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1 [bookmark: _Toc30964365]Introduction
The purpose of this task is to use the constitutive equation of thermal diffusion and the finite difference method converting it into a linear equation to solve and display in MATLAB. Produce initial boundary conditions of an aluminium plate using gaussians distribution and Neumann’s s derivative to define unknown boundary conditions. A script must be made to ask the user for the plate’s dimensions, grid spacing and time step. The script must ensure the grid spacing is equal among both dimensions and Fourier’s number does not exceed 0.25. The script must display the temperature at each element for every given timestep and the script must stop once thermal equilibrium is determined. After the script has been coded an analysis must be undertaken to evaluate the data through changing several variables.  
2 [bookmark: _Toc30964366]Constitutive Equation
Thermal diffusion is a partial differential equation which expresses heat distribution alongside time for a chosen body (Warwick.ac.uk, 2010). The below equation can express thermal diffusion.
     Equation (1)
 (Lewis, Morgan, Thomas, & Seetharamu, 1996)
This equation expresses thermal diffusion in 3 dimensions. For this task the aluminium plate is 2 dimensional. The plate is only heated externally and has no internal energy generation. Therefore, these are cancelled out, producing the following equation;
     Equation (2)  
This equation can also be expressed as:             Equation (3)
MATLAB is unable to use this equation directly as the plate is expressed in a matrix form. A matrix will only be able to show specified points of the plate to present its temperature. Whereas using thermal diffusion equation directly to calculate its temperature would have infinite points which MATLAB simply can’t display. Discretization is needed to split up the geometry into finite elements for MATLAB to solve. To solve thermal diffusion in a discretised manner, the finite difference method is used to transform a partial differential into a series of polynomial equations (Lewis, Morgan, Thomas, & Seetharamu, 1996).    
3 [bookmark: _Toc30964367]Finite Difference Method 
There a several techniques used within the finite difference method. The explicit method is most commonly used for heat transfer amongst them. The explicit method is used to produce the underlaying equation used in this MATLAB script.
 Derived from the base equation from Taylor series (equations 4), the central difference approximation is generated (equation 5).
      Equation (4)
             Equation (5)
Through the use of the central difference approximation the values can be translated into positions regarding cells or points within a matrix representing the plate. These are represented as TN, TS, TE & TW which represent point one position either side in the x and y axis.
        Equation (6)
  Equation (7)
The forward difference method is used to best describe the change in temperature against time.
      Equation (8)
The temperature at a point one-time step ahead is written as (n+1). Whereas the temperature at the current time step is written as (n). Equations 6,7 and 8 and subbed into equation 2 to produce equation 9. 
     Equation (9)
      Equation (10)
   Equation (10)
Equation 10 is then used within the script to calculate temperature at each point and each time step interval.
4 [bookmark: _Toc30964368]Initial Boundary Conditions
To define the initial boundary conditions of the top row of the matrix is created through using the Gaussian distribution equation also known as normal distribution. Gaussians distribution is a bell curve that presents equal values either side of the midpoint representing the mean value (Dasgupta & Wahed, 2014). As the boundary conditions at this section are known it is called Dirichlet boundary condition. This is the term given where the temperature in this instance is know and not using constant to determine the relationship between the points. 
       Equation (11)
A= Amplitude 
C= Current position 
Tc= Temperature at point C
Co= Centre Point
S=sigma[image: ]
Figure 1 Boundary Conditions (Marotin, 2019)
[bookmark: _Hlk29215837]From the diagram given it is known that at the first and last point have a temperature of 10˚C and an amplitude of 60 ˚C. To calculate the unknown points along the matrix, equation 1 needs to be rearranged to solve sigma.
     Equation (12)
After sigma is calculated it is then substituted back into equation 1. Then through increasing C in increments. The remaining matrix is created as a blank matrix as shown in figure 1 that the temperature through the rest of the plate initially is 0˚C.

   Equation (13)

The boundary conditions of the remaining 3 surfaces are defined through the Neumann derivative equations. Neumann’s derivative used within the finite difference method enables the completion of calculations as the boundary ends. When this equation is used in conjunction with thermal diffusion it is also known as heat flux. Equation 13 shows the relationship between 2 points as a constant or is equal to zero. When k=0, there is no thermal diffusion. Therefore, the boundary condition reflects the point next to it (Venkateshhan & Swaminathan, 2014). 
    Equation (14)









5 [bookmark: _Toc30964369]Script Evaluation
5.1 [bookmark: _Toc30964370]User input for x, y and h dimensions

[image: ]This section of the code is used to enable the user to enter their desired values which later will then calculate thermal equilibrium.
The input function in line 7 asks the user for the x dimension of the plate and the ‘s’ converts the input into a string array. Line 8 has the function str2double which converts a non-numerical input to display as nan (not a number).Figure 2 (User Input)


Logically the dimension of the plate must be greater than 0 and the user must enter a number. To accommodate these conditions, they are the parameters of the while loop to keep asking the user of the x dimension enter the parameters are met.
Similarly, for the y dimension the user input is set up to convert it into a string array to determine whether or not is it a numeric or not. The y input also has the same while loop set up and condition as the x dimension is set up.
h is the grid spacing of the plate acting as points in which the calculation will take place. The smaller the grid spacing the more nodes there will be and increasing the total number of calculations that have to solved.
To enter an appropriate grid spacing there are a number of conditions h must meet. As used for x and y dimension h must be a number and must be greater than 0. As grid spacing determines the number of nodes within the plate h must be less than x and y to place a node within the dimension of the plate. To create an equal grid spacing across the plate h must be divisible between x and y.
5.2 [bookmark: _Toc30964371]Matrix set up and boundary conditions
[image: ]Figure 3 (Boundary Conditions)

Firstly, to create a plank matrix containing the number of nodes relative to the plate dimensions and grid spacing is done using the function in line 38. 

