MATLAB Tutorial on ordinary differential equation solver (Example 12-1)

Solve the following differential equation for co-current heat exchange case and plot X, Xe, T, Ta, and
-rA down the length of the reactor (Refer LEP 12-1, Elements of chemical reaction engineering, 5th
edition)

Differential equations

d(Ta)/d(V) = Ua*(T-Ta)/m/Cpc

d(X)/d(V) = -ra/Fa0

d(T)/d(V) = ((ra*dH)-Ua*(T-Ta))/Cpo/Fa0

Explicit equations

Cpc=28

m =500

Ua = 5000

Ca0=1.86

Fa0 = 14.67

dH = -34500

k = 31.1*exp((7906)*(T-360)/(T*360))
Kc = 3.03*exp((dH/8.314)*((T-333)/(T*333)))
Xe = Kc/(1+Kc)

ra = -k*Ca0*(1-(1+1/Kc)*X)

Cpo =159

Initial and final values
Ta(0) =315

T(0)= 305

X(0)=0

V(0)=0

V(H=5

Repeat the similar exercise for other cases:

= Counter-current heat exchange: Plot X, Xe, T, Ta, and —rA down the length of the reactor
= Constant ambient temperature, Ta: Plot X, Xe, T, and —rA down the length of the reactor
= Adiabatic operation: Plot X, Xe, T, Ta, and —rA, down the length of the reactor



Step 1: First, launch MATLAB which you can access on CAEN computers (University of Michigan
computer) or download from http://www.mathworks.com . You will see that multiple window opens
which looks like this
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The central window is called Command window. In the command window you can enter statements,
run your files, generate output etc.

Step 2: Change the current folder location

The only folder which MATLAB can access is shown by red circle. In this case the folder name is
“MATLAB”. You must change the access location so that it refers to your particular folder which you
are using for this project. Let’s create a folder LEP-12-1 on desktop. Now change the MATLAB folder
location to this location as shown below

W A J @ :
New New Open || Compare Import  Seve e s P S Thee Singiak = ENVIRONMENT | RESOURCES
s ’ CO0E SINULINK !
G B E NS » Users » foglerab » Desktop » LEP-12- 3 S
Current Folder ®  Command Window G
Name ~  >>
stails. 7
Workspace ®
Name » Value
« m 1]
= Ready



http://www.mathworks.com/

To solve ODE in MATLAB, you need to create two kind of program files:

1. Script file where you enter data such as integration span, initial guess, produce graphical
outputs,etc

2. Function file where you enter all your explicit and differential equations
We will first create function file

Creating function file
Step 3: On the toolbar, Click on the New menu and select Function
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You will see a new window opens that looks like this. MATLAB automatically creates syntax for
writing function file. To use solver in MATLAB, you need to write codes in the space provided.
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The first line of function starts with the keyword function followed by the output arguments. The right
side contains function name (Untitled) and its input arguments. In this tutorial, we have chosen the
function name as ODEfun which takes two input arguments i.e. V and Y. The first input argument “V”’
IS a vector containing the integration span i.e. initial and final value of volume of reactor (in this case,
Vinit=0, Vfinal=5).

So V= [Vinit Vfinal]
Or, V=[05]

Second input argument “Y” is also a vector and contains initial values of the dependent variable i.e Ta,
T, and X (in this case, Ta(0)=315, T(0)=305, and X(0)=0).

So Y= [Ta(0) T(0) X(0)]
or, Y= [315 305 0]

The values of V and Y will be defined in the script file and then passed to the function file. This will
become clearer as you go through the tutorial

Step 4: SAVE your file.

Let’s name the function file as ODEfun. MATLAB file is saved with extension “.m”. In this case,
your function file is saved with the name “ODEfun.m”
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http://in.mathworks.com/help/matlab/ref/function.html

Step 5: Define function output arguments by f. The syntax for creating function file in our case becomes
Function f=ODEfun(V, Y)
Where V, Y are local to function.

Note that f, V, and Y are just variables. You can use whatever terms you like. Just remember that if you
have defined a variable, then you have to always refer to it by the same name.

