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ARTICLE INFO ABSTRACT
Article history: The analysis of heat transfer problems can be highly complex due to factors such as
Received 13 August 2023 temperature, position, and time. Most heat transfers are typically two-dimensional as

Received in revised form 24 October 2023 conduction is often negligible in the third dimension. Two-dimensional heat conduction
Accepted 2 November 2023 problems can be solved analytically or numerically. In steady-state conditions, the Laplace
Available online 15 November 2023 equation can be applied to solve two-dimensional heat conduction problems analytically,
in which the separation of variables method is used to solve the Laplace equation under
fixed boundary conditions to determine the temperature at a specific point. The Laplace
equation plays a significant role in the solution of heat transfer problems, as it
demonstrates the behavior of linear and non-linear equations in the computational fluid
dynamics domain. Despite their inability to provide exact results at any point, numerical
methods are superior to analytical methods when handling complex geometries with
various boundary conditions. This project involves the development of a computational
code using MATLAB to solve two-dimensional steady-state heat conduction problems
using Gauss-Seidel iterations. Comparing analytical solutions from Excel with numerical
solutions from MATLAB and ANSYS, specifically the developed MATLAB code, revealed an

Keywords: accuracy level of 99.902% for the Laplace equation. An analysis of the produced code from
Numerical method; programming; MATLAB found that it could solve two-dimensional steady-state heat conduction across
modelling heat transfer; optimum grid  gitferent combinations of materials while allowing users to specify initial and boundary
size conditions to produce a contour plot similar to ANSYS.

1. Introduction

Recent advances in modelling and simulation techniques, as well as the use of high-speed
computers, have made it less challenging to conduct thermal and heat transfer analyses. More
models are being created, tested, and used, which simplifies the calculation process and allows for
both immediate results and the prediction of future trends and other auxiliary data. For conventional
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and advanced processes, simulation methods and simulation software like MATLAB, ANSYS, and
SimScale may be used to tackle heat transfer-related issues [1].

Due to the limitations of mathematical techniques, analytical solutions to thermal conduction
differential equations are frequently difficult. Numerical techniques for resolving the heat conduction
problem have long been a study interest due to the development of computer technology. In the
past few decades, heat conduction problems have been effectively resolved utilizing traditional
numerical techniques, including the boundary element, finite volume, and finite difference
approaches. The complexity of engineering techniques is substantially increased by the fact that,
despite the methods' shown correctness, solving discrete equations for heat conduction problems
still necessitates a sizable amount of integral computations. A concentrated effort has thus been
undertaken to research and create novel numerical solution techniques [2].

Li et al., [2] suggested a hidden temperature approach to handle data-driven computational
issues involving one-dimensional heat conduction in a recent study. During the iterative process, this
novel model, which uses an artificial neural network, creates a correspondence link between the
node temperature values, yielding a "Data to Data" answer. Li et al., [2] compared the hidden
temperature method with conventional numerical methods and concluded the hidden temperature
method provides highly accurate in both steady-state and transient conditions.

Matt and Cruz [3] presented a study on two-phase composite heat transfer with a finite element
computational method. This study also emphasized the need for further geometric and physical
model development to produce more accurate computational findings, particularly in the context of
random (disordered) composites' three-dimensional heat conduction. The gap in benchmark results
for effective conductivity in random composites has been emphasized by Matt and Cruz [3].

Building upon these prior studies, the present research aims to contribute to the field of
numerical heat transfer analysis by providing an alternative method to solving two-dimensional heat
transfer. This study aims to develop a computational code that estimates an optimum grid size for
steady-state heat conduction in two dimensions using suitable iterative methods. There are typically
no significant differences in the results obtained after a certain grid size, therefore, fewer iterations
can be undertaken to save time. This code will give researchers and engineers an alternative
numerical approach for efficient and accurate heat transfer analysis.