From line 40 to 46 creates the initial boundary conditions specified. The curve that is plotted uses gaussians distribution equation. Sigma is calculated with the given values at the centre and first and last point. A for loop is then used to increase the point being plotted to allocate that locations temperature. 

5.3 [bookmark: _Toc30964372]Fourier’s number and max time step
[image: ]This section of the script defines the values for the density, conductivity and specific heat capacity of aluminium plate.  Thermal diffusivity (alpha) is calculated using these known values of aluminium. Alpha is then used to rearrange Fourier’s number equation to find the maximum time step and will later be used once the time step is inputted to calculate Fourier’s number.   Figure 4 (Fourier’s Number)






5.4 [bookmark: _Toc30964373]Time step user input
User input set up as shown in lines 7-8 for the x dimension. The conditions of the boundary are limited to not being greater than the maximum time step as calculated in the previous section. Within the user input the function num2str is used to display the unique max time step calculated previously to display numerically within the prompt. 
[image: ]
Figure 5 (Time Step)
5.5 [bookmark: _Toc30964374]Matrix pre-allocation set up

[image: ]This section introduces the underlaying foundations of the while loop in which it will calculate and allocate the temperatures to each position within the matrix. Firstly, a copy of the original matrix is defined so that within the while loop there are 2 matrices using the past matrix to produce the temperatures at a future time step. Using the previously entered time step the Fourier’s number is calculated. Following Fourier’s number, the new temperature is produced. Figure 6(Matrix Pre-Allocation)


In the next line of the script this function creates a figure using the blank matrix and stores the information to later update. This function saves time as the draw now function is re-drawing the figure each iteration whereas this function allows the figure to be updated rather than being created from new. Graphically numerical values are displayed as increasing whereas a matrix is built from rows and columns. Therefore, a matrix is displayed upside down on the contour map and this next function rotates it 180 degrees. The axis is labelled showing the user inputs for the dimensions as well as removing the axis numerical values as the figure has contour lines presenting the data. These are done before the while loop, so that it again saves time repeating the same task of drawing it new onto the figure. 
X and Y are defined as the number of elements in the matrix in each of the x and y dimension to use to solve up to the end rows and columns for depending on the dimensions entered by the user. To count the number of iterations taken to solve to thermal equilibrium n is 0 outside the loop so that n can increase by 1 per iteration. The while loop will continue until the conditions of the while loop are met. In this case the while loop will continue whilst w=false and w will equal true after it reaches thermal equilibrium. Therefore, w must equal false before the loop in order to enter the while loop.  
5.6 [bookmark: _Toc30964375]Matrix allocation
At the beginning of the while loop the plate is defined as plate 2. This enables the allocation of the new matrix is generated relative to the matrix of the previous time step. As plate 2 continuously generating new values, when it returns to the start of the loop it then becomes the old plate and then the values of plate 2 are replaced with a new value. 
[image: ]Due to the scenario that the only the first row is fixed due to gaussians distribution presents the problem that along the remaining edges of the plate must have separate boundary conditions. The calculation in question for at a single node of the plate uses the respective nodes north, east, south and west of its location to determine its temperature. As a result of different boundary conditions, they need to be solved separately. To solve the internal body 2 for loops are used in conjunction with each other to move from the second column to the penultimate column and then repeats for each row. i and j are used to represent the increments in which the rows and columns increase in. To represent north of a point, it would equal (j -1, i) since it is a row above it would be one row less shown by j -1. Figure 7 (Matrix Allocation)

Given that the plate is perfectly insulated the at the edges it can be expressed that since no heat is lost, on the left column the unknow temperature west of a point would be equal to the temperature to its east respectively.
A for loop is used to solve to calculate the values using this boundary condition and then equal it the right column of the plate since the thermal diffusion follows a line of symmetry. Reflecting the column also saves time MATLAB spending solving calculations. The same process is used for the end row where temperature south is equal to the know north value.
The corners must be separately calculated as they contain 2 unknown values and once the left corner has been calculated it is reflected to present the same value in the right corner position.
[image: ]The draw now function is the most intensive part of the script as it draws every iteration and to aid in the efficiency of the code the information is updated onto the figure every 20 iterations. Within this if loop the title and colour bar are also updated as well as the contour lines themselves. Figure 8 (Draw now Function)


The definition of thermal equilibrium has been defined so that when the future time step matrix is equal to the previous matrix when both rounded to 3 decimal points. Once this criterion is met w = true and ends the loop and the heat distribution is solved.

5.7 [bookmark: _Toc30964376]Final display
[image: ]The final section of the code displays the final contour onto the figure. Since the contours are drawn at set intervals it ensures the very last iteration is displayed. The final matrix is displayed within the command window for the user to view the exact values at each element as well as the final iteration count and the duration in which it would take to reach thermal equilibrium. Figure 9 (Final Display)

6 [bookmark: _Toc30964377]Analysis of Results
Analyse of the script can be done through independently changing several variables. These include terms such as the grid spacing (h), time step and definition of thermal equilibrium chosen. To analyse the code effectively, an earlier variation would more accurately display data compared to the current gaussians distribution boundary conditions. The earlier code contains known boundary conditions yet solves using the same principles of the finite difference method.  Below figures displays the initial boundary conditions as 50 ˚C in the first column, 0 ˚C in the end column and evenly displaced values in the first and last row dependent of the grid spacing chosen with an internal temperature of 0˚C. Thermal equilibrium is best shown using this set up as it will produced propagating lines and each temperature. 
[image: ][image: ]Figure 11 (Contour Display)
Figure 10 (Matrix)


Through changing of time step within the script, it changes the output for time to equal equilibrium. Increasing various values for the time step increases the time to each equilibrium but at a reducing number of iterations as total time is relative to iterations multiplied by time step. Fourier’s number increases with increasing time step, therefore there are less iterations. However, the total time should increase as the iterations do not decrease linearly. The rate of which time step increases is greater than the rate as which iterations decrease. The smaller the time step iterations exponentially increases. 

