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Abstract. This study presents a numerical investigation of laminar free convection flow between vertical par-
allel flat plates subjected to asymmetric uniform wall temperatures. The left and right walls are maintained
at constant but different temperatures, with the right wall being hotter. A fluid at a uniform temperature, less
than or equal to the cooler left wall temperature, enters the channel. The governing equations are solved us-
ing the finite volume method in OpenFOAM v13. A grid convergence study is conducted using systematically
refined meshes to ensure the spatial independence of the results. The numerical solutions demonstrate ex-
cellent agreement with classical analytical profiles for fully developed flow. The linear analytical temperature
profile is accurately captured even on coarser grids. In contrast, the cubic velocity profile requires more grid
resolution to be precisely reproduced. The results validate the numerical methodology and provide insight
into the mesh requirements for accurately simulating such natural convection flows.
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1. Introduction

The motivation of this article is to serve as a starting point for the simulation of solar chimneys.
Free convection is the driving force that generates flow in a solar chimney. The steady-state, fully
developed laminar free convection between parallel flat plates is one of the most basic cases of
free convection. Additionally, it has an analytical solution, which allows for a direct comparison
and validation of simulation results in terms of velocity, temperature, pressure, and flow rate.
Solar chimneys, as a passive and sustainable ventilation and energy generation technology,
have been the subject of extensive recent research. Contemporary studies have focused on
optimizing their complex geometries, including roof-mounted configurations [1-3], high-rise
designs for uniform flow [4, 5], and folded or curved fagades [6, 7]. The performance of these
systems under various climatic conditions and integration with other building components, such
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as earth-to-air heat exchangers [8] or within specific building types like aged-care centers [9]
and urban tunnels [10], has been rigorously investigated. Furthermore, comprehensive reviews
by [11] and [12] underscore the maturity of the field while highlighting the persistent reliance on
Computational Fluid Dynamics (CFD) as a primary investigative tool.

The accuracy of any CFD simulation for such applications, however, is fundamentally depen-
dent on the proper resolution of the buoyancy-driven flow physics at its core. Before tackling the
geometrical and turbulent complexities of real-world solar chimneys, it is imperative to ensure
that the numerical methodology can precisely reproduce the underlying convective phenomena.
The canonical case of laminar free convection between vertical, asymmetrically heated parallel
plates serves as a critical benchmark for this purpose [13-18]. This flow configuration is not only
representative of the core physics in a solar chimney’s flow channel but also possesses a well-
established analytical solution [13, 14] providing an unambiguous standard for code verification.

While Direct Numerical Simulation (DNS) studies of turbulent flows in similar configurations
exist [19], and several authors have employed CFD for performance analysis [20, 21], a clear
gap remains in the literature regarding the meticulous verification of the numerical schemes
and mesh requirements specifically for the laminar case using open-source CFD software Open-
FOAM. Many studies proceed directly to complex applications without first demonstrating that
their solver can accurately capture the basic velocity and temperature profiles that form the
building blocks of the flow. This step is crucial for gaining confidence in simulation results, as
errors introduced at this fundamental level can propagate and be amplified in more complex
cases.

Therefore, this study aims to bridge this gap by presenting a detailed numerical investiga-
tion of the thermally developing, laminar free convection between vertical parallel plates with
asymmetric uniform wall temperatures. Using the open-source CFD toolbox OpenFOAM, we sys-
tematically perform a grid convergence study to establish the mesh independence of the results.
The primary objective is to validate the numerical methodology by demonstrating its ability to
asymptotically approach the classical analytical solutions for both the temperature and velocity
profiles in the fully developed regime. By doing so, this work provides a verified foundation upon
which more complex simulations of solar chimneys and other natural convection applications
can be reliably built.

2. Problem statement

This section details the equations that govern the laminar free convection between vertical
parallel plates as well as the boundary conditions and adimensionalization of equations and
variables.

2.1. Governing Equations

The flow is assumed to be two-dimensional, steady, incompressible and laminar. The Boussinesq
approximation is adopted to model the buoyancy force, whereby density variations are consid-
ered only in the body force term of the momentum equation. Under these assumptions, the gov-
erning equations for conservation of mass, momentum, and energy are given by:

V-u=0, €y

1
u-Vu+ ;Vp—vAu:ﬁ(T—To)g, 2)
u-VI—-aAT =0, (3)
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where u is the velocity vector, p is the pressure, T is the temperature, g is the gravitational
acceleration vector, p is the reference density, v is the kinematic viscosity, « = k/(pc) is the
thermal diffusivity, f is the thermal expansion coefficient and Tj is the reference temperature.

