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1 [bookmark: _Toc157341043]Introduction


The purpose of this report was to calculate the temperature distribution within an aluminium plate through time using the explicit finite difference method.
This report discussed the constitutive equation of the 2 dimensional diffusion equation along with the explicit finite difference method.
Additionally, it provided a more comprehensive explanation of the implementation of the code, as well as the initial and boundary conditions.
Furthermore, the validation of the model was executed, and the analytical result was compared to the temperature map. To gain a better understanding of the code's modifications, a sensitivity analysis was conducted. 
The report also highlighted the potential limitations of the coding and numerical method and proposed some possible enhancements.



2 [bookmark: _Toc157341044]The constitutive equation of the problem

As Cengel and Ghajar (2015) described heat transfer encompasses both directionality and magnitude. The rate of heat conduction is proportional to the rate of temperature change. Throughout the conduction of heat within a medium, the temperature fluctuates with respect to both time and location. If the temperature remains unchanged over time, the medium can be deemed as constant. Conversely, if it changes, it can be described as transient or unstable. Heat conduction is regarded as one-dimensional when the flow of heat is prominent in a single direction, two-dimensional when it is significant in two directions, and three-dimensional when it influences all three directions.

The heat equation is a fundamental partial differential equation that expresses how the distribution of heat develops over time in a given region (Gorgius, 2007, p.2973).

Wang and Ni (2019) expressed the two-dimensional variable heat equation without an internal heat source as the following equation.
[bookmark: _Hlk155684378][bookmark: _Hlk155683739]+= 	)
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In this equation,  is the so-called Dirichlet boundary condition, which is a fundamental condition that is essential for solving partial differential equations. This defines the values of the primary variables within the range that the solution should be.
The variable defined by  is the Neumann boundary condition. In contrast to Dirichlet's boundary condition, Neumann's determines the values of the derivative of the variable.
Variable  is named Robin's boundary condition, which is a mixture of the Dirichlet and Neumann conditions mentioned above.
Omega represents the entire range, whose boundary is marked by T, which is the sum of, ,  and .

Alpha indicates the thermal diffusion. Testbook (2023) describe thermal diffusivity as the quotient of thermal conductivity divided by the product of density and specific heat.

K measures the thermal conductivity of the material. Density is a measure of the mass of a given unit volume.
Specific heat is a thermodynamic property that specifies the amount of heat required to raise a unit mass of a substance by one degree of temperature. (Ebbin et al, 2013, p. 242)
In that equation the temperature is denoted as , whereas the Dirichlet boundary condition is specified as . The ambient temperature is represented as , and the initial temperature is denoted as .


3 [bookmark: _Toc157341045]Explicit finite difference form of the constitutive equation.

As Testbook (2023) noted the Taylor series is an approximation method that represents a function with an infinite sum of polynomial terms. Each subsequent term in the series has a greater exponent or higher degree. The Taylor polynomial is derived by truncating the series to a specific term, providing a finite representation of the function.
The Taylor series formula described as the following


This term also can be written as follows:



Chapra (2015) suggested that forward difference approximation could be developed from Taylor series which is the following.




where  is the first forward difference and h is designated as the step size, representing the length of the interval over which the approximation is conducted.
More accurate approximations of the first derivative can be achieved by incorporating higher-order terms of the Taylor series.
Chapra (2015) noted that Taylor series can be used backward to calculate the preceding value based on a current value. The formula of the backward difference approximation is the following.



The truncated and rearranged equation as follows



Where O(h) is the error and  is noted as the first backward difference.
The equation below represents the centered difference of the first derivative.



The finite difference form of the heat equation is the following:

Which can be written as follows:


 is called the Laplacian operator which is defined as the summation of the second partial derivatives of a function.
Chapra (2015) described the Laplacian difference equation as follows:





Based on the given equations, the heat equation can be expressed as follows.






As mentioned by Incropera et al (2007), the Fourier number represents a dimensionless ratio, specifically the relationship between the rate of heat conduction and the rate of thermal energy storage within the solid. For the 2D plate simulation to be valid, it is essential that the Fourier number falls within the stability criterion, specifically within the range of 0 to 0.25.


It follows from the previous findings.



Explicit finite difference formula of the heat equation is employed to calculate the temperature at every grid point on the plate.