Now, edit the inbuilt format of function file for your case as shown below
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Step 6: As the differential equation contains 3 dependent variables (Ta, T, & X), so Y vector contains
initial values of these 3 variables, where, Ta is the first element, T is the second element and X is the
third element of Y vector

So,
Ta=Y(1), T=Y(2) and X=Y(3)

Assign the initial values of these variable as shown below. Put a semi-colon after each line to prevent
the value from being displayed on the command window each time you run the file
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Step 7: Before entering all the explicit equations, we will first write comments (which are not executed).
To write comments, use percent symbol (%) followed by the comment. By default MATLAB uses green
colour for writing comments. Let’s put the comment “% Explicit equations”
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Step 8: Now, enter all the explicit equations with semi colon at end
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Step 9: Next, you need to enter your differential equations. For this example, you have three differential
equation in Ta, T and X.

In MATLAB, LHS of differential equations cannot be entered in derivative form (dy/dx), so you need
to define variable representing left side of differential equation

In this case we will use the following definition for differential equation
dTa/dV=dTadV,

dT/dV=dTdV, and

dX/dV=dXdVv



Enter the comment for differential equation and then enter your differential equations. After all the
equations are entered, you need to define the output f. In the function file, f contains the differential
equation. So, define f as shown below. ODEfun must return column vectors, so, you need to put semi-
colon between differential equations to get column vector for different dependent variable.
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V1
The function file returns the value in the form [v y] where, v is a column vector [VZI of independent
Vn

Tal T1 X1
variable (i.e. volume for this case) and y is a matrix |[Ta2 T2 X2|of dependent variable (i.e. Ta,
Tan T2n Xn

T, & X for this case). Note that no of rows are same in vector v and matrix y. The return value of the
function will be used in the script file which would be discussed in next section



Creating a script file

Step 10: Go back to New menu and select Script
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A black window will appear like this
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Step 11: First we will create the codes for Temperature profile. So save your script file with the name
“Temp_profile”. You can also save it with other name as per your wish. We will save this file in the
folder LEP-12-1 as shown
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Step 12: In the blank space, Enter clc in the first line. It will clear all the input and output from the
Command Window display, giving you a “clean screen”

Next you need to enter the integration time span. In this case we want to integrate the volume of reactor
from V=0 to V=5. Let’s define the integration time span variable as Vspan. To enter this in a row vector
format, type “Vspan = [0 5]” with space between 0 & 5 else enter Vspan= [0 ; 5] to create a column
vector. You can either create row or column vector, the output will remain same for this case. We will
create a row vector.

Next you need to enter the initial values of the dependent variable, Ta, T, X i.e. Ta (0) =315, T (0) =305,
and X (0) =0

Enter the initial value of the dependent variable in the vector form

y0=[315 305 0]

Again putting semi-colon at the end of each statement prevents the value from being displayed on the
command window. We will also put comment against each line as shown below
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Step 13: Next, you need to choose your ODE solver. There are different kind of solver available in
MATLAB which you can use as per your problem requirement. The following is the list of all the solver
with details:

Solver Problem Order  of | Method When to Use
Type Accuracy
ode45 Nonstiff Medium Explicit Runge-Kutta Most of the time. This should
be the first solver you try.
0de23 Nonstiff Low Explicit  Runge-Kutta | For problems with crude error
,pair of Bogacki and | tolerances or for solving
Shampine moderately stiff problems.
0dell13 Nonstiff Low to high | Adams-Bashforth- For problems with stringent
Moulton PECE error tolerances or for solving
computationally intensive
problems
odel5s Stiff Low to | Numerical If ode45 is slow because the
medium differentiation formulas | problem is stiff.
(NDFs)
0de23s Stiff Low Modified Rosenbrock If using crude error tolerances
to solve stiff systems and the
mass matrix is constant.
0de23t Moderately | Low Trapezoidal rule using a | For moderately stiff problems if
Stiff "free" interpolant. you need a solution without
numerical damping
0de23th | Stiff Low Implementation of TR- | If using crude error tolerances
BDF2, an implicit | to solve stiff systems.
Runge-Kutta  formula
with a first stage that is
a trapezoidal rule step
and a second stage that
is a backward
differentiation formula
of order two

The first choice for solving differential equation should be Ode45 as it performs well with most ODE
problems. Hence, we will use ode45 solver. To use ODE solver, MATLAB uses following Syntax

[v y] = solver (@ODEfun, Vspan, y0)

Where ODEfun is the function file which you have created. The function file name must be same as that
is invoked/called from the script file. Vspan is a vector specifying the interval of integration, and y0 is
a vector of initial conditions



Step 14: Write down the solver equation in the required format as shown below. In the script file, we
call/invoke function file and pass input arguments to function file. In this case input arguments are
Vspan and y0.
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When you run the script file, it will call function file and evaluate the differential equation for different
values of independent variable and the output will be stored in [v y]. As described earlier, v is a column
vector of volume and y is a column vector of [T, Ta, X]. We will not run the script file at this moment.