Figure 12 (Time Step Analysis)

Figure 13 (Time Step Analysis)
Grid spacing in addition to time step is determined by the user. As the grid spacing value increases, total time taken to reach equilibrium and total number of iterations increase respectively. Fourier’s number decreases due to the h2, increasing iterations. Total time is relative to time step and iterations so increasing iterations for a fixed time step increases time to reach thermal equilibrium. 

Figure 14 (Grid Spacing Analysis)

Figure 15 (Grid Spacing Analysis)
The precision in which thermal equilibrium is define plays a major factor displaying data output. Thermal equilibrium is defined as there being no transfer in temperature between 2 points (Your Dictionary, n.d.). The rate at which the temperature increases throughout the plate is exponential. Therefore, a point at which thermal equilibrium need to be defined. As it is a point at which there is no heat transfer the current matrix is compared to the previous matrix. The precision has been changed from 1-5 decimal points of accuracy. Increasing the accuracy further increases the number of iterations and time taken as the rate of thermal diffusion decreases.

Figure 16 (Equilibrium Analysis)

Figure 17 (Equilibrium Analysis)



7 [bookmark: _Toc30964378]Limitations and Recommendations

Fundamentally this code is limited by the 2 main factors. The codes definition of thermal equilibrium plays critical role within the script. There are many ways to define the difference in change between temperature at each matrix and the level of precision. A greater level of precision drastically increases computational time.  
The other contributing factor is that the script is based of user input. The results are highly dependent on the 4 variables, X, Y, grid spacing and time step. A user could enter values accepted by the code’s parameters but an incredible small grid spacing or time step would increase the time taken or may not even run to completion. A way to overcome this would be to generate values for the user to select regarding h and time step, determined by the x and y dimensions.
This script functions for only aluminium. To broaden the script’s usage, alternative materials and their respective properties could then be selected by a user.
Improvements within the code’s efficiency could include reflection and vectorization. As gaussians distribution is used, there is a line of symmetry. Therefore, one side of the matrix could be calculated and then reflected to the other side which would theoretically save computational time. Vectorization within the script would improve efficiency as the vectors used such as i and j have been used to increases by an interval per iteration. Vectorizations would allocate the values of I and j in replace of them so MATLAB wouldn’t have to recall them from another section of the script (Douglas & Elliott, 2017). 
An improvement to the script would be to make the value that determines which iteration number the draw now function plots to be selected by the user, presenting values relative to the other user inputs. Some combinations of inputs have large iteration counts therefore to save time, a larger value would be used to reduce the time taken by this heavily intensive function.  

8 [bookmark: _Toc30964379]Conclusion

As the finite difference method is an approximation it is able to present thermal diffusion appropriately but contains flaws. Theoretically the total time taken in order to reach thermal equilibrium for fixed dimensions should not change. These results show an increase in total time when there is an increase in time step or grid spacing. The current script is limited to user inputs. A combination of large dimensions and small grid spacing will take a substantial time to compute. Also using small dimensions with a large grid spacing will solve quickly with an inaccurate display in heat distribution. The script is only as good as its definition of reaching thermal equilibrium. The greater the precision of equilibrium present a more accurate representation but increases computational time exponentially. 
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9 [bookmark: _Toc30964381] Appendices

	 
	X
	Y
	time step
	Grid spacing
	Thermal equilibrium definition
	Time to reach equilibrium
	Iterations

	 
	
	
	
	
	
	
	 

	Time step
	10
	10
	50
	1
	3dp
	256150
	5123

	 
	10
	10
	100
	1
	3dp
	311200
	3112

	 
	10
	10
	500
	1
	3dp
	438500
	877

	 
	10
	10
	1000
	1
	3dp
	493000
	493

	 
	10
	10
	2500
	1
	3dp
	562500
	225

	 
	 
	 
	
	 
	
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 

	Grid spacing
	10
	10
	200
	0.25
	3dp
	365200
	1826

	 
	10
	10
	200
	0.5
	3dp
	365400
	1827

	 
	10
	10
	200
	1
	3dp
	366200
	1831

	 
	10
	10
	200
	2.5
	3dp
	371400
	1857

	 
	10
	10
	200
	5
	3dp
	383200
	1916

	 
	 
	 
	
	 
	
