
 

TEMPERATURE MEASUREMENT IN 

RAIL GRINDING 

 



 



 



ọ ọ

 



 

 

 

 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

  

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



𝛼 𝑚2𝑠−1 

𝛽𝑤
𝐽 ∙ (𝑚2 ∙ 𝑠1 2⁄ 𝐾)−1

𝜌𝑤
𝑘𝑔 ∙ 𝑚−3

𝑎𝑒
𝑚𝑚

𝑏𝑤
𝑚𝑚

𝑐𝑤
𝐽 ∙ 𝑘𝑔−1 ∙ 𝐾−1

𝐶 𝑛𝑜 𝑢𝑛𝑖𝑡𝑠

𝑑𝑒
𝑚𝑚

𝐹𝑡
𝑁

ℎ𝑐ℎ
𝑊 ∙ 𝑚−2𝐾−1

ℎ𝑓 𝑊 ∙ 𝑚−2 ∙ 𝐾−1

ℎ𝑠
𝑊 ∙ 𝑚−2 ∙ 𝐾−1

ℎ𝑤
𝑊 ∙ 𝑚−2 ∙ 𝐾−1

𝑘𝑔 𝑊 ∙ 𝑚−1 ∙ 𝐾−1

𝑘𝑤
𝑊 ∙ 𝑚−1 ∙ 𝐾−1

𝑙𝑐
𝑚𝑚

𝑃𝑡
𝑊

𝑞𝑐ℎ
𝑊 ∙ 𝑚−2

𝑞𝑓 𝑊 ∙ 𝑚−2

𝑞𝑠
𝑊 ∙ 𝑚−2

𝑞𝑡
𝑊 ∙ 𝑚−2

𝑞𝑤
𝑊 ∙ 𝑚−2

𝑄𝑤
𝑚𝑚3 ∙ 𝑠−1

𝑄′𝑤
𝑚𝑚3 ∙ 𝑚𝑚−1 ∙ 𝑠−1

𝑅𝑤
𝑛𝑜 𝑢𝑛𝑖𝑡𝑠

𝑅𝑤𝑠
𝑛𝑜 𝑢𝑛𝑖𝑡𝑠

𝑡 𝑠

𝑡𝑐
𝑠

𝑇𝑚𝑎𝑥
𝐾

𝑇𝑚𝑝
°𝐶

𝑣𝑠
𝑚 ∙ 𝑠−1

𝑣𝑠𝑝𝑖𝑛𝑑𝑙𝑒 𝑚 ∙ 𝑠−1



𝑣𝑤
𝑚𝑚 ∙ 𝑚𝑖𝑛−1

𝑧 𝑚𝑚

𝑟0
𝜇𝑚



 

 



 

● 

● 

● 

● 

● 



 

• 

• 

 



 



 

• 

• 

• 

• 

 



 

 



 



















 



 



 



hcu,max= cgw∙ (
vw

vs
)

e1

∙ (
ae

deq
)

e1
2

w
√



 



 

𝑣𝑠

𝑣𝑠



θ ( )



 







 

 𝑄𝑤





𝑣𝑠

 



 

𝑃𝑡 = 𝐹𝑡 ∙ 𝑣𝑠

𝑞𝑡 = 𝑞𝑤 + 𝑞𝑐ℎ + 𝑞𝑠 + 𝑞𝑓 =  
𝑃𝑡

𝑙𝑐 ∙ 𝑏

𝑇𝑚𝑎𝑥

𝑞𝑤 = ℎ𝑤 ∙ 𝑇𝑚𝑎𝑥, 𝑞𝑠 = ℎ𝑠 ∙ 𝑇𝑚𝑎𝑥, 𝑞𝑓 = ℎ𝑓 ∙ 𝑇𝑚𝑎𝑥, 𝑞𝑐ℎ = ℎ𝑐ℎ ∙ 𝑇𝑚𝑝

𝑇𝑚𝑝

𝑞𝑓

𝑞𝑐ℎ = 𝑒𝑐ℎ

𝑎𝑒 ∙ 𝑣𝑤

𝑙𝑐



𝑇𝑚𝑎𝑥 (°𝐶)