By addressing the gap in benchmark results for effective conductivity in random composites and
offering a practical computational tool, this study aims to advance the understanding and application
of numerical methods in heat transfer analysis.

In summary, recent advancements in modelling and simulation techniques have paved the way
for more efficient thermal and heat transfer analyses. Numerical methods have gained prominence
due to the limitations of analytical techniques. The hidden temperature method proposed by Li et al.,
[2] has demonstrated high accuracy in one-dimensional heat conduction problems, while the work
of Matt and Cruz [3] highlighted the gap in benchmark results for random composites' effective
conductivity. Following these studies, the current work seeks to incorporate programming as a
method of solving heat transfer problems while analyzing two-dimensional heat transfer across a
variety of material combinations, and contribute to the field of numerical heat transfer analysis.

2. Methodology
2.1 Methodology Flowchart

The methodology, as shown in Figure 1, begins with the development of MATLAB code for

simulating steady-state temperature distribution. The first step involves specifying the grid geometry
and boundary conditions for the heat conduction problem. To evaluate the accuracy of numerical
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solutions, an analytical solution is first performed using Microsoft Excel as a reference.
Simultaneously, a numerical solution is conducted in ANSYS under the same conditions. The analytical
and numerical solutions are then compared to assess the agreement and identify any disparities. If
the numerical solution proves to be inaccurate, refinements are made to the ANSYS model, and if it
is accurate, the methodology proceeds to the development of the MATLAB code. Once the ANSYS
model has been verified as accurate, MATLAB simulations are conducted under the same conditions
as the Excel and ANSYS simulations. The temperature distribution results obtained from the MATLAB
simulation are carefully examined to assess their accuracy and consistency.
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Fig. 1. Methodology flowchart

A comparison is made between the MATLAB results and those from Excel and ANSYS to determine
whether they are in agreement and if any discrepancies exist. A debugging process and rerun of the
simulation may be necessary if the MATLAB results are not accurate, and if they are, multiple
simulations with varying grid sizes may be conducted. Analysis of the results of varying grid sizes is
used to determine the optimum grid size by identifying cases with minimal temperature distribution
differences and reduced computational time, thereby enabling efficient computations. The MATLAB
code is enhanced to model heat transfer across materials, and material properties are input for
analysis. The heat distribution plots of various materials are compared and discussed to gain a deeper
insight of their behaviour and characteristics. The methodology concludes after simulating
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temperature distribution, optimizing grid size, and analyzing heat transfer across various materials
have been achieved.

2.2 Finite Difference Method

Heat transfer problems are most commonly solved using the Laplace equation in the study of
heat conduction. The Laplace equation generally describes equilibrium situations or those that do
not depend explicitly on time, which essentially means steady-state. There are both analytical and
numerical approaches to solving the Laplace equation. In the analytical approach, there are methods
like the integral heat balance method and spreadsheet programs like Microsoft Excel to calculate
temperature distributions. In the numerical approach, solutions are found using numerical methods
such as the finite difference, finite element, or boundary element methods [4]. Due to its simplicity
in implementation, finite difference methods have been widely used in solving heat conduction
problems. This project utilizes the finite difference method to discretize the Laplace equation.

Finite difference methods begin by discretizing space and time coordinates to create a mesh of
nodes. A set of linear algebraic equations (termed nodal equations) can then be derived from the
energy balance applied to the volume elements surrounding the nodes. These equations, containing
as many unknown as nodes in the mesh, are solved through matrix factorization or iterative methods.
In order to obtain the finite difference solutions, computer programs are used since the accuracy of
the approximation increases with the number of nodes [5]. Based on this, the accuracy of the
approximation is inextricably tied to the grid resolution. As grid resolution increases, smaller grid
squares are created, resulting in more accurate results at the cost of additional computational
resources.