2.2. Dimensionless Governing Equations

The dimensionless governing equations [13, 14], taking into account that U = 0, V(X) and 6(X)

are:
dp
ax - 0, 4)
d—P - dZ_V = 5)
dy dxz 7
_ dz_g -0 (6)
dxz 7
where,
X Yy
X= o Y= Gr’ (7)
v’ IvGr’
_(p-po)b* | T-Ty @
pl2v2Gr2’ T Ti-Tp
4
Przu—kc, Grzw. (10)
The temperature difference ratio r7 is defined as:
rr= ;j_;g 80
whereas the dimensionless flow rate is:
_ Llobz (12)
IvGr’

2.3. Dimensionless Exact Solution

The exact solution [13, 14] for dimensionless velocity, pressure and temperature is:

U=0, (13)

3 X? X
V=(r-1)—-rr—+QRrr+1)=, 14
(rr—1) 6 T @rr )6 (14)
P=0, (15)
0=QAQ-rpX+rr. (16)

The volumetric flow rate is:
rr+1
M=—-:. (17)
24

The dimensionless average velocity is:
Up =M. (18)
The dimensionless coordinate of the maximum velocity is:
2rr+1
- 3rr+ A’

19)

max
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where A=/3(r% +rr+1).

The dimensionless maximum velocity is:

Xmax
Umax = 18 [3@2r7+1)—(6r7 + A) Xmax] - 20)

2.4. Domain and Boundary Conditions

The domain is a two-dimensional vertical channel of height L and gap width b, as illustrated in

Figure 1.
y outlet
lg
wall 2 wall 1
l
mass
flow
b .
inlet *

Figure 1. Schematic of the computational domain and boundary conditions.

The following boundary conditions are applied:

« Right Wall (hot): No-slip velocity condition u = 0 and uniform wall temperature 7 = T;.
o Left Wall (cold): No-slip velocity condition u = 0 and uniform wall temperature T = T».
o Inlet (bottom): uniform pressure p = 0 and linear temperature variation T(x =0) = T
and T(x=b) =Tj.
¢ Outlet (top): uniform pressure p = 0 with zero-gradient for velocity and temperature.
The average temperature is defined as:

— T+ T
T= 12 2 @1)

and the average temperature difference is:

2
H
I
~|
|
S

(22)

2.5. Fluid properties, domain size and boundary values

The values used for the simulation are for air at atmospheric pressure and temperature of 30 C.
The values are summarized in Table 1.
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Table 1. Values of magnitudes and derived magnitudes.

Magnitude Value Derived Magnitude Value

g 9.8 m/s? T 40°C

Ty 30°C v 1.608E-5 m?/s
T 42.5°C k 0.02588 W/ (m K)
T, 37.5°C a 2.208E-5 m?/s
b 0.005 m Gr 0.6512

l 1.5m rr 0.6

) 1.164kg/m® AT 10°C

B 3.299E-31/K - -

c 1007)/(kgK) - -

u 1.872E-5Pas - -

Pr 0.7282 - -

3. Numerical simulation procedure

The open-source Computational Fluid Dynamics (CFD) toolbox OpenFOAM (version v13) was
used to solve the governing equations (1)-(3). The steady-state solver £1uid, which imple-
ments the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm for pressure-
velocity coupling, was employed.

The spatial discretization schemes were first-order accurate. The Gauss linear scheme was
used for the gradient terms, the bounded Gauss upwind scheme was used for the divergence
terms and the Gauss linear corrected scheme was used for the Laplacian terms. An under-
relaxation factor of 0.8 was applied to ensure numerical stability during the iterative solution
process. Simulations were considered converged when the normalized residuals for all variables
fell below 1078, More details of the exact set up can be seen in the OpenFOAM case file.

3.1. Mesh Independence Study

A systematic grid convergence study was conducted to ensure that the numerical results were
independent of the mesh resolution. Three sequentially refined structured meshes were gener-
ated, characterized by an increasing number of cells in the transverse direction to better resolve
the fluid field. The details of these meshes are provided in Table 2.

Table 2. Details of the meshes used for the grid convergence study.

Mesh Number of Cells (N, x Ny) Total Cells

Mesh04 4 x 100 400
Mesh08 8 x 100 800
Mesh16 16 x 100 1,600

4. Results and discussion

This section presents and discusses the numerical results obtained from the simulations of fully
developed laminar free convection flow in a vertical channel. The primary objective is to validate
the computational methodology by comparing the predicted temperature and velocity profiles
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against the analytical solution. The influence of mesh resolution on the accuracy of these profiles
is examined in detail.