𝑞𝑤

𝑇𝑚𝑎𝑥 = 𝑞𝑤 ∙
𝐶

𝛽𝑤
∙ √

𝑙𝑐

𝑣𝑤
=  

𝑞𝑤

ℎ𝑤

ℎ𝑤 𝐶

 𝑃𝑒 < 0.2  𝐶 = 0.76 0.2 < 𝑃𝑒 < 10 𝐶 =
0.95

𝜋
√2𝜋 +

𝑃𝑒

2

𝑃𝑒 > 10  𝐶 = 1.06

 𝛽𝑤  

(𝐽 ∙ (𝑚2 ∙ 𝑠1 2⁄ 𝐾)−1)  (𝑘𝑤)

(𝜌𝑤) (𝑐𝑤)

𝛽𝑤 = √𝑘𝑤 ∙ 𝜌𝑤 ∙ 𝑐𝑤

∆𝑇𝑚𝑎𝑥 



∆𝑇𝑚𝑎𝑥 =
𝑞𝑡 − 𝑞𝑐ℎ

ℎ𝑤
𝑅𝑤𝑠

𝑅𝑤𝑠

𝑞𝑤 𝑞𝑡 𝑞𝑡

 𝑅𝑤 𝑅𝑤

 𝑅𝑤𝑠

𝑘𝑔 𝛽𝑤

𝑟0 𝑣𝑠

𝑅𝑤𝑠 = (1 +
𝑘𝑔

𝛽𝑤 ∙ √𝑟0 ∙ 𝑣𝑠

)

−1

 𝑙𝑐  𝑣𝑤

𝑇𝑚𝑎𝑥 =  
𝑞𝑤

√𝜋 ∙ 𝑘 ∙ 𝜌 ∙ 𝑐
∙ 𝑡1 2⁄ ∙ (1 −

2

3
∙

𝑡

𝑡𝑐
−

𝑧2

6𝛼𝑡𝑐
) ∙ 𝑒𝑧2 4𝛼𝑡⁄

−
2𝑞𝑤 ∙ 𝑧

𝑘
(1 −

𝑡

𝑡𝑐
−

𝑧2

6𝛼𝑡𝑐
) ∙ [1 − 𝑒𝑟𝑓 (

𝑧

√4𝛼𝑡
)]

𝑡  𝑡𝑐 𝑧

𝛼

𝛼 =
𝑘𝑤

𝜌𝑤 ∙ 𝑐𝑤



𝑘𝑤  

(𝑊 𝑚𝐾⁄ )

𝑐𝑤  

(𝐽 ∙ 𝑘𝑔− ∙ 𝐾−1)

𝜌𝑤  

(𝑘𝑔 ∙ 𝑚−3)

𝑇𝑚𝑝

(°𝐶)

𝑟0 

(𝜇𝑚)

𝑘𝑔 

(𝑊 𝑚𝐾⁄ )

𝑟0 

(𝜇𝑚)

𝑘𝑔 

(𝑊 𝑚𝐾⁄ )

 



 

 



• 

• 

• 







 

 



 



• 

• 

• 

 



 

 



í

 





 

 



• 

• 

 



• 

• 

 



 









 





 





 









 

 





 



 



 



 

 

 

 



 

 





 

 

 



 



 



• 

• 

∑ 𝐹𝑥 = 𝐹1𝑥 + 𝐹2𝑥 + 𝐹3𝑥 + 𝐹4𝑥

∑ 𝐹𝑦 = 𝐹1𝑦 + 𝐹2𝑦 + 𝐹3𝑦 + 𝐹4𝑦

∑ 𝐹𝑧 = 𝐹1𝑧 + 𝐹2𝑧 + 𝐹3𝑧 + 𝐹4𝑧

 







 

 

 





𝑣𝑠 =
𝑣𝑠𝑝𝑖𝑛𝑑𝑙𝑒 ∙ 𝜋 ∙ 𝑑𝑠

6000

𝑣𝑠𝑝𝑖𝑛𝑑𝑙𝑒 𝑑𝑠

 𝑣𝑠 =

 6000 𝑟𝑝𝑚  𝑣𝑠 =  12000 𝑟𝑝𝑚

𝑣𝑤 =  10,000 𝑚𝑚/𝑚𝑖𝑛 𝑣𝑤 =  43,000 𝑚𝑚/𝑚𝑖𝑛



 𝑄′𝑤

𝑎𝑒 𝑣𝑤

𝑄′𝑤 = 16.7 𝑚𝑚3/𝑚𝑚 ∙ 𝑠 𝑄′𝑤 = 71.7 𝑚𝑚3/𝑚𝑚 ∙ 𝑠

𝑄′𝑤 = 𝑎𝑒 ∙ 𝑣𝑤

𝑣𝑠

𝑣𝑤

𝑎𝑒

𝑄′𝑤

 𝑎𝑒 = 0.1 𝑚𝑚

 0.5 𝑚𝑚

 