Figure 2 illustrates a section of a body subdivided into several small volumes using equal divisions
in the x- and y- directions. Nodal points (nodes) of these volumes are denoted with (m+1, n), (m, n),
(m-1, n), etc., where m and n represent x and y increments respectively. At the nodal points of each
volume, it is assumed that the thermal properties are concentrated. A finite difference approach is
used to approximate the Laplace equation's differentials to obtain temperature at the nodal points
[5]. Nodal equations should be written for each node, with temperature as the unknown. Once the
equations are derived, the temperature at each node is obtained by solving them [6].
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Fig. 2. Defined nomenclature for two-dimensional

numerical analysis [5]

138



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 111, Issue 1 (2023) 135-155

2.3 Numerical Modelling and Simulation using ANSYS

This section delves into numerical modelling and simulation using ANSYS, providing valuable
insights into temperature distribution and comparing the nodal temperature analytical solution with
that of numerical modelling. Simulations of temperature distribution were conducted using the
ANSYS simulation software to compare the calculated nodal temperature analytical solution with the
simulated numerical temperature distribution. Based on the simulation, a block with dimensions of
1m-by-1m was used, and since the three edges are of the same temperature, the three edges are
assumed to be insulated. Consequently, there is no conduction or convection on those sides, except
for the top edge where air is present. The block dimensions were determined based on the geometry
of the grid used to calculate the nodal temperature in Excel. The parameters used in both the ANSYS
simulation and Excel calculation were kept the same as much as possible in order to ensure a fair
comparison of results. The specifications for the simulation are provided in Table 1.

Table 1

ANSYS simulation specifications

Property Value Units
Left Edge Temperature 500 K

Right Edge Temperature 500 K
Bottom Edge Temperature 500 K

Top Edge Temperature 300 K
Ambient Temperature 300 K

Top Edge Heat Transfer Coefficient 40 W/m?2.K

To verify, validate, and benchmark the accuracy of numerical solutions like MATLAB in solving
heat conduction problems, the obtained results from MATLAB were compared to ANSYS results and
Excel analytical solutions. As there are no experimental results in the modelling of heat transfer
across materials, it is necessary to validate ANSYS numerical data to demonstrate that the MATLAB
solver is able to predict outcomes accurately and reliably by comparing them with established
correlations in the literature [7]. Additionally, by comparing both analytical and numerical solutions,
it can be determined if numerical methods are accurate, which, in turn, may be used to determine
the computational cost in terms of grid size and time. While the numerical method does not provide
exact solutions to two-dimensional heat conduction problems, it is more applicable and has sufficient
accuracy to be used in solving them, as the analytical method is only suitable for solving problems
with simple boundary conditions [8]. The implementation of this method would contribute to the
project's objective of determining the optimum grid size by saving time on executing the code.

2.4 Analytical Calculation using Excel

In contrast to an analytical solution, which allows for temperature distribution at any point of
interest in a medium, a numerical solution enables the determination of the temperature at only
discrete points. Analytical solutions based on Eq. (1) would be compared with numerical solutions on
ANSYS to determine which provides a more accurate distribution of temperatures. Eq. (1) was
derived from a solution to the Laplace equation for two-dimensional heat conduction under steady-
state conditions by using the separation of variables method.

. nmy
(-0)™1+1 . nmx Sinh (=)

2y
6(x,y) =;Zn=175m7m (1)
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Figure 3 displays the grid used for the calculation of the nodal temperature in the Excel analytical
solution. In order to verify the reliability of the numerical simulation, it was necessary to perform the
numerical simulation using the same boundary conditions as those shown in Figure 3, which ensured
that similar results were obtained from the analytical results on Excel. Furthermore, the numerical
simulation and analytical solution are used as benchmarks to assess the functionality of the MATLAB-
developed code.