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 

	Equilibrium
	10
	10
	200
	1
	1dp
	29400
	147

	 
	10
	10
	200
	1
	2dp
	183400
	917

	 
	10
	10
	200
	1
	3dp
	366200
	1831

	 
	10
	10
	200
	1
	4dp
	549000
	2745

	 
	10
	10
	200
	1
	5dp
	732000
	3660


Table 1 ( Analysis) 
Gaussian Distribution Script 
clc
clear
close all
 
%% User Input Functions for x,y and h dimensions
 
x=input('Enter the x dimension of the plate in meters; ', 's');
x=str2double(x);
 
while isnan(x) || x<=0
    
    x=input('Enter x dimension that is > 0; ', 's');
    x=str2double(x);
 
end  

y=input('Enter the y dimension of the plate in meters; ',  's');
y=str2double(y);
 
while isnan(y) || y<=0
    
    y=input('Enter y dimension that is > 0; ', 's');
    y=str2double(y);
    
end
 
h=input('Enter the grid spacing of the mesh in meters; ', 's');
h=str2double(h);
 
while isnan(h) || h>x || h>y || h<0 || rem(x,h)~=0 || rem(y,h)~=0
    
    h=input('Enter grid spacing >0 and divisible between x and y; ', 's');
    h=str2double(h);
    
end
%% Matrix set up and boundary conditions
 
Plate=zeros(y/h +1,x/h +1);
 
Co=(x/h+2)/2;
S=sqrt((-(1-Co)^2)/(2*(log(10/60))));
for i=1:x/h+1
    
   Plate(1,i)=60*exp((-(i-Co)^2)/(2*(S)^2)); 
   
end
 
%% Fourier number and max time step            p=2800;                                         
c=795;                                             
k=143;                                             
alpha=k/(p*c);
F=0.25;                                            
maxtstep=F*(h^2)/alpha;                          
 
%% Time step user input
tstep=input(['Enter time step between 0 & ' num2str(maxtstep) '; ' ],'s');
tstep=str2double(tstep);
 
while isnan(tstep)|| tstep<0 || tstep >=maxtstep
    
    tstep=input(['Enter time step between 0 & ' num2str(maxtstep) '; ' ],'s'); 
    tstep=str2double(tstep);
    
end
%% Matrix pre-allocation set up 
Plate2=Plate;
F=alpha*tstep/(h^2);
[~,hc]=contourf(Plate2,'showtext','on');
view(180,90)
ylabel([num2str(y),'m'])
xlabel([num2str(x),'m'])
set(gca,'xtick',[]);
set(gca,'ytick',[]);
Y=size(Plate,1);
X=size(Plate,2);
n=0;
w=false;
%% Matrix allocation
while w==false
                              
    Plate=Plate2;
        % Centre of matrix                                          
    for j=2:Y-1
        for i=2:X-1
                                
            Plate2(j,i)=F*(Plate(j-1,i)+Plate(j,i+1)+Plate(j+1,i)+Plate(j,i-1)+((1/F)-4)*Plate(j,i));
        end 
    end
    % left column
    for j=2:Y-1
         
        Plate2(j,1)=F*(Plate(j-1,1)+Plate(j,1+1)+Plate(j+1,1)+Plate(j,1+1)+((1/F)-4)*Plate(j,1));
        % Right column
       
        Plate2(j,X)=Plate2(j,1); 
    end
    % Final row of the plate
    for i=2:X-1
     
        Plate2(Y,i)=F*(Plate(Y-1,i)+Plate(Y,i+1)+Plate(Y-1,i)+Plate(Y,i-1)+((1/F)-4)*Plate(Y,i));
    end
    % Left corner
    
     Plate2(Y,1)=F*(Plate(Y-1,1)+Plate(Y,1+1)+Plate(Y-1,1)+Plate(Y,1+1)+((1/F)-4)*Plate(Y,1));
     
    % Right corner
     
    Plate2(Y,X)=Plate2(Y,1) ;
   
    n=n+1;
    if rem(n,100)==0
        
    hc.ZData=Plate2;
    title(['Iterations = ',num2str(n), ' Total time = ', num2str(n*tstep),'s'])
    drawnow;
    colorbar;
    end
    if round(Plate,3)==round(Plate2,3)
        w=true;
    end
end
 
%% Final display
 
title(['Iterations = ',num2str(n), ' Total time = ', num2str(n*tstep),'s'])
drawnow;
 
disp(Plate2)
disp(['Number of iterations = ',num2str(n)])
Time=n*tstep;
disp(['Time take to reach thermal equilibrium in seconds = ', num2str(Time)])

Linear Distribution (Basic Script)
clc
clear
%input as a string
x=input('Enter the x dimension of the plate in meters; ', 's');
x=str2double(x);
% correct order
while isnan(x) || x<=0
    
    x=input('Enter dimension that is > 0; ', 's');
    x=str2double(x);
    
end
 
y=input('Enter the y dimension of the plate in meters; ');
while y<0
   y=input('Enter dimension that is > 0; ');
end
 
h=input('Enter the grid spacing of the mesh in meters; ');
while h>x || h>y || h<0 || rem(x,h)~=0 || rem(y,h)~=0
    % h must be less than x and y values,>0 and divided by x and y to
    % produce a whole number
 h=input('Enter grid spacing; ');
end
% creates size of matrix
Plate=zeros(y/h +1,x/h +1);
 
Plate(:,1)=50;
Plate(1,:)=linspace(50,0,x/h +1); %top matrix line
Plate(end,:)=linspace(50,0,x/h +1); % bottom matrix line
BlankPlate=Plate;
Plate2=BlankPlate;
 
p=2800;
c=795;
k=143;
alpha=k/(p*c);
F=0.25; % maximum value 0<f<0.25
maxtstep=F*(h^2)/alpha;
disp(maxtstep)
%F=alpha*maxtstep/(h^2)
 