In this tutorial, you will learn to plot temperature profile, conversion profile and rate profile along the
volume of the reactor.

a) Temperature profile

Step 15: The ‘y’ output of the function file contains value of Ta, T, and X where the value of Ta, T and
X are in first, second column and third column respectively, so the values of these variables can be
obtained as

Ta=vy(,1); T=y(2); X=y(:;,3) where, Ta, T and X are column vector

To plot Ta and T along the volume of the reactor, we will use MATLAB plot function.
The syntax for using plot function is

plot(X1,Y1,...,.Xn,Yn)

Where X1, Y1 is the first set of data point. Similarly Xn, Yn is the nth set of data point. You can put
multiple graph on the same plot by using comma between two data sets (X1, Y1) and (X2, Y2)

So to plot Ta vs v, the syntax is plot (v, y(; ,1))This will take the values of v (column vector) and 1%
column vector of y. To plot T vs v on the same graph, the syntax becomes

Plot (v, y(:1),v, y(:,2))

This will plot Ta and T on Y axis and v on the X axis. You may or may not put semi-colon at the end
of Plot statement as this gives only graph and does not return any value on command window



We can also put legend, axis label, title, and range to your plot. The syntax are:
1) For legend : legend(‘comments’, ‘comments’, ‘comments’)

You can put your legend name under inverted comma. To put legend to different graphs, use comma
between different legend names. By default, the order of the legend is same as the order of the graph
defined in plot function

2) vy axis label :ylabel(‘comments’)

3) x axis label : xlabel(‘comments’)

4) title: title(‘comments”)

5) range: axis([a b ¢ d]), where a, b refers to the range of X axis and c, d refers to the range of Y
axis

The word in green can be replaced with the word you want to be displayed in your graph. In this case,
there are two graphs: 1% is for Ta and 2™ for T. On X axis you want volume V (m3) and temperature T
(K) on Y axis. The graph is made for co-current case, so accordingly define all the graphical features to
your plot.

Enter the above codes as shown below

" 4\ MATLAB R2014b

HOME PLOTS APPS EDITOR PUBLISH VEW
ch o H L) Fnd Fies e tnset o fx 2l -
v 54GoTo v Comment % &3 )
Yy ¥ v Pty (A Fnd v  Indent |} wf (o
BAVGATE =i

FH 3 ;_;I L G » Users » fogledad » Desktop » LEP-12-1

3

B Editor - C:\Users\foglerlab\Desktop\LEP-12-1\Temp_profile.m
ODEfun.m Temp_profile.m e
) Temp_profile.m 1- cle o
'_'_} ODEfun.m e Vspan = {0 5)2 % Range for the independent variable i.e, Volume of tThe reacte
3= yO = (315 305 0): % Initial values for the dependent variables Ta,T,and X
L [v yl=cdedS(@CDELfun,Vapan,yd):
Y plot({v,¥(:,1),v,¥(:,2)):
& - legend(*'T_a*,'T")
7= ylabel (*T(X)');
Details A g - xlabel ('V(z*3) ');
Workspace @ 9 = axis({0 § 300 320)):
| 1110 = title('Texp profile down the reactor for co-current heat exchange')
Name ~ Value ] 11
;L;_jv Gixl c':-..’: 12
[l vspan 05 |]13
: ny 873 dou | 14
[Hdyo {315,305,
< m '
|« i * | Command Window ®

I U senpt n 14 Col 1

Now you have created both the script file and function file. You need to run only script file as the
function file will be automatically called from the script file. Don’t run function file as it will give error.
This is because function file takes input arguments which are defined in the script file. Make sure that
the function file is present in the same location as that of script file, else MATLAB won’t be able to
find the function file when you invoke the function file from script file.

In this case, we have put both the files under the folder “LEP-12-1”



On the left side window, you will find that under current folder (shown by red rectangular box), both
the files are present. If it is not so, then change the current folder location (shown by blue box) to the
folder containing your files.