300K 300K 300K
» 500K 500K
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Fig. 3. Grid for nodal temperature calculation in analytical
solution

2.5 Numerical Computation using MATLAB

To validate the numerical solution, MATLAB was employed as a computational tool to explore an
alternative numerical approach. As a result, a numerical solution comparable to that validated
through ANSYS simulations could be developed and assessed. The numerical solution, once validated
by comparing the analytical and numerical solutions, can thus be developed using MATLAB as an
alternative numerical method. In order to validate the MATLAB code, a simulation was performed
under similar conditions to the one that was conducted with ANSYS. An essential aspect of numerical
studies is the validation of numerical codes to ensure their accuracy in comparison with other
previous studies. Additionally, the code validation process facilitates the test of the code prior to its
execution [9]. In general, it should produce the same results or results very similar to those of
previous studies. Furthermore, it is crucial to gain a thorough understanding of a numerical code's
capabilities and limitations in order to achieve high accuracy [10]. A fair comparison of results was
ensured by using identical geometry, grid size, and boundary conditions to those used in the ANSYS
simulation. The block measures 1m-by-1m. has a grid size of 5X5, and the edges of the block display
identical temperatures. A point of interest will be selected after the simulation is complete in order
to determine whether the temperature at that point is similar for all three methods. By verifying the
accuracy of the MATLAB code, the optimum grid size can be determined, and boundary conditions
and material properties may be manipulated in order to study how each factor affects heat transfer.
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3. Results
3.1 Comparison of Analytical and Numerical Solutions from Excel and ANSYS

Calculations of the nodal temperature were performed using an Excel spreadsheet, which
enabled a systematic analysis of the temperature distribution. Table 2 presents the calculated
temperature values at specific nodes within the block. The recorded temperature values at different
nodes serve as useful reference values for subsequent validation of numerical simulation tools such
as ANSYS and MATLAB.

A comparison with the analytical solution is necessary to validate the numerical solution [4].
Comparing Table 2 and Figure 4, it is clear that ANSYS exhibits a distinct difference in temperature
change compared to Excel. It is evident from both figures that the temperature contour in ANSYS is
much smoother, provides a better view of the distribution of heat across the block, and allows a more
accurate analysis of heat transfer rates. In addition, the ability of mesh refinements for the numerical
solution leads to higher accuracy in the results obtained.

Table 2
Calculated Nodal Temperature Analytical Solution using Excel
y X

0 0.25 0.5 0.75 1
1 500 301.18 300.84 301.18 500
0.75 500 413.59 391.89 413.59 500
0.5 500 463.59 450 463.59 500
0.25 500 486.41 480.92 486.41 500
0 500 500 500 500 500

0,000 0500 1.000m)
I 02— 0000

0.250 0.750

Fig. 4. ANSYS simulation with the same boundary conditions as Excel analytical solution

Mesh refinement is essential for increasing the accuracy of a numerical solution created with
finite elements [11]. An iterative refinement process involves finding the solution, calculating error
estimates, and refining parts of the model with high error rates. In comparison to the analytical
method, the numerical method is a better solution for solving two-dimensional steady-state heat
conduction problems since the accuracy of the results retrieved is higher. In a comparison of both
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analytical and numerical solutions, it can be concluded that both results are almost the same. If
accurate results from ANSYS are desired, generating a finer mesh in the block is essential, whereby
results obtained for a fine mesh can be compared with those obtained for a coarse mesh.

3.2 Validation of MATLAB Numerical Solution

In the following stage of analysis, a simulation was carried out under similar conditions done on
ANSYS from the computational code developed on MATLAB. A fair comparison of results was ensured
by using identical block dimensions, grid size, and boundary conditions to those used in the ANSYS
simulation. The block measure 1m-by-1m, has a grid size of 5X5, and the edges of the block display
identical temperatures. Based on the simulation performed under these conditions, the MATLAB
code produced a plot, as shown in Figure 5, which showed similar results to those obtained from
ANSYS due to the approximate similarity of the temperature distribution. Comparing the results
obtained from the three methods showed that the temperatures determined at each discrete point
were similar. Accordingly, this validates the accuracy of the numerical solution and the possibility of
calculating temperature distributions further using this method.