 

• 

• 

𝑣𝑤

 



 

 

 

 

 

 





𝒗𝒔 

𝒗𝒘

𝒂𝒆

𝒂𝒆 𝑸𝒘

 

 

 

 

 

 

 

 



 



𝒗𝒔 

𝒗𝒘 
𝒂𝒆 𝒂𝒆 𝑸𝒘

 

 

 



















 



 







 

 











 





𝐹𝑡



𝐹𝑡

𝐹𝑡

𝐹𝑡

𝐹𝑛

𝐹𝑛









 



 

 









 





 

 



 

















 



 

















 



 



 



 

 



 



 

 



 



 



 

 

 

 



 



 



 

 



 



 



 

 





 





 



 



 

𝑇𝑚𝑎𝑥





 



 

 

 

 



 

 

 

 

• 

• 

• 



 



 

 







γ











 



 

 

 



 

 



 



 

 



 

 



 



 

 

 



 



 



 



 

 



 



 

 



 



 



 



 



 

clear variables 
 
%CHANGE the PATH NAME in line 7 to LEAD TO THE SAME DIRECTORY as where your 
%videos and csv files are - THE CODE WILL NOT WORK IF THE VIDEOS AND CSV 
%FILES ARE NOT IN THE SAME DIRECTORY - GOOD LUCK 
 
cd("INSERT WORKING DIRECTORY WHICH CONTAINS YOUR CORRESPONDING CSV AND VIDEO" + 
... 
    " OR THIS IS CODE IS ON TRACK TO NOWHERE") 
a = dir('*.csv'); 
b = cell(1,length(a)); 
for i=1:length(a) 
    val = a(i).name; 
    b{i} = val; 
end 
 
%Choose which video you want to view 
vid = input('Video ID: '); % user inputs the video ID 
s = strcat('*',vid,'*','.csv'); % this format tells matlab to search for any csv 
file with the ID  
vid_name = dir(s).name; %this line carries out the search (it's called a wildcard) 
tempData = readmatrix(vid_name); %reads the temperature data 
 
frameNumber = tempData(:,1); 
maxFrame = length(tempData); 
 
%Subplot set up 
ax1 = subplot(2, 1, 1); 
ax2 = subplot(2, 1, 2); 
 
filename = vid; % name of video file in the format 'File name' 
v = VideoReader(filename); 
lastFrame = read(v, inf); 
numFrames = v.NumFrames;  
FrameRate = numFrames/v.Duration; 
% This is a more accurate way to find the number of frames & it equals that of the 
csv files 
%It's more accurate because the other method is an estimate, but it's only 
%accurate if MATLAB has read all the frames, hence line 29 exists  
 
%All of video was read so has no frames left, so object needs to be reassigned 
v = VideoReader(filename); 
 
%Display the first frame in the top subplot 
vidFrame = readFrame(v); 
image(vidFrame, 'Parent', ax1) 
ax1.Visible = 'off'; 
 
%Load the Temperature Data 
time = 1/FrameRate:1/FrameRate:v.Duration; %converts from frame to seconds 
tempMax = tempData(:,2); 



tempMin = tempData(:,3); % Allocating these variables to the columns isn't really 
necessary, but it helps with legibility 
 
index = 1:numFrames; 
i = 2; 
 
%Display the plot corresponding to the first frame in the bottom subplot 
h1 = plot(ax2, time(1:index(i)), tempMax(1:index(i)),'r.'); 
hold on 
h2 = plot(ax2, time(1:index(i)), tempMin(1:index(i)),'b.'); 
%Fix the axes 
ax2.XLim = [time(1) time(end)]; 
ax2.YLim = [tempMin(index(i))-5 tempMax(index(i))+5]; 
xlabel('Time (s)','FontSize',12) 
ylabel('Measured Temperature (°C)','FontSize',12) 
legend(["Maximum Temperature (°C)" "Minimum Temperature (°C)"],'FontSize',12, 
'Location','northeast') 
 