Step 16: In the Temp_profile file, press the run button | B! shown by black circle in the above
screenshot. Alternatively, you can also run your script file by using the command window. In the
command window type “Temp_profile and” press enter as shown below

4\ MATLAB R2014b (2] & S

HOME PLOTS EDITOR PUBLISH VIEW AU & B 9 & © (@] search Documentation ,D
Find Files Insert It j

EJI}' () E L Fna i S5 nert 1S, fx - D L@ [2] Run Section &}

Izl compare v 3 GoTo v Comment % e #d

New Open Save Breakpointz  Run  Runand I%Advanoe Run and
- - - @Prnl - HFn:I - Indent -El E - - Advance Time
FILE NAVIGATE EDIT BREAKFOINTS RUN
< B 5 ﬁ . v Cov Users » foglerlab » Desktop » LEP-12-1 - R
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i |= [v y¥]=ode45 (@CDEfun, Vspan,y0):
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You will see that following graph is generated which gives Ta and T profile down the length of the
reactor.
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You can also check that axis title, legend, chart title and axis range are as per defined by you in the
code.



Step 17: If you wish to see the values of the Ta, T and X at various reactor volumes, you can do so by
typing v and y in the file as shown below. Remember that typing without semi-colon will display the
values in the Command window. Press run.

You will see that values of v and y are displayed in Command window in vector form. The nth row of
y contains value of Ta, T, and X at the reactor volume corresponding to nth row of v vector
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Name | Temp_profilem | + |
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?Temp_lﬂmﬁlim 2 - Vspan = [0 5]; % Range for the independent variable i.e.volume of the reactaor ™
fjfﬂttlﬂmﬂle-m 3 - vy0 = [315; 305.; 0]: % Initial values for the dependent variables Ta,T, and x
‘ﬂ ODEfun.m al= [v yl=odedS (RODEfun, Vspan, y0)
%] conversion_profile.m | PO (¥ (1) v (i 2)) :
6§ -  legend('T_a','T') =
7-  ylabel('T(K)'):
B - xlabel('V(m"3)');
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Details A |10 -  title('Temp profile down the reactor for co-current heat exchange')
1 -
Workspace 2le i
ame ke Command Window ®
H ans 314,308 4.5943 p
v 97xt dou 5.0000
HH vspan [0,5]
y 97x3 dou
Hy [315;305:0) v = =
315.0000 305.0000 0
k] Ll 4 f{ 314.9976 305.0252 n.nnn1 ~Z

If you wish to see the value of a particular variable at a given volume, then you can do so by entering
command “y(a,b)”where a and b are row and column number of y matrix. So by varying “b”, you can
evaluate the value of different dependent variable (Ta. T or X) at fixed reactor volume (i.e. volume
corresponding to row “a” of v vector) and by varying “a” you can evaluate the value of that dependent
variable (i.e. variable corresponding to “b” column) at different reactor volume.

So, suppose, you want to get the value of volume and T at 20" row ,then type “v(20)” to get the volume
of reactor at this row and type “y(20,2)” to get the value of T at 20" row as shown below

From the below figure, you can see that T=329.7 K at V=0.6212 m®
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Current Folder ® M Editor - C:\Users\foglerlab\Desktop\LEP-12-1a\LEP-12-1a\Temp_profile.m ® x
Name [ Temp_profilem | + |

#) Temp_profile.m T1-  elc =

) rate_profile.m al= Vspan = [0 5]; % Range for the independent variable i.e.volume of the reactor

%) ODEfun.m 3 - y0 = [315; 305.; 0]; % Tnitial values for the dependent variables Ta,T, and x

%] conversion_profile.m 4 - [v yl=ode45 (RODEfun, Vspan, y0) ;

5= plot (v, y(:,1),v,¥(:,2));

T_a','T')
TTUE) )
8 — xlabel ("V(m"3) ') ;

]

L axis ([0 5 300 380]);
10 — title('Temp profile down the reactor for co-current heat exchangs')
Details -~
Workspace @
Neme Value
H ans 329.7680
v 97 doul
HH Vspan 10,5
y 973 doul
Hyo [315;305;0




Next, you need to create conversion and rate profile along the length of the reactor

b) Conversion profile

Step 18: Create a new Script file and save it as “Conversion_profile” in the folder LEP-12-1

In this, you need to plot both actual conversion (X) and equilibrium conversion (Xe) along the length
of the reactor.

The function ODEfun gives conversion, X= y(:,3) as its output at different values of reactor volume.
To get the value of Xe at different reactor volume you need to write few more codes.

The function file for this case will remain same as all the explicit equation and differential equations
are going to be same. All you need to do is modify your script file to include the expression for Xe.

The function file will return the value of T at different values of v from which you can calculate value
of Kc and Xe at different value of T. To get the total no of elements present in T vector, use MATLAB
inbuilt “size” function which returns the size (no of rows and columns) of an array or matrix.

