from heating equipment to turbine blade
cooling. In translating the condition of this experiment to a sitting
room of about ten times greater linear dimensions, it's found that
the difference in density of CO, at the dimensions of the model
corresponds to a temperature difference of about 10°C of the air
inside and outside the sitting room by (Schmidt, 1961). (Linden et
al., 1990) described the fluid mechanics of the natural ventilation of
a space connected to a large body of stationary ambient fluid. The
flows are driven by buoyancy differences between the interior and
exterior fluids, connections with the ambient fluid are high level and
low-level openings. Two forms of ventilation are identified: mixing
ventilation and displacement ventilation. (Yuguo and Heiselberg,
2000) considered building having two openings at different vertical
level on opposite walls, the height of the two openings is relatively
small, and the areas of the top and bottom openings are Atand Ap
respectively. There is an indoor source of heat E, the wind force
can assist or oppose the thermal buoyancy force, when the indoor
temperature is uniform and specified the ventilation flow rate driven
by stack force alone. (Yuguo et al., 2000) presented a consistent
pressure-based formulation for natural ventilation of single-zone
and multi-zone buildings with multiple openings. A new analytical
solution is presented for evaluating multi-zone airflow programs. It
is found that wind force plays a vital role in natural ventilation
design for this kind of buildings. A higher height of Zone 2, e.g. an
atrium, cannot always increase the ventilation rate in zones.
(Camille et al., 2003) considered single-sided natural ventilation, by
using a computational fluid dynamics (CFD) model, together with
analytical and empirical models. The CFD model was applied to
determine the effects of buoyancy, wind, or their combination on
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ventilation rates and indoor conditions. This investigation found
CFD tools to be valid for studying single-sided natural ventilation
strategies with respect to indoor, outdoor, and combined indoor
and outdoor flow. (Yang, 2004) considered natural ventilation in a
full-scale building induced by combined wind and buoyancy forces.
A steady envelope flow model was applied to calculate mean
ventilation rates. CFD model for the naturally ventilated buildings
verified and validated. (Mostafa and Imam, 2009) studied the
combination of natural ventilation methods in a single-sided room
with a vertical vent. They evaluated ventilation rate through
openings using air flow velocity measurements. The results
clarified the effects of the vent on ventilation rate and suggested a
model for the combination of both methods. Pressure
measurements and PIV measurements were conducted in a
detached house model with two openings. (Chow, 2010) described
Air flow rate across a vertical opening induced by a thermal source
in a room, various parameters were used in designing natural
ventilation. Analytical expressions derived from simple hydraulic
model were reviewed. (Sui et al., 2011) used computational fluid
dynamics (CFD) to simulate thermal natural ventilation in a civil
building. They analyzed the natural ventilation rate, temperature
difference, and thermal stratification height trends in different
conditions. The simulation results can provide a theoretical
foundation for designing natural ventilation systems. (Chaofan and
Noor, 2012) proposed a new ventilation method for aircraft cabins
using a square-wave periodic airflow instead of traditional steady
airflow. The periodic inlet causes the air jet to oscillate, which
improves mixing between fresh and cabin air, potentially enhancing
ventilation performance without increasing airflow rate. Simulation
results suggest better air distribution, but further real-world testing
is recommended to confirm these findings. (Jianjun and Karava,
2014) described a model predictive control (MPC) strategy for
buildings with mixed-mode cooling (window opening position, fan
assist, and night cooling schedule) and demonstrates their
potential performance bounds in terms of energy savings within
thermal comfort constraints, in comparison with standard heuristic
rules used in current practice. The study examined the air flow
process across vertical vents induced by a stack-driven effect with
an opposing flow in one of the upper openings. Some parameters
and factors such as, area, height, size and position of the openings
are described. Analytical techniques were employed and obtained
the possible solutions of effective velocity distribution, effective
temperature distribution, volumetric airflow and mass transfer
rates. The orientation of the domain has a strong effect to the
airflow around it, the temperature distributions and induced natural
airflow rate depend highly on area of the openings by (Muhammad
and Baffa, 2015). (Attalla et al., 2017) investigates the impact of
inlet airflow angle on airflow, temperature, and CO2 concentration
in a three-row airliner cabin. It uses Ansys-Fluent and compares
results with experimental data. Results show that changing the inlet
airflow angle significantly improves flow pattern, temperature
distributions, and CO, levels. Small inlet angles enhance the
performance of the mixing-air distribution system. Angles B (5°)
and C (10°) provide the best ventilation performance. (Jie et al.,
2024) proposes a realistic method to estimate natural ventilation
potential in urban buildings by considering climate, wind patterns,
and air pollution. Using CFD simulations and real-time data, it
shows that traditional design estimates often overstate potential.
Factors like heatwaves, poor air quality, and urban layout can
significantly reduce actual ventilation performance. The framework
helps guide more accurate and energy-efficient building designs.
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(Mo, 2024) investigated the mechanism by which the spray angle
and airflow speed influence the dust reduction effect and reproduce
a spray dust reduction process in a simulation. Based on the DPM
(discrete phase model) and the mixture model, a spray dust
reduction evaluation model was constructed by considering two-
way momentum coupling between the discrete phase and the
continuous phase. The results showed that installing nozzles near
the dust source (coal mining drum) significantly reduced the dust
concentration at the coal mining face from 0.0005 kg/m3 to 0.0001
kg/m3. And when the spray angle is 45¢, increasing the airflow
speed provides a better dust reduction effect. (Hao et al., 2025)
examines how different roof styles affect natural ventilation and
passive cooling in courtyard buildings. While previous research
mainly focused on external conditions, this study highlights the
importance of airflow between indoor spaces and courtyards. Using
CFD simulations validated by wind tunnel experiments, the study
compares various roof types, including flat, dome, butterfly, and
shed roofs. Results show that roof geometry strongly influences
airflow and indoor temperature. The dome roof performed best,
increasing indoor wind speed by 80% and reducing temperatures
by 2.1 °C, while the parapet roof performed the worst. The findings
emphasize that not all courtyard designs are equally effective, with
dome and shed roofs being optimal for natural ventilation.