 
%%Animate 
while hasFrame(v) 
    if i == maxFrame 
        break 
    end 
    pause(1/FrameRate); 
 
    vidFrame = readFrame(v); 
    image(vidFrame, 'Parent', ax1); 
    ax1.Visible = 'off'; 
 
    ax2.YLim = [min(tempMin(1:index(i)))-5 max(tempMax(1:index(i)))+ 5]; 
 
    i = i + 1; 
    set(h1, 'YData', tempMax(1:index(i)), 'XData', time(1:index(i))) 
    set(h2, 'YData', tempMin(1:index(i)), 'XData', time(1:index(i))) 
end 
 
M= max(tempMax); 
fprintf('The maximum temperature observed is %2f degC. \n', M) 
 

clc 
% %The rail used in this study will be of grade R260 
% %Aim of this code is to determine the temperature depth profile of a ground 
% %rail. It is expected that this will tend to an asymptote 
%  
%  
%  
%  
% % Q'=; %Material removal to be utilised 
a_e= 0.025/1000; %depth of cut (m)  
b_w= (64.45)/1000; %wheel width (m) %%%%%CHECK%%%%%% 
v_w= (0.6*1000)/(60*60); %workpiece feedrate at 0.6kph and 2.58 kph converted to 
m/s  
F_t=[153, 153]; % Average tangential force in first pass (N)  



F_t_label = ["6000 rpm Pass 1:"+" F_{t}= "+num2str(F_t(1),3)+" N", "12000 rpm Pass 
1:"+ " F_{t}= " + num2str(F_t(2),3) + " N"]; 
F_t_colour = ["k-s","b-s", "c-s","r-s","k-^", "b-^", "c-^","r-^"]; 
%%Wheel properties 
d_s = 156/1000; %convert grinding wheel diameter from mm to m 
r0 = 25*10^-6; %estimated radius of a reasonably sharp grain (m) (Duscha et al., 
2010) 
 
%%%%%%%%%%%%%%%% 
 
%Thermal properties 
k_w = 51; %W/mK %thermal conductivity of workpiece (@20 deg) 
k_g = 240; %W/mK thermal conductivity of CBN grain (Rowe et al., 2013) 
rho = 7840; %kg/m3 density of steel 
c_w = 500; %J/kgK specific heat capacity of the workpiece material (Zhou et. al, 
2021) 
alpha_w=k_w/(rho*c_w); %thermal diffusivity of workpiece (m^2/s) 
T_mp= 1400 + 273.15; %melting temp used in the calculation of chip energy of 
steels (Rowe et al, 2013) 
%derived parameters 
l_c= sqrt(d_s*a_e); %geometric contact length 
beta_w = sqrt(k_w*rho*c_w); %thermal effusivity of the workpiece 
%beta_g = 0.14*10^9; %Units J^2*m^4*K^2, from Malkin and Guo et al 
Pe=(v_w*l_c)/(4*alpha_w); %According to Rowe et al (2013), the Peclet number 
determines the C-factor   
if (Pe > 10) 
    C=1.06; 
elseif (0.2<Pe && Pe<10) 
    C=(0.95/pi)*((2*pi)+(Pe/2))^0.5; 
else  
    C=0.76; 
end 
%%% 
 
h_ch=(rho*c_w*v_w*a_e)/l_c; %heat conduction coefficient of chips 
h_w=(beta_w/C)*(sqrt(v_w/l_c)); %conduction coefficient for workpiece (W/m^2*K) 
 
h_f=0; %convection coefficient of fluid 
t_c=l_c/v_w; %contact time or duration of heating across contact area, unit (s) 
 
%basic thermal rise  
%Temperature rise based on net heat into the workpiece 
 
% deltaT = q_w*(C/beta_w)*(l_c/v_w)^0.5; % 
 
 
t_len=0.001:0.001:0.003; %units in (s) 
z_len=0:0.000005:0.0015; %According to Rowe(2013)this should be a range up to the 
3mm 
 
T=zeros(length(z_len),length(t_len), length(F_t)); %returns zeros of the length of  
matrix 
counter_t=0; 
for i=1:length(F_t) 
    if i<=1 
        Spindle_Speed=6000; %12000rpm for superabrasive grinding 
    else 
        Spindle_Speed=12000; %rpm 
    end 



    v_s = Spindle_Speed*(d_s/2)*2*pi/60; %convert cutting speed (grinding wheel 
velocity) from rpm to m/s 
     