The values of temperature are stored in 1% column of matrix y, so you need to find the size of y
The syntax for using size function is
Z=size (y); this will return the size of matrix y. Suppose size of y is n x m then Z= [n m]

Write the codes as shown below
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@ODEfun.m A= Vapan = [0 5]; % Range for the independent wvariable i.e. Volume of the reactor
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] [ ¢
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Step 19: We are only concerned with the row no of y i.e. z (1, 1)
Now Xe=Kc/(1+Kc)
And Kc = 3.03*exp((-34500/8.314)*((T-333)/(T*333)))

To evaluate the value of Xe at z (1,1) number of points, we need to create a “for” loop. We will first
evaluate the value of Kc at different temperature and then calculate the value of Xe at different Kc. In
the equation of Kc and Xe, T can be replaced by y(i, 2) as temp is the second dependent variable of y
matrix

Now we will evaluate the value of Xe at i=1: z(1,1)
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£ Conversion_profilem gl= v0 = [315 305 0]:; % Initial walues for the dependent variables Ta,T,and X
4 — [v w]l=ode45 (BODEfun,Vspan, v0)
5= z=zize(y):
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8- Ec(1)=3.03*exXp(-4149.63%(v(1,2)-333)/(v(1,2)*333));
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(| %Vspan [90;5; ‘|:| Command Window ]
/X3 0L -
[l Tl%l . S >
- script Ln 10 Col 4

This will create a column vector of Xe with row no same as that of y matrix

Step 20: Next, you just need to add plot function as was done for case of temperature profile. The output
y has X as the third element i.e. X=y(:,3). The vector Xe has been generated just now. So, write down
plot function along with the graphical features. It is not necessary to specify axis range always as
MATLAB can select the range automatically.
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‘j Temp_profile.m = clc O

) ODEfun.m
ﬂ Conversion_profile.m

|
1
2 - Vspan = [0 5]; % Range for the independent variable i.e. Volume of the reactor
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- Kc(i)=3.03%exp(-4149.63% (v (1,2)-333)/(v(i,2)*333)):
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Workspace @ 11 - plot tv,yt_: . 3]-,V,XE] H
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I Command Window ®
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< | 1 3
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Step 21: Now run the conversion file either by clicking run button or typing “Conversion_profile” and
pressing enter in command window. The following graph will be generated
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c) Rate profile
Step 22: Create a new Script file and save it as “Rate_profile” in the folder LEP-12-1

Step 23: For plotting rate profile, we need to determine the value of ra at different points. Again you

need to edit only your script file. Create a “for” loop and replace T by y(i,2) and X by y(i,3) in the
expression of k, Kc, and rate. So the equation for rate becomes:

k(i) = 31.1*exp((7906)*(y(i,2)-360)/(y(i,2)*360))

Kc(i) = 3.03%exp((-34500/8.314)*((y(i,2)-333)/(y(i,2)*333)))
ra(i) = -k(i)*Cao*(1-(1+1/Kc(i))*y(i,3))

Insert the codes in the file as shown below. This will create a column vector of k, Kc and ra
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ﬂRate_pmfi\e.m A= Vspan = [0 5]; % Range for the independent wvariable i.e. Volume of the reactor
?ODEfun.m 3= ¥0 = [315 305 0]; % Initial walues for the dependent wariakles Ta,T,and X
%) Conversion_profile.m 1 - [v ¥]=ode45 (BODEfun, Vspan, y0) ;
5= z=zize(v):
6 - Cao=1.86;
7 - for i=1 : z(1,1)
g8 %Calculating the values of rate from the following expressions
Details ~ ol = Kc(i)=3.03%exp (-4149.63*% (y(1,2)-333)/ (vi(i,2)*333));
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11 = ra(i)=-K(i)*Cao* (1- (1+1/Kc(i))*v(i,3)):
Name = Value 12 — |E:1d
i a7 -
FH ke Ix97c"t|; | Command Window ®
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umEvN 10T e T
< i | +
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Step 24: Next, add plot function, label your axis, define the range, legend and title on the graph. If the
graph doesn’t fit it the axis range you have provided, then go back to file and re-set the axis range. You
need to plot rate function which is negative of ra (rate= - ra). So, in the plot function ‘—ra’ is used to
plot rate.
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Step 25: Now run the file. You will get an output that looks like this
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Counter- current heat exchange

Step 26: For counter-current flow, we only need to make two changes in the program. First, we modify
the expression for Ta for counter-current flow. Multiply the right hand side of differential equation for
Ta with -1. The following equation is obtained



d(Ta)/d(V) = -Ua*(T-Ta)/m/Cpc

To modify equation for Ta, open the function file ODEfun and put a minus sign on the right hand side
of Ta equation as shown below:
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10 - TR = 5000;
13 = m = 500;
Details . 12 = Cpc = 28: =
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Step 27: Save your file.