Temperature Distribution Plot for Gauss Seidel Method
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300
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- 420
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0 0.25 o 0.5 0.75 1
Length (m)

Fig. 5. MATLAB simulation with the same boundary
conditions as Excel and ANSYS

3.3 Obtaining Optimum Grid Size

Verification processes have a direct impact on the validity and accuracy of the obtained
outcomes. Accordingly, it is necessary to determine the optimum grid size prior to performing
simulations, also known as a grid independence test in other studies [12]. Grid independence tests
are generally conducted as part of the process of designing an optimal grid, because an optimal grid
is required to produce accurate results. However, the approximate solution of each grid also has an
impact on the accuracy of the overall simulation results. A critical factor that influences the total
computational cost and the accuracy of simulation analysis results is the number of grids. Coarse
grids result in significant spatial discretization errors, reducing the accuracy of the analysis results
[13]. Meanwhile, too many fine grids may increase the round-off error above the truncation error,
this reducing the accuracy of the results. As a result, it is imperative to determine an appropriate
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number of grids. In many CFD studies, grid independence tests were conducted in order to determine
the optimum grid size. Based on an evaluation of several grid conditions, the grid independence test
aims to find the optimal grid condition with the fewest number of grids without causing a difference
in the numerical results [14].

In this project, one of the objectives was to determine the optimum grid size. In general, after a
certain grid size, the results obtained will show minimal differences. It is therefore possible to save
computational costs by not having to run so many iterations once an ideal grid size has been
determined. Several simulations were conducted with various grid sizes in order to determine the
optimum grid size. Additionally, the number of iterations was calculated at the point where the code
enters the while loop, which continues until the difference between the current and previous
solutions is less than the tolerance. The elapsed time for execution of the code was calculated and
compared against the other grid sizes. The elapsed time can be used to determine which is the
optimum grid size based on the shortest amount of time required to achieve the same results as the
analytical solution [15,16].

A compilation of results obtained for various grid sizes can be found in Table 3, which shows the
number of iterations required for Gauss-Seidel to reach convergence and the average time required
for the code to be executed. Also shown in Figure 6 to Figure 13 are plots of error against iterations
and temperature distribution contours for various grid sizes with fixed boundary temperatures. The
presented results will allow an improved analysis and comparison to be made in order to determine
an optimum grid size.

Table 3

Matlab numerical results of various grid sizes with fixed boundary
temperature

Grid Size Iterations Elapsed Time (s)
5%5 36 0.007724

9x9 140 0.012809
17x17 494 0.022205
33%33 1692 0.125093
65X65 5624 0.280241
129x%x129 17896 3.653261
257%x257 53172 39.199266
513x513 139047 566.910094

Temperature Distribution Plot for Gauss Seidel Method
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Fig. 6. Results of 5X5 Grid Size
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Temperature Distribution Plot for Gauss Seidel Method
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Fig. 9. Results of 3333 Grid Size
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Observing the error and temperature distribution plots, the optimum grid size appears to be
65X65. The reason for this is the fact that from observing the contour of the temperature distribution
for all grid sizes after, there are no evident differences. Furthermore, it can also be observed in the
graphs of increasing grid size that there is a steep decrease in error as iterations increases. However,
if elapsed time were to be compared, 65X65 seems to be the optimum grid size since it takes the
least amount of time to execute the code. In addition, Figure 14 supports this analysis when a
reference point has been taken from the analytical solution, as shown in Table 2, to determine if the
same reference point would produce the same results on the contour plot of the temperature

distribution.
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Fig. 14. Reference Point of 65X65 Grid Size
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Based on the x and y coordinates equal to 0.5, the analytical solution obtained 450K as the
temperature. Using the same reference point, the temperature plot for the 65X65 grid size produced
a value of 449.56K, nearly the same as the analytical result. Using a 65X65 grid size can produce
similar results to the analytical solution, thus saving time without running as many iterations.