4 [bookmark: _Toc157341046]The initial and boundary conditions implemented

The initial domain conditions specified the initial temperature distribution within the 2D plate defined by x and y. The initial temperature on the surface of the plate was zero. The condition was given as:

The predefined boundary conditions for the aluminium plate included setting the temperatures to zero on the left, right, and bottom sides, while Dirichlet boundary conditions were specified for the northern part.
The constant boundary conditions were given as:

As mentioned by Burden (2010), the Dirichlet boundary condition refers to a situation where the temperature distribution is influenced by the temperature pattern along the region's edge. In the context of heat transfer, such as the case of the aluminium plate, Dirichlet boundary conditions define the temperatures at specific points along the plate's boundary, playing a crucial role in formulating the mathematical solution.
The Dirichlet boundary condition was set as following:

Where,


Establishing Dirichlet boundary conditions was crucial in that heat transfer simulations as they provided a way to represent the temperature limits at the boundaries.


5 [bookmark: _Toc157341047]Code’s details and explanations

As Madhu (2021) describes the thermal conductivity is the material that expresses its ability to transfer heat, while thermal diffusivity refers to the rate of heat transfer propagation of a material. K indicated the conductivity of the material, which in this case was 143 W/m.C. The density of the material was given by rho (ρ). The density of aluminium is 2.8* kg/. The specific heat (c) of aluminium was 795 J/kg.C.

Thermal diffusivity was obtained by dividing thermal conductivity by the product of density and specific heat. Then the aluminium plate dimensions length and height (x, y) were specified.

k = 143; 
c = 795; 
rho = 2.8*10^3;

alpha = k / (rho * c); 
disp('alpha');
disp (alpha);

x = 6; 
y = 6; 

The grid spacing value, ‘h’ was determined using the ‘while’ command, which iterated the execution until the specified conditions were satisfied.
These conditions mandated that 'h' should be greater than 0 but equal to or less than 6, and it must be divisible by 6 without any remainder. The ‘mod’ command was used to express division without a remainder. If 'h' did not adhere to the specified criteria, the 'fprintf' command prompted the display of the message 'Your grid space is not valid,' prompting the user to input a new value until the specified requirements were fulfilled

h = input ('Add grid spacing value: ');
while mod(6, h) ~= 0 ||  h<0 || h>=6 
    fprintf('Your grid spacing value is not valid \n'); 
    h = input('Add grid spacing value: ');
end

The dimensions for the number of rows and columns were established, where 'y' denoted the height of the plate, and 'x' represented its width. The expressions (ydim/h)+1 and (xdim/h)+1 determined the count of grid points in the vertical and horizontal directions, respectively.
Using the linspace command, vectors were generated in both the horizontal and vertical axes. The starting point of the vectors was 0, while x and y represented the end point of each vector, with ‘h’ indicating the number of grid points in each direction.
A matrix 'T' populated with zeros was created using the 'zeros' command. 
This matrix initialized the temperature at each grid point to 0. As the code progressed, this matrix underwent updates to reflect alterations in temperature over time.

NR = (ydim/h) + 1; 
NC = (xdim/h) + 1; 
x = linspace(0, xdim, h); 
y = linspace(0, ydim, h)

T = zeros(NR,NC);

disp('T');
disp(T)


This ‘for ’ formula generated a vector starting from 1 until it reached the number of columns. This vector was employed to iterate the code in each column of the temperature matrix, commencing from the first column and progressing to the last.
 The ‘ statement denoted the spatial location of the x-coordinate. The value of ‘’ was computed based on the values ‘’ and ‘’ values.
The conditional statement ‘ checked whether 'v' was equal to or less than 2/3 of the length of the plate. If this condition was satisfied, the formula ’ was executed. This equation established the temperature for the first row, and the current column was based on the formula ’.
The ‘else’ statement signified that if the preceding conditions were not met, i.e. ’ was greater than the length of the plate (), then ’ was executed. The expression  determined the temperature in the first row and current column based on the formula .

for c = 1 : NC 
    v = (c - 1) * h;

    if v <= 2 / 3 * x

        T(1, c) = 12.5 * v;          
    else
        T(1, c) = -25 * v + 150;
    end
end


The following part of the code prompted the user to enter the time increment in seconds. By defining the time step, or delta t, the code computed the Fourier number. The Fourier number was determined by dividing the product of alpha and delta by the square of the grid spacing.
Following this, the delta t value underwent validation using a while loop. If the calculated Fourier number was less than 0 or greater than 0.25, it indicated that the stability criterion for the numerical solution was not met. 
If the value entered by the user did not meet the specified requirements, the program instructed the user to enter a new value.