% user create tstep inbetween 0 and maxt tstep
 
tstep=input('Enter time step; ');
while tstep<0 || tstep >maxtstep
    tstep=input('Enter time step greater than 0; ');
 
 
end
F=alpha*tstep/(h^2);
[~,hc]=contourf(Plate2,'showtext','on');
ylabel([num2str(y),'m'])                                      % Labels Y axis with user input in meters
xlabel([num2str(x),'m'])                                      % Labels X axis with user input in meters
set(gca,'xtick',[]);                                          % Removes x axis numerical values
set(gca,'ytick',[]);  
Y=size(Plate,1);
X=size(Plate,2);
n=0;
w=false;
while w==false
  
    
    Plate=Plate2;  % new plate = old plate
    Plate2=BlankPlate; % plate 2 is empty to fill orcording to previous plate
    for j=2:Y-1
        for i=2:X-1
            Tp=Plate(j,i);
            Tn=Plate(j-1,i);
            Te=Plate(j,i+1);
            Ts=Plate(j+1,i);
            Tw=Plate(j,i-1);
        
            Tp=F*(Tn+Te+Ts+Tw+((1/F)-4)*Tp);
            
            Plate2(j,i)=Tp;
        end
    end
    n=n+1;
    if rem(n,20)==0
        
    hc.ZData=Plate2;
    title(['Iterations = ',num2str(n), ' Total time = ', num2str(n*tstep),'s'])
    drawnow;
    colorbar;
    end
    if round(Plate,3)==round(Plate2,3)
        w=true;
    end
end
    disp(Plate2)
    title(['Iterations = ',num2str(n), ' Total time = ', num2str(n*tstep),'s'])
drawnow;
 
disp(Plate2);
disp(['Number of iterations = ',num2str(n)])
Time=n*tstep;
disp(['Time take to reach thermal equalibrium in seconds = ', num2str(Time)])
    


50	100	500	1000	2500	256150	311200	438500	493000	562500	Time Step


Total Time (s)



50	100	500	1000	2500	5123	3112	877	493	225	Time Step


Iterations



0.25	0.5	1	2.5	5	365200	365400	366200	371400	383200	Grid Spacing (m)


Total Time (s)



0.25	0.5	1	2.5	5	1826	1827	1831	1857	1916	Grid Spacing (m)


Iterations



1dp	2dp	3dp	4dp	5dp	29400	183400	366200	549000	732000	Decimal Points


Total Time (s)



1dp	2dp	3dp	4dp	5dp	147	917	1831	2745	3660	Decimal Points


Iterations
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%% User Input Functions for x,y and h dimensions

nput ('Enter the x dimension of the plate
cr2double (x) ;

while isnan(x) || x<

x=input (*Enter x dimension that is > O;
x=str2double (x) ;

end

y=input ('Enter the v dimension of the plate
y=stradouble (y)

while isnan(y) || y<=0

y=input (*Enter y dimension that is > 0;
y=stradouble (y)

end

nput ('Enter the grid spacing of the mesh
n=str2double (n)

while isnan(n) 1| B>x || B>y || B<O || zem(x,h)

n=input ('Enter grid spacing >0 and divisible between x and v:

n=str2double ()

end
%% Matrix set up and boundary conditions

Plate

eros (v/h +1,%/h +1);

Co=(x/n+2) /2;
are ((-(1-Co) *2) / (2* (10g (10/60))) ) £
for i=lix/mel

meters; ', 's');

s

meters: ', 's'):

s

meters; ', 's');

11 rem(y,n)

% User input x dimension and dispays as a string
% strodousle only allows numbers to be entered a

% Enters wnile loop if input is not a number or

% Repeats user input

% Loop ends when suitable input is entered

% User input for y dimension with the same limit.

% User input for grid spacing

* Limitiations of h, must be less than x and y,

s

nd displays nan if text or symbol is entered

has a value less than 0

ations as x

divide equally into x and y and be greater than zero

% Creates size of matrix, produces a matrix at each node for the x and y axis depening on spacing and dimension input

% +2 to find mid point
% Gaussians distribution equation rearanged to find sigma using known values

% 1 function increses from the first node to final node

Command Window

New to MATLAB? See resources for Geting Started.

-5
Workspace ®
Name ~

@

x |« >

=i

% %
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3
Workspace ©
Name ~ | Assignmentfinal.m Name
) Assignment...[ 31
) Assignment... | 32 - heinput (*Encer grid spacing >0 and divisible between x and y; ', 's'):
) Assignment..| | 33 - hestradouble (n
) Assignment.. [ 34
O Heattranste.. | 35 - Lena
Heat Transf. 36 %% Matrix set up and boundary conditions
8 scriptevu.. | o
.Th:vma\d\f 38 - Plate=zeros (y/h +1,x/n +1); % Creates size of matrix, produces a matrix at each node for the x and y axis depening on spacing and dimension input
3s
- com(/mez)/2s % 42 to find mid point
41 - sqrt ( (- (1-Co) “2)/ (2* (10g (10/6€0)))) ; % Gaussians distributipn equation rearanged to find sigma using known values
22— Dfor imLix/ne % i funccion increses from the first mode to final node
s
ol Place (1,1)=60%exp( ( (1-Cop 2}/ (2% (5)~2)) 5 % Gaussians discributibn equacion used to calulate che cempertaure at each node
s
46— Lena
o
48 %% Fourier mumber and max time step Alomintun Broperties
49 - P=2800; % Density 2.8 x10°3 Kg/m"3
so-  ce1ss: % Specific Heat 7853/Kg.C
si- ke < Conauctivity  les/m.c
52 - ‘alpha=k/ (p*c) ;
ss-  Ee0.2s: * maximum value 0<£<0.25
54— maxtstep=F* (n"2) /alpha; % F=alpha*maxtstep/(h*2) Equation rearanged
s
S %% Time step user imput
57 — ‘tstep=input (['Enter time step between 0 & ' num2str(maxtstep) Tl % User input for time step
S - tstepmstradouble (tstep):
s
60— while isnan(tstep)|| tstep<O || tstep >=maxtstep % Time step must be > 0 and less than the max time step
@
62— ‘tstep=input (['Enter time step between 0 & ' num2str(maxtstep) " 1,'s'): % Repeats user input for time step until requirements are met
o - cstepmstradouble (cavep) ;
P
| - lena
6 % Matrix pre-allocation set @
- Piatezplate; % Defines Plate 2 as a matrix
68 - F=alpha*tstep/ (h*2); % Calculates Fourier number relative to grid spacing to use in
@ - [~ nol=contourt (Platez, 'shoutext’, 'on') ; % Pre- allocates contour to later add daca co rather than re-irawing figure, showsexc shows the number values on the contour lines
Selectafietoviews[ 70 - view(150,50) % Contourt displays matrix y dimensions reversed, this function rotates the graph 180 degrees to view as shown in assigment brief
- ‘ylabel ([num2str(y), 'm']) % Labels Y axis with user input in meters
72 - xlabel([num2str(x),'n']) % Labels X axis wich user inpur in meters
‘Command Window @
< > New to MATLAB? See resources for Getting Started. x|« >
- | Ready [scipt [ins ol 3%
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|| Assgnmentinalm ¢ | + |