     
    Power= F_t(i)*v_s; %grinding power (W) or (N.ms^-1) 
    %Assuming that the grinding power is converted into heat 
    q_t=(Power)/(l_c*b_w); %total heat flux (W/m^2) 
     
    R_ws=(1+(k_g/(beta_w * sqrt(r0*v_s))))^-1; %Estimate worpiece-wheel heat flux 
ratio (dimensionless) 
    q_w= R_ws*q_t; %heat flux into the workpiece (W/m^2) 
    T_max= (q_t-(h_ch*T_mp))/((h_w/R_ws)+h_f);   %Max temperature for dry grinding 
of rail 
    fprintf('%d is the approximate maximum temperature. \n', T_max); 
    for j=1:length(t_len) %units in (s) 
        M=4*q_w*(t_len(j)^(0.5))/sqrt(pi*k_w*rho*c_w); 
        counter_t=counter_t+1; 
        counter_z=0; 
        for k=1:length(z_len) %According to Rowe(2013) this can be a range up to 
about 3mm where  
            counter_z=counter_z+1; 
             
            N=(1-(2/3*(t_len(j)/t_c)-((z_len(k)^2)/(6*alpha_w*t_c))))*exp(-
(z_len(k)^2)/(4*alpha_w*t_len(j))); 
            O=(2*q_w*z_len(k)/k_w)*(1-(t_len(j)/t_c)-
((z_len(k)^2)/6*alpha_w*t_c))*(1-erf(z_len(k)/sqrt(4*alpha_w*t_len(j)))); 
            intValue = M*N -0; 
            T(k,j, i)= intValue; %maximum temperature of the subsurface 
             
        end 
    end 
end 
%figure 
%plot(t_len,T(1,:)) 
 
 
figure 
for m=1:length(F_t) 
    semilogx(z_len*1000,T(:,1, m)+ 20, F_t_colour(m)) %The ambient temperature is 
taken as 20 degC; 293.15 KELVIN) 
    hold on 
end 
legend(F_t_label) 
fontsize(20,"points") 
xlabel('Depth below surface (mm)') 
ylabel('Subsurface temperature (°C)') 
% Plot 

clc 
% %The rail used in this study will be of grade R260 
% %Aim of this code is to determine the temperature depth profile of a ground 
% %rail. It is expected that this will tend to an asymptote 
%  
%  



%  
%  
% % Q'=; %Material removal to be utilised 
a_e= 0.025/1000; %depth of cut (m) - 2nd feed rate will be 2.58 
b_w= (64.45)/1000; %wheel width (m) %%%%%CHECK%%%%%% 
v_w= 0.033333333333333333; % (2.58*1000)/(60*60); %workpiece feedrate (m/s)  
F_t=[192.402647, 233.236497, 153.838871, 342.514007, 350.05384, 266.670772, 
291.841418, 425.224416]; % Average tangential force in first pass (N)  
F_t_label = ["2000 rpm Pass 1:"+ " F_{t}= " + num2str(F_t(1),3) + " N", "2000 rpm 
Pass 2:"+ " F_{t}= " + num2str(F_t(2),3) + " N", "2000 rpm Pass 3:"+ " F_{t}= " + 
num2str(F_t(3),3) + " N", "2000 rpm Pass 4:"+ " F_{t}= " + num2str(F_t(4),3) + " 
N", "3000 rpm Pass 1:"+ " F_{t}= " + num2str(F_t(5),3) + " N", "3000 rpm Pass 2:"+ 
" F_{t}= " + num2str(F_t(6),3) + " N", "3000 rpm Pass 3:"+ " F_{t}= " + 
num2str(F_t(7),3) + " N", "3000 rpm Pass 4:"+ " F_{t}= " + num2str(F_t(8),3) + " 
N"]; 
F_t_colour = ["k-s","b-s", "c-s","r-s","k-^", "b-^", "c-^","r-^"]; 
%%Wheel properties 
d_s = 150/1000; %convert grinding wheel diameter from mm to m 
r0 = 25*10^-6; %estimated radius of a reasonably sharp grain (m) (Duscha et al., 
2010) 
 