deltat = input ('Add time increment in seconds: ');
Fo = (alpha * deltat)/(h^2);

while Fo < 0 || Fo> 0.25
  fprintf('Your time increment is not valid \n')

  deltat = input ('Add time increment in seconds: ');
end


The formula ‘’ was to establish a threshold that limited the maximum temperature variation between successive iterations in the simulation. The simulation continued to iterate until the temperature change dropped below the specified threshold.
The formula  specified an initial value of 0.

max_change_threshold = 0.001; 
time = 0; 

The initial condition  indicating that thermal equilibrium had not been reached, was inaccurate since the simulation had just begun. The while loops continued until the initial condition was no longer met. Once the conditions were satisfied, thermal equilibrium was considered reached.
The formula ’ generated a new matrix for the current temperature distribution.

equilibrium_reached = false;  
while ~equilibrium_reached    
    T_new = T; 


The nested loop iterated through each point on the specified plate, updating the temperature of those points while excluding the boundaries. The formula utilized the explicit finite difference method.

    for i = 2:(NR - 1)
        for j = 2:(NC - 1)
            T_new(i, j) = Fo * (T(i+1, j) + T(i-1, j) + T(i, j+1) + T(i, j-1) - (4 - 1/Fo) * T(i, j));
        end
    end

The temperature change was updated at specified intervals, creating a new matrix with updated temperatures, and the corresponding time was displayed. This part of the code also confirmed that the maximum change in temperature increase was below the threshold value. If this condition was met, indicating that the temperature did not change significantly, the simulation reached thermal equilibrium, and the loop was terminated and displayed the time when the thermal equilibrium was reached.


 fprintf('Temperature Distribution at Time: %.4f\n', time);
 disp(T_new);

 max_change = max(abs(T_new - T),[],"all");
 if max_change < max_change_threshold
    equilibrium_reached = true;
  end    

    T = T_new;
    time = time + deltat;
end

disp(T);
fprintf('Thermal equilibrium reached at time = %f seconds\n', time);


The purpose of the latter portion of the code was to validate the 2D diffusion equation model previously computed using the explicit finite difference method. A matrix filled with zeros was generated, and subsequently, identical boundary conditions were applied to both the Ta matrix and the T new matrix.

Ta=zeros(NR,NC);
for c = 1 : NC 
    v = (c - 1) * h;     
    if v <= 2 / 3 * x
        Ta(1, c) = 12.5 * v;
    else
        Ta(1, c) = -25 * v + 150;
    end
end

The loop below iterated through the rows and columns, calculating the temperature for each grid point of the matrix using the following equation




N=200; 
for r=2:NR-1 
    for c=2:NC-1 
        xc = (c - 1) * h; 
        yc = (r - 1) * h; 
        for n = 1:N 
            Ta(r,c) = Ta(r,c)+ ((sin(2 * n * pi / 3) / (n^2 * sinh(n * pi))) * sin(n * pi * xc / 6) * sinh(n * pi * yc / 6));
        end
        Ta(r,c) = (450/pi^2)*Ta(r,c);
    end 
end


The explicit finite difference and analytical method-calculated matrices were visually represented using the following formula.

figure(1)
contourf(flip(T_new));
title('Temperature distribution');
xlabel('X axis');
ylabel('Y axis');
colormap jet;
colorbar;


figure(2)
contourf(flip(Ta));
title('Analytical solution');
xlabel('X axis');
ylabel('Y axis');
colormap jet;
colorbar;







6 [bookmark: _Toc157341048]Validation of the model

To validate the code the grid space was set to 1, the time increment was set to 3600 seconds and the threshold was defined as 0.01.
The thermal equilibrium was reached at 144000 seconds. The T_new matrix in Figure 1 represented the final state, reflecting the updated temperature at thermal equilibrium.

[image: A number of numbers on a white background
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[bookmark: _Toc157340764]Figure 1 - T_new matrix calculated by explicit finite difference method

The computation of each grid point in the Ta matrix was performed using the following equation.


Both matrices shared identical boundary conditions. The temperatures at the grid points of the Ta matrix in Figure 2 and the T_new matrix shown minimal differences.

[image: A number of numbers on a white background
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[bookmark: _Toc157340765]Figure 2 - Ta matrix calculated by analytical method

In Figure 3 below C matrix shown disparities between the grid points of the T_new and Ta matrices, originating from their subtraction. These variations among individual grid points neared zero, providing evidence of the effectiveness of the code developed through the explicit finite difference method.