The fully developed profiles were measured at 80% of channel height H in order to be suffi-
ciently downstream of the flow and to have a reasonable separation from the outlet boundary.

4.1. Temperature Profile

Figure 2 shows the dimensionless temperature profile, 6, across the channel width for the three
meshes alongside the analytical solution. As anticipated by the linear form of the analytical solu-
tion for the temperature field in the fully developed region, the numerical method reproduces it
with exceptional accuracy across all mesh resolutions, including the coarsest mesh. The profiles
are visually indistinguishable from the analytical line.

The correct imposition of the Dirichlet boundary conditions is confirmed by the data points
at the walls; the dimensionless temperature at the left wall (X = 0) is 8 = 0.0 and at the right wall
(X =1) is 8 = 1.0, exactly as specified. This perfect agreement is expected for a linear profile,
as it can be exactly captured by the linear shape functions of the finite volume method, even
with a minimal number of cells. This result serves as a primary check, verifying that the thermal
boundary conditions and the energy equation discretization have been imposed correctly.

1.00 ‘
Analytic
0.95 - Mesho4 o ]
0.90 MeShOS X |
Meshl6 o
0.85 | —
< 0.80 —
0.75 |- —
0.70 _|
0.65 | _
| | | |
O'600.0 0.2 0.4 0.6 0.8 1.0

Figure 2. Temperature profile.

4.2. Velocity Profile

The validation of the velocity field presents a more stringent test for the numerical method.
Figure 3 displays the dimensionless vertical velocity profile, V, for the three meshes compared to
the analytical solution. Velocity was extracted from the mesh by sampling using an interpolation
scheme cellPoint of type 1ineFace.

The no-slip boundary condition is correctly satisfied on both walls (X =0,V =0 and X =
1,V = 0) for all meshes. The location and value of the maximum velocity near the channel
centerline (X = 0.5) are also captured remarkably well, even on the coarsest mesh. Additionally,
it is impressive how, even the coarsest mesh, captures the velocity profile very well.

In order to see the velocity profile by cell values, velocity is plotted in Figure 4. Velocity was
extracted from the mesh by sampling using an interpolation scheme cell of type 1ineCell.
This just takes the cell values (velocity and coordinate) without interpolation. In this figure, the
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Figure 3. Vertical velocity profile.

differences between meshes can be seen more clearly: coarsest mesh produces the less accurate
result and the finest mesh produces the most accurate result as expected. Anyway;, it is still
impressive how even Mesh04 approximates the exact solution.

0.12
ol0L S -
008l SN
~ 006 o/ X 4
004 - £ * Analytic N
: Mesh04 « :
002 -7 Mesh08 x .
! Meshl6 o :
| | | |
0-00,0 0.2 0.4 0.6 0.8 1.0
X

Figure 4. Vertical velocity profile (cell).

4.3. Pressure Profile

Figure 5 displays the dimensionless pressure profile, P, for the three meshes compared to the
analytical solution. Pressure is correctly captured by all the meshes.

4.4. Quantitative Error Analysis

To move beyond a visual comparison, a quantitative analysis of the discretization error was
performed. The relative error in the maximum velocity (ey,,,,) and the relative error in the
position of the maximum velocity (ex,,, ) were calculated for each mesh relative to the analytical
solution. The results are summarized in Table 3. It can be seen that the error in the maximum
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Figure 5. Pressure profile.

velocity is already very small in the coarse mesh and there is very little improvement in the finer
meshes. The error in the position of the maximum velocity as well stays constant, but this is
because Mesh04 to Mesh16 do not capture the maximum velocity position well. We have to point
out that, for this case, the exact velocity profile is not symmetric and the maximum velocity is
reached at X = 0.5207. However, the meshes we are using do not capture that point closely. To
overcome that, a mesh with 15 divisions is added to the table and it shows better agreement with
the maximum velocity and position.

Table 3. Quantitative error analysis for the maximum vertical velocity.

Mesh Xmax € Xmax (%) Vinax € Vinax (%)
Mesh04 0.5000 -3.98 0.1000249 0.15
Mesh08 0.5000 -3.98 0.1000257 0.15
Mesh16 0.5000 -3.98 0.1000259 0.15
Mesh15 0.5333 2.42 0.1001343 0.04
Analytical 0.5207 - 0.1001730 -

Now, in order to compare quantitatively the cell velocity, Table 4 shows the error in the
maximum cell velocity value and position. It can be seen the convergence in the the maximum
velocity position as well as the convergence on the maximum velocity value.