3.4 Heat Transfer Across Different Materials

Simulations have been conducted on various materials to investigate the transfer of heat
between them. For each simulation, the dimensions of the materials and boundary conditions have
been altered to determine if there are significant differences in the contour plots of the temperature
distribution. Unlike the simulations presented in the earlier sections, the simulations in this section
incorporate a new thermal conductivity parameter, which measures a material's ability to conduct
heat.

3.4.1 Aluminium and wood

The first test focused on aluminium and wood. The thermal conductivity values used for
aluminium were 237 W/m-K and 0.17 W/m-K for wood, under the assumption that the ambient
temperature is 300K [17,18]. For the first test involving these two materials, there were two
simulations carried out with varying widths. In the first simulation, aluminium was simulated on the
left and wood on the right, separated on a left-right axis. Aluminium and wood were simulated with
widths of 0.3m and 0.7m, respectively. As part of this simulation, a fixed temperature of 500K is
applied at the left boundary, convection at the right boundary, and insulation and the top and bottom
boundary. Table 4 and Figure 15 illustrate the results of this simulation.

Table 4

Matlab numerical results of various grid sizes for Simulation 1
Grid Size Iterations Elapsed Time (s)
5%5 34 0.038627

9%x9 95 0.023307

17x17 297 0.030171

33%33 961 0.106162

65X65 3141 0.445498
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Fig. 15. 65 % 65 Grid for Aluminium (Left) and Wood (Right) — Fixed
Temperature (Left), Convection (Right), Insulation (Top and Bottom)

In the second simulation, wood was simulated on the left and aluminium on the right, separated
on a left-right axis. Wood and aluminium were simulated with widths of 0.3m and 0.7m, respectively.
In this simulation, the same boundary conditions are applied as in Simulation 1. Table 5 and Figure
16 illustrate the results of this simulation.

Table 5

Matlab numerical results of various grid sizes for Simulation 2
Grid Size Iterations Elapsed Time (s)

5%5 70 0.027982

9x%9 173 0.036485

17x17 481 0.048386

33X33 1384 0.213352

65X65 3983 0.744630
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Temperature Distribution Contour
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Fig. 16. 65X65 Grid for Wood (Left) and Aluminium (Right) — Fixed
Temperature (Left), Convection (Right), Insulation (Top and Bottom)

Despite the same boundary conditions and material used in both simulations, both plots
produced significant differences in temperature distributions. As the width of the materials was kept
constant, this indicates that material placement is crucial in analyzing heat transfer across a variety
of materials with different thermal properties. Furthermore, based on the analysis of the two plots,
it appears that conduction is likely to dominate heat transfer between aluminium and wood in
contact. A further conclusion that can be drawn is that aluminium is a much better conductor of heat
than wood, owing to its higher thermal conductivity. Consequently, aluminium is able to transfer
heat much more effectively than wood. It is natural for heat to flow from the object with the higher
thermal conductivity to the object with the lower thermal conductivity when two objects made of
different materials are in contact with one another [19]. A clearer example of this can be seen in
Figure 16, where aluminium was simulated on the left and wood on the right. There is a rapid
temperature change when heat is transferred from aluminium to wood. The difference between
wood simulated on the left and aluminium simulated on the right indicates that heat dissipates slowly
from wood to aluminium, supporting the hypothesis that materials with a lower conductivity are
poorer heat conductors.