[image: A number of numbers on a white background
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[bookmark: _Toc157340766]Figure 3 - C matrix (Differnce between T_new and Ta matrices)


Figure 4 below illustrates the temperature distribution across the aluminium plate used explicit finite difference method, while Figure 5 represents the temperature distribution obtained using analytical method. Notably, the heat distribution obtained through the explicit finite difference method along with its visual representation perfectly aligns with the heat distribution figure derived from the analytical method.

[image: ][image: ][bookmark: _Toc157340767]Figure 4 - Temperature distribution (EFDM)

[bookmark: _Toc157340768]		Figure 5 - Temperature distribution (Analytical solution)






7 [bookmark: _Toc157341049]Sensitivity analysis of the model

In the sensitivity test, various configurations of grid spacing, time step, and threshold were examined to observe the code's response.

In the initial test as shown in Table 1, the time step and threshold values were held constant, while the grid spacing was systematically reduced. Analysing the outcomes and the corresponding Figure 6 led to the conclusion that decreasing the grid spacing results in a more accurate representation of the heat distribution.

According to Tannehill et al (1997), the magnitude of the rounding error scales with the number of grid points within the range. In situations where the grid is refined, decreasing the grid spacing can diminish truncation error but might simultaneously elevate rounding error.
Reducing the grid spacing enhances simulation accuracy, providing a more intricate representation and finer insights into temperature variations. Additionally, smaller grid divisions contribute to clearer visual representations of the simulation results.

	Grid spacing
	Time step (fixed)
	Tolerance (fixed)
	Thermal equilibrium time (second)

	3
	150
	0.001
	153450

	2
	150
	0.001
	140550

	1.5
	150
	0.001
	121500

	1.2
	150
	0.001
	118050

	1
	150
	0.001
	121050

	0.75
	150
	0.001
	144750

	0.5
	150
	0.001
	144300

	0.25
	150
	0.001
	144150

	0.2
	150
	0.001
	144150


[bookmark: _Toc157341029]Table 1- Sensitivity test 1
[image: ]
[bookmark: _Toc157340769]Figure 6- Grid space vs Thermal equilibrium

Table 2 illustrates that the grid spacing, and threshold values remained constant, with only the time step values being variable. Analysis of Figure 7 led to the conclusion that a larger time step value corresponds to a longer time required to achieve thermal equilibrium.


	Grid spacing (fixed)
	Time step 
	Tolerance (fixed)
	Thermal equilibrium time (second)

	0.75
	2000
	0.0001
	278000

	0.75
	1500
	0.0001
	273000

	0.75
	1000
	0.0001
	263000

	0.75
	800
	0.0001
	256800

	0.75
	600
	0.0001
	249000

	0.75
	400
	0.0001
	238400

	0.75
	200
	0.0001
	219000

	0.75
	100
	0.0001
	199300

	0.75
	50
	0.0001
	179500

	0.75
	25
	0.0001
	159600


[bookmark: _Toc157341030]Table 2- Sensitivity test 2

[image: ]
[bookmark: _Toc157340770]Figure 7 - Time step vs Thermal equilibrium

In the third test shown in Table 3, the grid spacing, and time step were held constant, and only the threshold value was modified. Figure 8 indicated that a reduction in the threshold value, representing the maximum temperature variation between successive iterations in the simulation, led to an increased time required to attain thermal equilibrium.
The threshold value plays a crucial role by defining the point at which the simulation reaches the thermal equilibrium. Additionally, it governs the stability of the numerical solution and influences the overall accuracy of the simulation. A higher threshold value can speed up the attainment of thermal equilibrium but at the cost of reduced accuracy.


	Grid spacing (fixed)
	Time step (fixed)
	Tolerance
	Thermal equilibrium time (second)

	1
	500
	0.1
	29000

	1
	500
	0.01
	89500

	1
	500
	0.001
	155500

	1
	500
	0.0001
	222000

	1
	500
	0.00001
	288000


[bookmark: _Toc157341031]Table 3 - Sensitivity test 3


[bookmark: _Toc157340771]Figure 8 - Threshold limit vs Thermal equilibrium



8 [bookmark: _Toc157341050]Main model’s limitations

Burden and Faires (2010) summarize that a rounding error is an error that occurs when a calculator or computer uses a real number for a calculation. The operations performed by the computer only use numbers consisting of a finite number of digits, so the calculations are therefore performed with only an approximate representation of the actual numbers. Computing with computers only a small part of the real number system is used to represent all real numbers.