Table 4. Quantitative error analysis for the maximum vertical velocity (cell).

Mesh Xmax  €Xpax (%) Vinax € Viax (%)
Mesh04 0.62500 20.0 0.0917403 -8.42
Mesh08 0.56250 8.02 0.1010997 0.92
Mesh16 0.53125 2.02 0.1005507 0.38
Analytical 0.52072 - 0.1001730 -

Let us now compare the dimensionless volumetric flow rate M. Flow rate is a key magnitude to
have into account when analyzing solar chimneys for ventilation. Table 5 shows the volumetric
flow rate and its error for various meshes. It can be seen the monotonous convergence of M when
refining the mesh.
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Table 5. Quantitative error analysis for volumetric flow rate.

Mesh M em (%)
Mesh04 0.0750164 12.5
Mesh08 0.0687656 3.15
Mesh16 0.0672029 0.80
Mesh32 0.0668121 0.22
Mesh64 0.0667140 0.07

Analytical 0.0666667

Let us focus now on mass flow rate. Table 6 shows the mass flow rate for various meshes.
The dimensional mass flow rate (71) was computed taking the depth of the channel equal to its
width. The dimensionless numerical mass flow rate was computed by first converting the mass
flow rate to volumetric flow rate using density at T and then adimensionalyzing this value. The
exact dimensionless mass flow rate was taken equal to the dimensionless volumetric flow rate.

Table 6. Quantitative error analysis for mass flow.

Mesh 1 (kg/s) M e (%)
Mesh04  1.3260E-6 0.0750011  12.5
Mesh08  1.2156E-6 0.0687545  3.13
Meshl6  1.1880E-6 0.0671930  0.79
Mesh32 1.1811E-6  0.0668025  0.20
Mesh64  1.1793E-6 0.0667045  0.06
Analytical 1.1794E-6 0.0666667

Finally, let us analyze the y*. It is denoted yPlus in OpenFOAM notation. Table 7 shows y™*
on the left and right wall for various meshes. It can be seen that even for the coarsest mesh it has
a quite good value nearly 1. For the finer meshes, y* is sufficiently good.

Table 7. Values of y* for various meshes.

Mesh

yHX=0 y*X=1

Mesh04
Mesh08
Mesh16

1.04
0.52
0.26

1.12
0.56
0.28

5. Conclusion

This study has successfully conducted a detailed numerical verification of laminar free convec-
tion in a vertical channel with asymmetric wall temperatures, serving as a foundational bench-
mark for simulating more complex systems like solar chimneys. The key findings and implica-
tions of this work are summarized as follows:
1. Successful Methodology Validation: The implemented model in OpenFOAM v13 has
demonstrated a robust capability for simulating buoyancy-driven flows. The numerical solutions
showed excellent agreement with the analytical profiles for the fully developed region, thereby
validating the chosen computational approach and the implementation of the physical models.
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2. Critical Role of Mesh Resolution: A systematic grid convergence study revealed a distinct
sensitivity to mesh density based on the flow variable of interest. The linear temperature profile,
characteristic of the fully developed thermal field, was accurately reproduced even on relatively
coarse meshes. In contrast, the cubic velocity profile, required progressively finer meshes to
be captured with high fidelity. However, it is impressive how the model captures the velocity
profile even for the coarsest mesh. This underscores the importance of a mesh-independent
study and indicates that the velocity field is the more critical metric for determining sufficient
spatial resolution in this type of simulation.

3. Practical Implications for Solar Chimney Simulation: The findings provide a crucial practi-
cal guideline for CFD modeling of solar chimneys and similar passive ventilation systems. While
simplified models might adequately predict temperature distributions, accurate prediction of air-
flow rates, which is directly tied to the velocity profile, requires a certain grid resolution. This in-
sight is essential for optimizing computational resources without sacrificing the accuracy of key
performance metrics, such as ventilation flow rate.

4. Foundation for Future Work: This rigorously verified setup forms a reliable foundation
for subsequent research. The validated methodology can be confidently extended to investigate
more complex and realistic scenarios, including turbulent flow regimes, geometrically complex
channels relevant to advanced solar chimney designs and transient solar loading conditions.

In conclusion, this work reaffirms the necessity of fundamental verification as a critical first
step in computational fluid dynamics. By establishing a benchmark for accuracy in a canonical
case, it enhances the reliability of future numerical studies aimed at optimizing and designing
efficient natural convection systems for sustainable building engineering.
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