Based on all the reviewed work mentioned above no body
investigated the effect of the inclined angle on the air body force
during the airflow process within a rectangular building which is the
basis for this work. This research addresses a critical gap in the
understanding of inclined natural convection by systematically
analyzing how changes in the inclination angle influence airflow
characteristics. The study aims to uncover the governing
mechanisms that shape thermal and fluid behavior in inclined
rectangular enclosures, ultimately contributing to more efficient,
sustainable, and resilient thermal systems.

MATERIALS AND METHODS

The system represents a rectangular building with three openings.
Two equal upper openings on opposite vertical walls with One
lower opening on a vertical wall. The domain is cross-ventilated
and considered unstratified. The vertical rectangular openings
separating the domain have a height y* and width x,,,, the air acts
as the connecting fluid, with properties: Density p, Temperature T,
Pressure p and Inclined angle 8. The air enters through the lower
opening and exits through one of the upper openings, while the
other upper opening experiences an opposing flow with an indirect
velocity vo. The temperature difference induces natural
convection, influencing the airflow.

Insulated roofing !

Figure 1: Schematic diagram of Cross section of a typical un-
stratified cross- ventilated rectangular domain with three openings
showing the effect of inclined angle on air body force.
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Temperature differences between the indoor (T;) and outdoor (T,)
of a domain produce density differences and corresponding
pressure differences that generate buoyancy- driven flow through
the domain envelope. The pressures gradient is a function of the
constant width of the openings.

Momentum and Energy Equations with appropriate boundary
conditions defined the problem. The model equations are
represented in a dimensionless form and solved using the method
of analytical techniques of solving ODEs using differential
operators and boundary conditions to achieve explicit solutions.
Convective motion induced by temperature differences effect as
illustrated in Figure 1 is described, considering the inclined angle
at which air enter the building by air body force of the fluid on
momentum equation given by (Muhammad and Baffa 2015) the
non- dimensionless equation become;

2
Vo Z—; = gBATcos6 + UZTZ (1
dr dzT
Vogy = e )

Non-dimensional variables
Using the given transformations:
Length Scale: y = y*L

* 2
Velocity Scale: u = ”gﬁ%

. 59
Reference Velocity: v, = V"T

Temperature Scale: T = T*[AT] + T*,

Where y*, u*, v, T* are dimensionless variables, corresponding
to dimensional quantities y(m), u and vy(m/s), and T (k),
respectively.

RESULTS AND DISCUSSION
To transform equation (1) and (2) into dimensionless equations, we
use the given dimensionless variables above and get;

2,,% *
Pr 3;:2 + kz—;* + T"cosf =0 (3)
asr* ar*
e ) @

by letting k = —Prv.
the dimensionless boundary conditions are;
0<y"<tLu'(y* =0=0u(@y =1)
=0,T"(y"=0)
=T T"(y*=1)=1-T",.

the  dimensionless  group Pr=£ is called Prandtl

number, u*(y*), T*(y*) is the velocity, and temperature
distributions of the air, y* is the dimensionless height of the
openings.