Techtarget (2024) notes that the truncation error occurs with methods such as the Taylor series, where the approximation is made by truncating an infinite series. The error occurs when the approach considers only a finite number of terms. Increasing the value of n can reduce the truncation error and provide a more accurate result.

Tannehill et al (1997) observed that the agreement between the exact solution of the partial differential equation and the computer-calculated solution of the finite difference equation is influenced by both discretization error and round-off error in the finite difference calculation.
Consistency pertains to the proximity of the finite difference equation to the partial differential equation.
A stable numerical method is characterized by the property that errors, whether arising from rounding or truncation, do not amplify during the progression of calculations from one iteration to the next.


9 [bookmark: _Toc157341051]Suggested improvements and future developments


As mentioned by Morton and Mayers (2005), the implicit difference method allows for a significantly larger time step, but it is constrained to mitigate truncation error. Nevertheless, in most cases, a considerably higher t value can be utilized compared to the explicit difference method.
The Alternating Direction Implicit (ADI) method proves highly efficient in one dimension. In the context of two or more dimensions, it maintains stability without restricting t; however, it necessitates solving a more intricate system of equations, including those with five unknowns. Additionally, the matrix permutation becomes challenging.
As Tannehill et al (1997) described the finite volume method is employed for solving partial differential equations that describe conservation laws. In this approach, the problem domain is partitioned into control volumes, and the method emphasizes the conservation of quantities within these volumes. By integrating the governing equations over these control volumes, a system of equations is obtained. Solving this system provides approximations to the solutions of the partial differential equations. Widely utilized in fields such as heat transfer and fluid dynamics, the finite volume method suitable for handling complex geometries. It is recognized for its stability and accuracy in numerical simulations.
[bookmark: _Toc157341052]
10	Conclusion

In conclusion, this report aimed to calculate the temperature distribution within an aluminium plate over time using the explicit finite difference method. The discussion covered the constitutive equation of the 2-dimensional diffusion equation, the implementation of the code, and the validation of the model through analytical comparison.
The sensitivity analysis explored variations in grid spacing, time step, and threshold, revealing the impact on the accuracy and stability of the numerical solution. Smaller grid spacing was found to enhance accuracy, but considerations were made regarding the trade-off with rounding error.
The validation of the model involved comparing the explicit finite difference results with an analytical solution. The code demonstrated its accuracy, aligning well with the analytical solution under specified boundary and initial conditions.
Additionally, the report addressed the importance of the threshold value in determining thermal equilibrium, stability, and overall accuracy in the simulation. The threshold value was identified as a crucial parameter in governing the convergence of the simulation.
The analysis of errors, including rounding and truncation errors, emphasized their impact on numerical solutions. The stability and consistency of the numerical scheme were crucial considerations throughout the study
Overall, the study contributed to the understanding of numerical methods in simulating heat transfer.
[bookmark: _Toc157341053]
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12	Appendix

clc
clear
close all

%add properties
k = 143; % Conductivity
c = 795; % Specific heat
rho = 2.8*10^3; % Density

%define alpha. Material properties cannot change
alpha = k / (rho * c); 
disp('alpha');
disp (alpha);

%add plate dimensions
xdim = 6; %Length of plate
ydim = 6; %Height of plate


%'h' stands for grid spacing. validate 'h'
h = input ('Add grid spacing value: ');
while mod(6, h) ~= 0 ||  h<0 || h>=6 %the while loop won't stop until the conditions is true. 'h' value must be equal or less than 6 and bigger than 0 and fully divided by 6
    fprintf('Your grid spacing value is not valid \n'); %if 'h' value dont fulfill the criterias then this message will display
    h = input('Add grid spacing value: '); %if 'h' value dont fulfil the criterias then a new value needs to be added
end


NR = (ydim/h) + 1; %plane dimensions (NR- rows) calculations
NC = (xdim/h) + 1; %plane dimensions (NC - coloumns) calculations
x = linspace(0, xdim, h); %generate vector in x direction - coloumns, length of plate
y = linspace(0, ydim, h); %generate vector in y direction - rows, height of plate

%initial condition - temperature is 0 on the plate - create 'T' matrix
%filled with zeros
T = zeros(NR,NC);

disp('T');
disp(T)

%Boundary conditions
for c = 1 : NC %generating a vector starting from 1 until it reaches the number of coloums. the loop will execute the code for each value of c in the range.
    v = (c - 1) * h;     %using '-1' will offset the loop. Defining the value of 'v' -which is a coordinate- using 'c' and 'h' values
    if v <= 2 / 3 * x    %checking if the 'v' value is compared against the given condition (if 'v' is less than or equal to the two-thirds of x which is the length)
        T(1, c) = 12.5 * v;          % if the condition is true, then the element will be assigned to this value
    else
        T(1, c) = -25 * v + 150;     % if the condition is not true, then the element will be assigned to this value
    end
end