n=input ('Enter grid spacing >0 and divisible between x and v ', 's'):

n=str2double ()

end
%% Matrix set up and boundary conditions

Plate

eros (v/h +1,%/h +1

Co=(x/n+2) /2;
S=sqzt ((-(1-Co) *2) / (2* (109 (10/60)))) ;

for i=lix/nl

Plate (1,1)=60%exp ( (- (1-Co) *2)/ (2% (5)"2)) ;

end

%% Fourier number and max time step
p=2800;

e=785;

k=143;

alpha=k/ (p*e)

F=0.25;

maxtstep=F* (n°2) /alpha;

%% Time step user imput

% Creates size of matrix, produces a matrix at each node for the x and y axis depening on spacing and dimension input

42 to find mid point
Gaussians distributipn equation rearanged to find sigma using known values

i function increses from the first node to final node

% Gaussians distribution equation used to calulate the tempertaure at each node

Aluniniun Properties
%+ Density 2.8 %10°3 Kg/m"3
% Specific Heat 795J/Kg.C
% Conductivity  143W/m.C

+ maximim value 0<£<0.25
% Fealphamaxtstep/ (n°2) Equation rearanged

tstepinput ([*Enter time step betwsen 0 ¢ ' num2str(maxtstep) '; ' 1,'s'): % User imput for time step
tstep=str2double (tstep) ;
while isnan(cstep) || tstep<o || tstep >=maxtstep % Time step must be > 0 and less than the max Time step

tstepinput ([*Enter time step betwsen 0 &

tstep=str2double (tstep) ;

end
%% Matrix pre-allocation set wp
Platez=plate;

Fealphattstep/ (2°2)

[~,hel=contourf (Plate2, 'showtext', 'on')
view(180,90)

ylabel ([num2str (v), 'n'])

xlabel ([num2str (x), 'n'])

' num2str(maxcstep) '; ' 1,'s'); % Repeats user input for Time step until requirements are met

Defines Plate 2 as a matrix
Calculates Fourier number relative to grid spacing to use in

Labels Y axis with user input in meters

Labels X axis with user input in meters

Bre- allocates contour to later add data to rather than re-drawing figure, showtext shows the number values on the contour lines
Contourf displays matrix y dimensions reversed, this function rotates the graph 180 degrees to view as shown in assignment brief

Command Window

< > Newto MATLAB? See resources for Getting Started.

x |< >

=i

% %
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Name ~ | Assignmentinalm ¢ | + |
#) Assignment... [ 45 - p=2800; % Density 2.8 x10°3 Kg/m*3
) Assignment... [ s0 - 95; % Specific Heat 795J/Kg.C
) Assignment... | 51~ k=143; % Conductivity  143W/m.C
) Assignment... | 52 - alpha=k/ (p*c) :
O Heattranste.. | 53~ p=0.25; % maximum value 0<£<0.25
[ HeatTranst.. | 54— maxcstep=£+ (n°2) /alpha; %+ Fealphamaxtstep/ (n°2) Equation rearanged
' scriptevalu... | oo
Thermal dit.. | gg % Time step user input
57— tstep=input(['Enter time step between 0 & ' num2str(maxtstep) '; ' 1,'s'): % User input for time step
55— tstep=stradouble(tstep)
6
0 - [Junile isnan(tstep) || tstep<o || tstep >-maxtstep % Time step must be > 0 and less than the max Ctime step
e
a2 - tstep=inpuc (['Enter time step betwesn 0 & ' num2str (maxtstep) ' ' % Repeats user input for time step uncil requirements are met
B tstep=str2double (cstep) ;
6
65— lena
B %% Matrix pre-allocation set mp
6 - Platez=Plate; % Defines Plate 2 as a matrix
6 -  F-alphattstep/ (2°2); % Calculates Fourier number relative to grid spacing to use in
65 = [~ hcl=contourf (Plate2, 'showtext', 'on'); % Pre- allocates contour te later add data to rather than re-drawing figure, showtext shows the number values on the contour lines
0 - view(120,50) % Contourf displays matrix v dimensions reversed, this function rotates the graph 180 degrees to view as shown in assignment brief
1= ylabel([mam2str(y),'m']) % Labels ¥ axis with user input in meters
72~ xlabel([mam2str(x),'n']) % Labels X axis with user input in meters
73 - set(gea, xvick’, (1) % Removes x axis numerical values
74 - set(gea,'veick',[1): % Removes Y axis numerical values
75 - ize (Plate, 1) ; %Y is the number of nodes in the y axis
76— Xesize(Plate,2); %X is the number of nodes in the x axis
7= ; % To count the mumber of iterations it takes to solve n needs to be specified before while loop
78 - wefalse; % W specifies thermal equalibrium so when w= true the while loop ends so to enter the loop w=false
7 % Matrix allocation
8 - Hunile we=false
o1
o2 - Plate=platez; % To calculate temperature at each time Step to the previous matrix the new plate is then = to tl
v es % Centre of matrix % Due to unknown values ther are differnt boundary conditions
- % For loop to allocate from 2nd row to penultimate Tow
o5 - % For loop to allocate from the second column to penultimate column
o % Tp=Plate(3,1) Tn=Plate(3-1,1) Te=Plate(3,i) Ts=Plate(j+1) Tw=Plate(j,i-1) Cells associated witl
B Plate2 (3,1)=F* (Plate (3-1,1) +Plate (3, 1+1) +Plate (3+1,1) +Plate (3, i-1)+( (1/F)-4) *Plate(3,1)); * Equation to determine new temperature using EDM
Selectafiletoview< | g5 — ena
o - end v
I< >
‘Command Window
< > Newto MATLAB? See resources for Getting Started, x |< >
| Ready [scret [in 8 Col 25
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% X is cthe number of nodes in the x axis
% To count the number of iterations it
% W specifies thermal equalibrium so whe