Temperature Distribution
T*(y") = c; + e ()
where, C; and C, are arbitrary constants in equation (5).
The two constant which appear in equation (5) can be determined
by prescribing the boundary condition for the temperature
distribution,
¢ =-To— ¢ (6)
1

2=k
Substitute ¢, in equation (6)
1+ Tole ™ —1)
= —
Inserting ¢; and c, into equation (5), yield the
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temperature distribution as,

T* (") = Toe k—Tp+1 = e k"
(y)__ e k-1 e~k—1

Velocity Distribution
Putting equation (7) into (3), The DE becomes;
d?u* du* Toe k-Ty+1 e k"
Pr (dy*z) +K (E) + (— £~ o e‘k—: + _e‘k—l) cos =0
By applying the boundary conditions «*(0) = 0,u*(1) = 0;

1

- k
XD 1reh cos(0)PrToe*y +

uw(y) =
K(Pr-y)
Pr(PrToe*K—KekPr-Toe*K—PrToK+Ke*+KTo—e*+1)cos(8)e Pr
K(Pr-1) _K k(Pr—1) _K
K| Prek—e~ Pr Pr+e PrPr—ek+e” Pr —e Pr—Pr+i1

cos(8)Pre*y — cos(0)Toe*ky — cos(8)PrTyy —
K(Pr-y)
(PrTye*K-Ke*Pr—ToeKK—PrToK+Ke*+KTo—e*+1)cos(8)e™ Pr
K(Pr—1) _K k(Pr—1) _K
K| Prek—e™ Pr Pr+e PrPr—ek+e” Pr —e Pr—Pr+1

_Ky
Pr(PrTye*K—KekPr—-ToeKK—PrToK +Ke*+KTo—e*+1)cos(9)e Pr
K(Pr-1) _K k(Pr-1)  _K
K| Prek—e Pr Pr+e PrPr—ek+e” Pr —e Pr—Pr+1

cos(0)e k-1

— e*cos(8)y + cos(8)T,y +

_Ky

(PrTye*K-Ke*Pr—ToeK—PrToK+Ke*+KTo—e*+1)cos()e Pr
K(Pr—1) _K k(Pr—1) _K

K| Prek—e™ Pr Pr+e PrPr—ek+e” Pr —e Pr—Pr+1

(K(ek)zPrT0 — K(e®)?Pr —K(e*)?Ty — 2PrTye*K +
K(e*)? + Ke*Pr + 2Tye*K + PrTyK — Ke* — KT, —

K(Pr-1)

K
e pr ek 4 eTrrek 4 ek — 1) cos(@)) / <(Prek —ek—

K(Pr-1) K
Pr+1) (ek—e Pr +e_ﬁ—1> K2> (8)

The study addressed temperature and velocity distribution
solutions. This is done to determine the influence of parameter
changes on overall flow distributions while maintaining other
operating conditions and parameters constant. And determine the
optimum option for optimal natural ventilation.
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Figure 2: Temperature distribution T*(y*) versus y* for different
values of effective thermal coefficient T, = 0.01,0.10, and
0.19and fixed vy = —0.5, Pr = 0.710.
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The figure 2 illustrates how the effective thermal coefficient T,
affects temperature distribution T*(y*). As effective thermal
coefficient T, increases, the overall temperature distribution
T*(y*) within the domain decreases at a given height. This trend
suggest that natural convection is sensitive to the reference
temperature setting. The temperature distribution shape reflects an
increasing, slightly accelerating temperature rise with height
y*, which matches the expected behavior in cross ventilated,
naturally convected flow.

[—Pr=0510— -Pr=0710 —— Pr=0510]

Figure 3: Temperature distribution T*(y*) versus y for different
values of Prandtl number Pr = 0.510, 0.710, and 0.910 and
fixed v, = —0.5,Ty = 0.01.

The figure 3 illustrates how the Prandtl number Pr impacts
temperature distribution in a system, temperature distribution
T*(y*) increases steadily as Prandtl numbers Pr increases. The
curves are close together, meaning the effect of Prandtl number
Pr is noticeable but not dominant over the whole domain. The
curves are more linear —implying a relatively uniform heat transport
with height. Higher Pr values (like 0.910) lead to higher
temperatures throughout the height and lower Pr values (like
0.510) show lower temperatures for the same y*.

—T::-]I]l—-I::\]ll]——I::E‘19|

Figure 4: Velocity distribution * (y*) versus y for different values
of effective thermal coefficient T, = 0.01,0.10,and 0.19 and
fixed vy = —0.5, Pr = 0.710,6 = 30°.
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Figure 5: Velocity distribution u* (y*) versus y for different values
of effective thermal coefficient T, = 0.01,0.10,and 0.19 and
fixed vy = —0.5, Pr = 0.710,6 = 45°.
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Figure 6: Velocity distribution u* (y*) versus y for different values
of effective thermal coefficientT, = 0.01,0.10,and 0.19 and
fixed vy = —0.5, Pr = 0.710,6 = 55°.