%add delta t value in seconds. Alpha and deltat fixed
deltat = input ('Add time increment in seconds: ');
Fo = (alpha * deltat)/(h^2);

%validate delta t value. If the Fourier number is bigger than 0.25 the
%stability criterium won't be fulfilled


while Fo < 0 || Fo> 0.25
  fprintf('Your time increment is not valid. It must be less than %f \n',h^2/(4*alpha)) % if the Fo number is less than 0 or higher than 0.25 display 'your deltat value is not valid'
  deltat = input ('Add time increment in seconds: ');  %if the Fo number is less than 0 or higher than 0.25 the user have to enter new deltat value
end


max_change_threshold = 0.001; %The maximum threshold specifies the maximum temperature change between successive iterations in the sequence.
time = 0; %Specify an initial value of 0

equilibrium_reached = false;  %initial condition, so the thermal equilibrium was not reached
while ~equilibrium_reached    % the loop will continue until the thermal equilibrium is reached
    T_new = T; % creates a new matrix for the current temperature distribution
    for i = 2:(NR - 1)
        for j = 2:(NC - 1)
            T_new(i, j) = Fo * (T(i+1, j) + T(i-1, j) + T(i, j+1) + T(i, j-1) - (4 - 1/Fo) * T(i, j)); %explicit fdm formula
        end
    end

 % Display temperature distribution at each time step
    fprintf('Temperature Distribution at Time: %.4f\n', time);
    disp(T_new);

    max_change = max(abs(T_new - T),[],"all"); 
    if max_change < max_change_threshold %check if maximum change in temperature increase was below threshold
        equilibrium_reached = true; %if it was below treshold the thermal equilibrium was reached
    end
    

    % Update the temperature matrix and time for the next iteration
    T = T_new;
    time = time + deltat;
end

disp(T);
fprintf('Thermal equilibrium reached at time = %f seconds\n', time);

Ta=zeros(NR,NC);
for c = 1 : NC %generating a vector starting from 1 until it reaches the number of coloums. the loop will execute the code for each value of c in the range.
    v = (c - 1) * h;     %using '-1' will offset the loop. Defining the value of 'v' -which is a coordinate- using 'c' and 'h' values
    if v <= 2 / 3 * x    %checking if the 'v' value is compared against the given condition (if 'v' is less than or equal to the two-thirds of x which is the length)
        Ta(1, c) = 12.5 * v;          % if the condition is true, then the element will be assigned to this value
    else
        Ta(1, c) = -25 * v + 150;     % if the condition is not true, then the element will be assigned to this value
    end
end

Ta=flip(Ta); 

N=200; %set the value of 'N', needs to be a high value
for r=2:NR-1 %the loop iterates over 'r' (rows) from 2 to NR-1, boundary conditions excluded
    for c=2:NC-1  %the loop iterates over 'c' (coloums) from 2 to NC-1, boundary conditions excluded
        xc = (c - 1) * h; %using '-1' will offset the loop. Defining the value of 'xc' -which is a coordinate- using 'c' and 'h' values
        yc = (r - 1) * h; %using '-1' will offset the loop. Defining the value of 'yc' -which is a coordinate- using 'r' and 'h' values
        for n = 1:N % the loop iterates over 'n' from 1 to 200
            Ta(r,c) = Ta(r,c)+ ((sin(2 * n * pi / 3) / (n^2 * sinh(n * pi))) * sin(n * pi * xc / 6) * sinh(n * pi * yc / 6));
        end
        Ta(r,c) = (450/pi^2)*Ta(r,c);
    end %the loop calculates the equation for every grid of the matrix
end

Ta=flip(Ta);

T_new
Ta

C = abs(T_new - Ta); %matrix 'C' shows the absolute difference between the T_new and the Ta matrices
disp('C');
disp(C);


%surface plot of the Temperature distribution across the plate
%defining the colour
figure(1)
contourf(flip(T_new));
title('Temperature distribution');
xlabel('X axis');
ylabel('Y axis');
colormap jet;
colorbar;

figure(2)
contourf(flip(Ta));
title('Analytical solution');
xlabel('X axis');
ylabel('Y axis');
colormap jet;
colorbar;
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