*(Plate (3-1,1) +Plate (3, 1+1) +Plate (3+1,1) +Plate (3, 1-1) + ((1/F) -4) *Plate (3,1))

*(Plate (3-1,1) +Plate (3, 1+1) +Blate (3+1,1) +Plate (3, 1+1) 4 ((1/F) -4) *Plate (3, 1)) ;

*(Plate (¥-1,1) +Plate (¥, i+1) +Plate (Y-1,1) +Plate (¥, i-1) 4 ((1/F) -4) *Plate (¥, 1)) ;

* (Plate (¥-1,1) +Plate (¥, 1+1) +Plate (¥-1,1) +Plate (¥, 1+1) + ((1/F) -4) *Plate (¥, 1)) ;

' Total time = ', num2scr(n*tstep),’s'])

Name « | Assignmentfinal.m
) Assignment...| 76 - x-size (prace,2);
) hssigoment... [ 77
O assigoment... 79 = w=rarse:
) assignment... | 75 % Matrix allocation
O Heattransfe.. | 5o while wefalse
& Hest Tanst.. | o,
@ scrptevalu.. | gy Plate=platez;
0 Thermal di.. | g s Centre of matrix
o
o
o
87 Plate2(3,1)
o ena
o
%
Py
2
o Place2 (3,1
o % Right column
s
% Platez (3,X)=Place2 (3,1 ;
o ena
o % Final row of the place
s
100
101 Plate2 (Y,1)
102 ena
103 % Left coner
108
105 Placez (¥,1
106
107 % Right corner
108
108 Platez (¥,X)=Plate2 (¥,1)
v |10
m nmnel;
n2 if rem(n, 100)=-0
13
1 he.zData=Plate2;
Selectafletoview [ 115 title(['Itesations = ', mumzets(n),
116 azaunow:

akes to solve n meeds to be specified before while loop
n w= true the while loop ends so to enter the loop w=false

To calculate temperature at sach time step to the previcus matrix the new plate is then
Due to unknown values ther are differnt boundary conditions

For loop to allocate from 2nd row to penultimate row

For loop to allocate from the second column to penultimate column

Tp=Plate(3,1) Tn=Plate(3-1,1) Te=Plate(j,1) Ts=Plate(j+1) Tw=Plate(j,i-1) Cells associated witl
Equation to determine new temperature using FDM

% Tp=Plate(3, 1) Ta=Plate(3-1,1) Te=Plate(3,1+1) Ts=Plate(3+1,1) Tw=Te B

% As heat transfer is symmetrical the right column is equal to the left column

* Tp=Plate(¥,1) Te=Plate(¥,i+1) T

late(¥-1,1) Tw=Plate(¥,i-1) Ts=Tn

% Tp=Plate(¥,1) Tn=Plate(¥-1,1) Te=Plate(¥,1+1) Ts=Tn Tw=Te

% Right corner is equal to the left

% n is the number of iterations it takes to solve to thermal equalibrium
% Drawnow function is time consuming so updates every few iterations

% Updates the contour map with mew information
% Updates iteration and time on the figure
%+ Drawnow function updates the figure and draws the new contourF

<

Command Window

< > Newto MATLAB? See resources for Getting Started.
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CurrentFolder ® | [ERE Workspace_ ®
Name+ || Assignmentfinalm ¢ | + | Name ~

) hssgoment... [ s -~ 1 for s=2:%-1 % For loop to allocate from the second column to penultimate column
) hssigoment.. | se % Tp=Plate(3,i) Tn=Plate(3-1,1) Te=Plate(3,i) Ta=Plate(3+1) Tw=Elate(3,i-1) Cells associated witl
) ssignment... | 27 - Plate2 (3,1)=F* (Plate (3-1,1) +Plate (3, 1+1) +Plate (3+1,1) +Plate (3, i-1)+( (1/F)-4) *Plate(3,1)); * Equation to determine new temperature using EDM