The figure 4,5 and 6 illustrate how the effective thermal
coefficient T, impacts velocity distribution u*(y*) across
openings. As thermal coefficient T, increases, the entire velocity
distribution suppresses (becomes smaller). u*(y*) starts at zero,
increase, reaches a peak, and then decreases back to zero at the
top (y* = 1). The maximum velocity occurs around the middle
height (y = 0.5 — 0.6). There is a slight shift of the velocity peak
depending on Ty, but it remains roughly in the same region. Lower
T, (e.g., 0.01) means a stronger temperature differences, leading
to stronger buoyancy - driven flow and thus higher velocity. While
higher T, (e.g., 0.19) weakens the temperature — driven buoyancy
effect, reducing the induced flow velocity. The presence of vy, =
—0.5 (opposing flow) slightly tilts the velocity distributions, but
buoyancy still dominates and creates the main upward flow. The
parabolic shape indicates that the fluid accelerates from the
boundary at y = 0 (the lower opening) to @ maximum in the
interior and decelerates towards y = 1 (upper opening), typical of
flow in a vertical channel affected by natural convection, where
buoyancy and imposed opposing flow v, interact.
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Figure 7: Velocity distribution u* (y*) versus y for different values
of Prandtl numberPr = 0.510,0.710,0.910 and fixed v, =
—0.5,T, = 0.01,8 = 30°.
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Figure 8: Velocity distribution u*(yy*) versus y for different values
of Prandtl number Pr = 0.510,0.710,0.910 and fixed v, =
—0.5,Tp = 0.01,6 = 45°.
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Figure 9: Velocity distribution u* (y*) versus y for different values
of Prandtl number Pr = 0.510,0.710,0.910 and fixed v, =
—0.5,Tp = 0.01,6 = 55°.

The figure 7, 8 and 9 illustrates how the Prandtl number Pr affects
velocity distribution w*(y*) across openings. As Prandtl number
Pr increases the velocity distribution w*(y*) increase. The
velocity distribution becomes flatter and the flow is more restrained.
It is also observed that for all values of Pr, the velocity u*(y*)
initially increases from zero at y = 0, attains a maximum at an
intermediate point, and then decreases symmetrically back to zero
at y = 1. This indicates a typical parabolic velocity distribution,
commonly seen in a laminar boundary layer flows or channel flow.
Thus, the graph demonstrates that fluids with a low Prandtl number
exhibit higher velocities and stronger flow behavior, whereas fluids
with a high Prandtl number exhibit suppressed flow characteristics.
This behavior is critical in understanding cooling systems, thermal
boundary layer flow and other industrial processes where the
Prandtl number plays a significant role in fluid and heat transfer
behavior.
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Figure 10: Velocity distribution u*(y*) versus y for different
values of airflow angle 6 = 30°,45° and 55° and fixed vy, =
—0.5,Pr = 0.710,T, = 0.19.

The figure 10 illustrate how the airflow angle 8 impacts velocity
distribution u*(y*) across the openings. As airflow angle 6
increases, the peak of the velocity distribution u*(y*) decreases.
The maximum velocity becomes smaller and the velocity
distribution flatters as 6 increases. The location of the maximum
velocity slightly shifts towards the left with increasing 6. This
suggests a symmetric parabolic-type profile, typical of internal
flows or boundary-layer-like behavior. The parameter 6 could
represent a geometric inclination, orientation, or a parameter
influencing the flow field. An increase in 8 may correspond to an
increase in resistance flow, resulting in a reduction of the flow
velocity. Thus, the graph indicates that a higher angle parameter 6
suppresses the flow intensity, leading to a slower-moving flows or
a thicker momentum boundary layer, flatter velocity distribution
across the domain.