%%%%%%%%%%%%%%%% 
 
%Thermal properties 
k_w = 51; %W/mK %thermal conductivity of workpiece (@20 deg) 
k_g = 8.4; %W/mK thermal conductivity of aluminium oxide (Zhou et. al, 2021) 
rho = 7840; %kg/m3 density of steel 
c_w = 500; %J/kgK specific heat capacity of the workpiece material (Zhou et. al, 
2021) 
alpha_w=k_w/(rho*c_w); %thermal diffusivity of workpiece (m^2/s) 
T_mp= 1400 + 273.15; %melting temp used in the calculation of chip energy of 
steels (Rowe et al, 2013) 
%derived parameters 
l_c= sqrt(d_s*a_e); %geometric contact length 
beta_w = sqrt(k_w*rho*c_w); %thermal effusivity of the workpiece 
%beta_g = 0.14*10^9; %Units J^2*m^4*K^2, from Malkin and Guo et al 
Pe=(v_w*l_c)/(4*alpha_w); %According to Rowe et al (2013), the Peclet number 
determines the C-factor   
if (Pe > 10) 
    C=1.06; 
elseif (0.2<Pe && Pe<10) 
    C=(0.95/pi)*((2*pi)+(Pe/2))^0.5; 
else  
    C=0.76; 
end 
%%% 
 
h_ch=(rho*c_w*v_w*a_e)/l_c; %heat conduction coefficient of chips 
h_w=(beta_w/C)*(sqrt(v_w/l_c)); %conduction coefficient for workpiece (W/m^2*K) 
 
h_f=0; %convection coefficient of fluid 
t_c=l_c/v_w; %contact time or duration of heating across contact area, unit (s) 
 
%basic thermal rise  
%Temperature rise based on net heat into the workpiece 
 
% deltaT = q_w*(C/beta_w)*(l_c/v_w)^0.5; % 
 
 



t_len=0.001:0.001:0.003; %units in (s) 
z_len=0:0.000005:0.0015; %According to Rowe(2013)this should be a range up to the 
3mm 
 
T=zeros(length(z_len),length(t_len), length(F_t)); %returns zeros of the length of  
matrix 
counter_t=0; 
for i=1:length(F_t) 
    if i<=4 
        Spindle_Speed=2000; %12000rpm for superabrasive grinding 
    else 
        Spindle_Speed=3000; %rpm 
    end 
    v_s = Spindle_Speed*(d_s/2)*2*pi/60; %convert cutting speed (grinding wheel 
velocity) from rpm to m/s 
     
    Power= F_t(i)*v_s; %grinding power (W) or (N.ms^-1) 
    %Assuming that the grinding power is converted into heat 
    q_t=(Power)/(l_c*b_w); %total heat flux (W/m^2) 
     
    R_ws=(1+(k_g/(beta_w * sqrt(r0*v_s))))^-1; %Estimate worpiece-wheel heat flux 
ratio (dimensionless) 
    q_w= R_ws*q_t; %heat flux into the workpiece (W/m^2) 
    T_max= (q_t-(h_ch*T_mp))/((h_w/R_ws)+h_f);   %Max temperature for dry grinding 
of rail 
    fprintf('%d is the approximate maximum temperature. \n', T_max); 
    for j=1:length(t_len) %units in (s) 
        M=4*q_w*(t_len(j)^(0.5))/sqrt(pi*k_w*rho*c_w); 
        counter_t=counter_t+1; 
        counter_z=0; 
        for k=1:length(z_len) %According to Rowe(2013) this can be a range up to 
about 3mm where  
            counter_z=counter_z+1; 
             
            N=(1-(2/3*(t_len(j)/t_c)-((z_len(k)^2)/(6*alpha_w*t_c))))*exp(-
(z_len(k)^2)/(4*alpha_w*t_len(j))); 
            O=(2*q_w*z_len(k)/k_w)*(1-(t_len(j)/t_c)-
((z_len(k)^2)/6*alpha_w*t_c))*(1-erf(z_len(k)/sqrt(4*alpha_w*t_len(j)))); 
            intValue = M*N -0; 
            T(k,j, i)= intValue; %maximum temperature of the subsurface 
             
        end 
    end 
end 
%figure 
%plot(t_len,T(1,:)) 
 
 
figure 
for m=1:length(F_t) 
    semilogx(z_len*1000,T(:,1, m)+ 20, F_t_colour(m)) %The ambient temperature is 
taken as 20 degC; 293.15 KELVIN) 
    hold on 
end 
legend(F_t_label) 
fontsize(20,"points") 
xlabel('Depth below surface (mm)') 
ylabel('Subsurface temperature (°C)') 
% Plot