£ Assignment... | g5 - end
) Heattranste.. | 5q

& Hest Tanst.. | oy

& sipteatu. | o - @

B Themaldi.. | g % TpPlate(s,1) Ta-Plate(31,1) Te-plate(3,1+]) TemPlate(3+1,1) Tuw-Te =
5 - Plate2 (3, 1) =F* (Plate (3-1,1) +Blate (3, 1+1) +Plate (3+1, 1) +Plate (3, 1+1) 4 ((1/F) -4) *Plate (3, 1)) 5
o * Rigne colum
55 % Ao heat cramsfer is symetrical the right column is equal to the left column
56 - Placez (3,3 -Place2 (3,215
o - ena
s % Finel zow of the place
- 0 :
100 % TpoPlate (1) Te-Plate(f,i+1) Ta-Plate(¥-1,1) TwPlate(¥,i-1) Ts=Tn
101 - Place? (¥, 1) =F* (Place (-1, 1) +P1ace (¥, 1+1) +Plate (£-1, 1) +Place (¥,4-1) 4 ((1/8) 4) *Plave (¥, 1))
102 - ena
103 % Left comer
104 % To-Plate (¥, 1) To=Place(t-1,1) Te=Plate(f,1+1) Ts=Tn Tw-Te
105 - Platez (¥, 1)=F* (Plate (¥-1,1) +Blate (¥, 1+1) +Plate (¥-L, 1) +Plate (¥, 1+1) +((1/F) -4) *Plate (¥, 1)) 5
106
107 * Rignt comer
100 % Right comer is equal to the lefc
105 - Place? (1,5 =Place2 (1,1)
110
w1 - nones % n 13 the number of iterations it takes o solve o thermal equalibrium
n2- if zem(n, 100) = % Drawnow funccion is time consuming so updates every few iterations
13
14 - % Updaces che contour map with new information
115 - title(['Iterations = ',num2str(n), ' Total time = ', num2str(n*tstep),’s']) % Updates iteration and time on the figure
16 - - % Drawnou function updates the Figure and draws the new ContourF
07 - cotombar; * Displays colourbar
1e - ena
v s - 5 zound (Plate, 3) ——round (Flavez, 3) % Definivion of themal equalibrium whenthe ne and previous place have are the same to 3 decimal
120 - jl—— * Ends the wnile loop
121 - ena
122~ lena
123
seletafietoviewc| 124 5% Final display
125 v
L >
Command Window ®
< > New to MATLAB? See resources for Getting Started. X< >

= h’B o ®
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) Assignment... | ¢35 — Placez(3,1)=F* (Plave (3-1, 1) +Flace (3, L+1) +Flace (3+1, 1) +FLace (3, 1+1) #((L/F)—4) *Flace (3, 1))7
) Assignment... | s < Rignt column
) Assignment... | o5 % As Beat transfer is symetrical the right column i equal to the left colum
) Assignment... | o - Platez (3,X)=Place2 (3,1 ;
) Hestranste.. | 57 - na
Heat Transf... | g5 % Final row of the plate
@ sciptevalu., | o~ -
85 Themal di.. | 159 % Tp=Flace(¥,i) Te=Flate(¥,i+l) Tn=Flate (¥-1,i) Tw=Flate(,i-1) Ts=Tn
101 - Platez (¥,1)=F* (Plave (¥-1,1) +Flate (¥, i+1) +Plate (¥-1,1) +Flate (¥, 4-1) + ((L/F) ~4) *Flate (%,4)) s
102 - ena
103 % Lefc comer
10 % Tp=Plate(¥,1) Tn=Plate(¥-1,1) Te=Plate(¥,1+1) Ts=Tn Tu=Te
105 - Platez (¥,1)=F* (Plave (¥-1,1) +Flate (¥, 1+1) +Flate (Y1, 1) +FLate (¥, 1+1) + ((L/F) ~4) *Flate (¥, 1)) ;
106
107 < Rignt corner
108 % Rignt corner is equal to the left
108 - Platez(v,X)=Flatez(¥,1) ;
110
m - el % n is che number of iterations it cakes o solve o hermal squalibrium
12 - it rem(n, 100)=0 % Drawnow function is Time consuming so updates every few iterations
13
114 - % Updates the contour map with new information
115 - title(['Iterations ',num2str(n), ' Total time ', num2str(n*tstep),’'s']) % Updates iteration and time on the figure
116 - J—— % Drawnow function updates the figure and draws che new contourF
7 - colorbaz; % Displays colourbar
16 - ena
119 - 1% round (Plate, 3) =—round (Plate2, 3) % Definition of chermal equalibrium whenthe ne and previous plate have are the same o 3 decimal
120 - J—— % £nds che wnile loop
121 - ena
122 - lena
123
126 %% Final aisplay
125
126 — title(['Iterations ',num2str(n), ' Total time ', num2str(n*tstep),’'s']) % Displays final title with iterations and total time
(] S —
120
125 - aisp(Placez) % Displays macrix of final matrix in command window
130 - aisp(['Namber of iteravions = ',mumzstr(n)]) % Displays final iteracion count
151~ Time=n'csteps % Equacion to calculate cotal cime
Selectafiletovien<| 132 = disp(('Time take to reach themmal egualibriom in seconds = ¢, num2str(Time)]) % Displays Total cime co reach chermal squalibrium
133 v
I >
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GA36c Level 6

Density: p=2.
*  Specific Heat: ¢ =795 J/kg.C

The prescribed initial and boundary conditions are:

Boundary Condition along North edge: Gaussian distribution of temperatures of amplitude 100°C
60°C
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