Summary of Simulation Parameters

The study investigates the impact of varying key dimensionless
parameters on natural convection within an inclined rectangular
enclosure. The parameters and their respective ranges are as
follows:

Parameter Symbol Range Description
Inclination 0 30°, 45° | Angle of
angle 55° enclosure tilt
Prandtl Pr 8?18 Fluid  property
number 0.910 (air)
EZ?g‘:Ia\llle T 0.01, Dimensionless
iy 0 0.10,0.19 | wall temperature
coefficient
Normalized
Inlet velocity Vo -0.5 airflow rate
(opposing flow)
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Physical Interpretation of Streamlines and Isothermal, and
Quantitative Analysis

Figure 11: Streamline Contours (Initial Case): The streamline
plot shows the onset of natural convection, with smooth laminar
flow. The nearly parallel streamlines near the horizontal boundaries
suggest a stable boundary layer with minimal recirculation. This
indicates weak buoyancy forces and low thermal gradients.
Figure 12: Streamlines with Inclination: As the enclosure is
inclined, buoyancy forces develop a dominant primary circulation
cell. The flow shifts upward along the heated wall and downward
along the cooler surface. This is a sign of buoyancy-induced
convection, and suggests the inclination enhances thermal mixing
in the cavity.

Figure 13: Velocity Distribution: The velocity magnitude peaks
closer to the mid-section, indicating fully developed convection.
The symmetry suggests that ineria and viscous effects are
balanced. This profile hints that Prandtl number and inclination are
optimized to promote maximum convective momentum transfer.

Figure 14: Recirculation Length Observation: The localized
recirculation region near y = 017168 x 10~® indicates a
separation point where buoyancy and inertia forces interact. This
recirculation reflects vortex trapping near boundaries,
characteristic of moderate Rayleigh number flows.

Figure 15: Isothermal Contours: The temperature distribution
reveals clear thermal stratification, with steeper gradients near the
hot wall. This confirms the dominance of conduction near
boundaries and convection in the bulk, especially for higher Prandtl
numbers.

Figure 16: Contour Elongation at Higher Inclination: The
elongation of the isotherms and stretched streamlines indicate
stronger convective action, with heat being swept along
streamlines. This suggests the inclination is aligning gravity more
directly with the temperature gradient, enhancing buoyancy-driven
transport.

Figure 17: Dome-Driven Ventilation Enhancement: The
curvature in the streamlines implies pressure-driven acceleration
near the dome, leading to higher indoor wind speeds. The dome
structure channels airflow efficiently, showing that architectural
geometry significantly influences natural ventilation potential.
Figure 18: Thermal Gradient Flattening: Flattened isothermal
lines in this figure reflect temperature homogenization due to
improved mixing. This is a hallmark of well-developed convection,
where thermal energy is redistributed by fluid motion rather than
conduction alone.

Figure 19: Weak Circulation (Parapet Roof): Sparse streamlines
and localized stagnation indicate ineffective air circulation. This
pattern typically emerges from obstructive roof geometry like a
parapet, where the flow is detached and pressure differentials are
poorly utilized.

Overall Physical Insight

These figures collectively demonstrate how inclination angle, roof
geometry, and thermal boundary conditions affect: Buoyancy
strength, Recirculation zones, Temperature stratification and
Natural ventilation efficiency.

Recirculation Length

Recirculation at y = 017168 x 10~° shows that convective
instability begins very close to the heated wall, forming a localized
vortex due to buoyancy and pressure gradient interactions. This
reflects early thermal boundary layer detachment, which can
impact both flow structure and heat transfer efficiency. At this
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location, fluid particles reverse direction, indicating the presence of
a secondary recirculation cell or vortex. This could be due to
interaction between the main upward convective flow and opposing
pressure gradients induced by the inclination. At certain inclination
angles, buoyancy forces can become strong enough to induce
instabilities near the lower wall, especially if that wall is heated. This
causes flow reversal near the start of the boundary layer.
Recirculation regions enhance local mixing, which can lead to
higher local Nusselt numbers (enhanced heat transfer). However,
if the recirculation is too small or stagnant, it could act as a thermal
resistance pocket.

CONCLUSION

This study demonstrates that the inclination angle of airflow 6, the
effective thermal coefficient Ty, and the Prandtl number Pr
substantially influence natural convection performance in
ventilated enclosures. Inclination 6 changes gravity's projection,
reshaping flow and heat behavior. As airflow angle 8 increases,
both the velocity magnitude and temperature gradient decrease,
indicating a weakening of buoyancy-driven flow. Similarly, higher
values of T and Pr reduce the strength of convective currents and
increase  thermal  stratification,  diminishing  ventilation
effectiveness. The presence of opposing flows at upper boundary
conditions introduces asymmetry and complexity to the flow
structure; however, the stack effect remains robust under optimal
thermal conditions. The airflow angle also significantly affects
system performance, with lower angles (e.g., 30°) promoting
stronger flow and better thermal exchange.

Overall, optimal ventilation conditions are achieved when T, and
Pr are minimized and the inlet angle 8 is small. These findings
offer valuable insights into the passive control of indoor climate
using buoyancy-driven airflow and support future design strategies
for naturally ventilated systems.
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