3.4.2 Copper and styrofoam

The second test focused on copper and styrofoam. The thermal conductivity values used for
copper were 413 W/m-K and 0.027 W/m-K for styrofoam, under the assumption that the ambient
temperature is 300K [20,21]. For the second test involving these two materials, there were two
simulations carried out with varying widths. In the first simulation, copper was simulated on the left
and styrofoam on the right, separated on a left-right axis. Copper and styrofoam were simulated with
widths of 0.8m and 0.2m, respectively. As part of this simulation, a fixed temperature of 500K is
applied at the bottom boundary, convection at the top and left boundary, and insulation at the right
boundary. Table 6 and Figure 17 illustrate the results of this simulation.
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Table 6

Matlab numerical results of various grid sizes for Simulation 1
Grid Size Iterations Elapsed Time (s)

5%5 38 0.025315

9X%x9 112 0.028011

17x17 373 0.040246

33%33 1213 0.163970

65X65 3775 0.616496

Temperature Distribution Contour
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Fig. 17. 65X65 Grid for Copper (Left) and Styrofoam (Right) — Fixed
Temperature (Bottom), Convection (Top and Left), Insulation (Right)
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In the second simulation, styrofoam was simulated on the left and copper on the right, separated
on a left-right axis. Styrofoam and copper were simulated with widths of 0.8m and 0.2m, respectively.
In this simulation, the same boundary conditions are applied as in Simulation 1. Table 7 and Figure
18 illustrate the results of this simulation.

Table 7

Matlab numerical results of various grid sizes for Simulation 2
Grid Size Iterations Elapsed Time (s)

5%5 72 0.029423

9%x9 160 0.028720

17x17 400 0.046871

33%33 1100 0.160142

65X65 3195 0.856505

150



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 111, Issue 1 (2023) 135-155

Temperature Distribution Contour
1 T q—&ow—r .“‘5’a

0.75

1200

0.5 F
1 250

Height (m)

4300

0.25

DO 0.25 0.5 0.75 1
Length (m)
Fig. 18. 65X65 Grid for Styrofoam (Left) and Copper (Right) — Fixed

Temperature (Bottom), Convection (Top and Left), Insulation (Right)

Based on the plots presented in Figure 17 and Figure 18, the temperature distribution did not
appear to be similar. It is easy, however, to differentiate the boundary conditions at first glance.
Clearly, convection occurs at the top and left boundaries, as indicated by the widely spaced contour
lines, which indicate rapid changes in temperature. There is insulation at the right boundary, which
has a fixed temperature of 300K to prevent heat transfer to the surrounding environment, as well as
a fixed temperature at the bottom boundary that illustrates how 500K slowly dissipates heat across
the boundaries. Styrofoam as an insulated conductor appears to show a gradual change in
temperature by the closely spaced contour lines in Figure 17 when compared to the insulated
boundary in Figure 18, with copper simulated on the right. Similarly, convection is more prominent
in Figure 18, where there is a drastic temperature change at the left and top boundaries. It is also
evident that when copper occupies a larger width of 0.8m in the first simulation, heat dissipates
rapidly, as can be seen by the widely spaced contour lines extending from the bottom boundary. It
appears that convection is causing heat dissipation to be slowed down in the same simulation, as the
temperature is seen slowly decreasing towards the right insulated boundary.

3.4.3 Porcelain and granite

In previous sections, heat transfer has been examined across different combinations of materials.
In order to gain a better understanding of how heat transfer occurs in our daily lives, practical
applications have been used to study how realistic materials transfer heat. This section discusses
underfloor heating in cold climates as an example. Essentially, underfloor heating entails warming up
a home with flexible and strong tubing embedded in the floor. As an efficient and affordable means
of providing thermal comfort, it is a superior alternative to radiators in many respects. When using
underfloor heating, tile and stone are the most suitable flooring types. In order to study the heat
transfer between porcelain and granite, which is commonly used in tiles and stones, simulations of
these materials are being conducted.

For the simulation of porcelain and granite, the thermal conductivity values used for porcelain
were 1.5 W/m-K and 3.1 W/m-K for granite, under the assumption that the ambient temperature is
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300K [22,23]. As part of the current test involving these two materials, two simulations were
performed. In the first simulation, porcelain was simulated on the left and granite on the right,
separated on a left-right axis. Porcelain and granite were simulated with equal widths of 0.5m each.
As part of this simulation, a fixed temperature of 320K is applied at the bottom boundary, convection
at the top boundary, and insulation at the left and right boundary. Furthermore, the simulations were
conducted with parameter values and boundary conditions that were as close to those in reality as
possible. Generally, the floor heating system operates at a temperature of 45°C, which is
approximately 320K [24]. Table 8 and Figure 19 illustrate the results of this simulation.

Table 8

Matlab numerical results of various grid sizes for Simulation 1
Grid Size Iterations Elapsed Time (s)

5%5 35 0.016309

9Xx9 98 0.022122

17x17 299 0.033567

33%33 954 0.123004

65X65 3074 0.434522
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Fig. 19. 65%65 Grid for Porcelain (Left) and Granite (Right) — Fixed
Temperature (Bottom), Convection (Top), Insulation (Left and Right)

In the second simulation, granite was simulated on the left and porcelain on the right, separated
on a left-right axis. Granite and porcelain were simulated with equal widths of 0.5m each. In this
simulation, the same boundary conditions are applied as in Simulation 1. Table 9 and Figure 20
illustrate the results of this simulation.

Table 9

Matlab numerical results of various grid sizes for Simulation 1
Grid Size Iterations Elapsed Time (s)

5%5 30 0.021680

9X%x9 900 0.020998

17x17 286 0.034629

33%33 932 0.105756

65%65 3039 0.380941
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Fig. 20. 65X65 Grid for Granite (Left) and Porcelain (Right) — Fixed
Temperature (Bottom), Convection (Top), Insulation (Left and Right)

It appears that there are no apparent differences between the two temperature distribution plots
in Figure 19 and Figure 20, despite simulating the materials at different positions. As can be seen
from the plots, heat is readily dissipated from the bottom boundary, where the temperature is fixed,
to the top boundary, where it is insulated on the sides. The plots clearly depict how an underfloor
heating system dissipates heat.

In general, heat flows from hotter to colder regions, and the ground temperature is usually lower
than the temperature of the underground heating element. As a result of the convection that occurs
at the top of the floor, the room can be heated evenly. Upon heating, the air near the floor rises,
creating a natural convection current that circulates warm air throughout the space. In this manner,
heat can be distributed evenly across the room, and hot spots and cold spots can be avoided. By
insulating the sides of the underfloor heating system, the heat loss to the surrounding environment
can be reduced. Thus, the underfloor heating system may be more efficient, and energy consumption
may be reduced. Generally, underfloor heating systems are most effective when convection is
applied to the top surface of the floor and insulation is applied to its sides, ensuring an even and
efficient distribution of heat throughout the space.

4. Conclusions

The purpose of this study was to develop a computational code for solving two-dimensional
steady-state heat conduction problems using Gauss-Seidel iterations. The developed code models
heat transfer accurately across a variety of combinations of materials and allows users to input initial
and boundary conditions to produce contour plots identical to those produced by ANSYS. By
comparing analytical and numerical solutions obtained from Excel, MATLAB and ANSYS, the accuracy
of numerical solutions for the Laplace equation was evaluated and verified. Results of this study have
proven that solutions from Excel and MATLAB are just as accurate as costly programs like ANSYS.
Furthermore, simulations with different grid sizes were conducted in order to determine the
optimum grid size. Findings have suggested that once an ideal grid size has been determined, it is
possible to save time by not having to run so many iterations. Analysis of the results has concluded
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65X65 as the optimum grid size since it required a significantly shorter execution time for the code
while achieving the same results as the analytical solution. To conclude, this study presents a method
of calculating heat transfer by numerical means that is both accurate and efficient. As a result of the
development of this code, it can be used in the analysis of two-dimensional heat transfer between
different combinations of materials. On the basis of these findings, future studies can further
optimize the code and increase the complexity of the simulations, such as simulating heat conduction
through irregular shapes.
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