Step 28: Next, we guess Ta at V = 0 and see if it matches Tao=315 at V = 5 m3. If it doesn’t, we guess
again. In this example, we will make first guess Ta (V=0) =330 Kand seeif Ta=Ta0=315KatV =
5 m3.

Change the initial value of y0 in all the script file as described below

a) Temperature profile

To make the changes, open your script file “Temp_profile” and change the 1% guess value in y0 to 330
instead of 315 as shown below. The value of Ta at the end of reactor will be the last element of 1st
column vector of y. So find the size of y and evaluate the value of y(n,1), where n is the last point



So,
z=size(y);

The value of Ta at the end of reactor will be given by
y(z(1,1),1), where z(1,1) gives the row number of last element

Don’t put semi-colon at the end of above line as you want the value of Ta to be displayed on command
window. Also change the title of the graph from co-current to counter-current.

Step 29: Now save your file and run the program. In the command window, you can see that outlet
temperature of Ta is 303.3 K but you want Ta=315 K
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Step 30: Make another guess and check the Value of Ta. The final guess we obtain is Ta (V)=340.3 K
where Ta (0)=315 K
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The following graph is obtained
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b) Conversion profile




Step 31: Change the initial value of Ta (i.e. Ta=340.3) and graph title in “Conversion_profile.m” file
as shown

4\ MATLAB R2014b

HOME (0] APPS PUBLISH
Find Files & o Insert fx 5| - . @ &?
'iF' - ﬁ D?] ? /. E L} [] Run Section L
=| Compare GoTo + Comment S5 53 o
Mew OpenSavely Iﬂ R Breakpoints Run  Runand @M\mnce Run and
- - ~ =Pt ¥ L Find ~ Indent =R - ~  Advance Time
FILE | NAvIGATE | EDIT | BREAKFOINTS | RUN |
< mp 53 L v |G » Users b foglerlab b Desktop b LEP-12-1
Current Folder ® i e \ ion_profile.n
MName ~ | ODEfun.m Temp_profilem 2| Conversion_profilem | + |
ﬂTEmp_prUﬁIE.m = clc @
ﬂTemp_profile.aS\f A= Vspan = [0 5]; % Range for the independent wvariable i Volume of the reactor
ﬁkate_pmﬁle.m &ll= ¥0 = [340.3 205 0]; % Initial walues for the dependent variables Ta,T,and X
) ODEfun.m al= {v yl=ode4S (GODEfun, Vspan, y0) : =
ﬂ Conversion_profile.m Z|= z=zize (y):
68— for i=1 : =z(1,1)
7 %tCalculating the walues of equilibrium conversion from the following expressions
g - Kc(1)=3.03%exp (-4148.63% (v(1,2)-333)/(v(1,2)*333)); -
3 - Xe (1) =Kc (i) / (1+Kc (1)) -
Rate_profile.m (Script) ~ )= end
13 = plot(v,v(:,3),v,Xe):
Workspace ® |12 - legend ('X','X _e')
MName - Value 13 - ylabel ('X'"):
EE ans 314,977 » 14 — xlabel ("V(m"~3)"):
EECao 18600 [ 15 5 title('Converzsion profile down the reactor for counter-current heat exchange')
i 129 |z
K 1507 dif
EEKC 1x179g |  Command Window @
Era 1x97 dc fr v
v 1%l a
[ e e
] m I 5
«| [ script ln 15 Col 79

When you run the program, you will get an output that looks like this

N
Conversion profile down the reactor for counter-current heat exchange
1 T T T T T T T T T
—X
0.9 —X.]
08 .
0.7} .
06 .
< 051 .
04} .
0.3 .
0.2+ .
01} .
0 1 1 1 1 1 1 1 1 1
0 05 1 15 2 2:5 3 35 4 45 5
V(m?)

c) Rate profile



Step 32: Change the initial value of Ta and graph title in rate profile as shown

4\ MATLAB R2014b S - — T —— o — | ——— e e

HOME ! PH
‘E::II:I! ﬁ ﬁ @FIMFIB /ILI — nset E’ E ~ [2 ERunS‘yed'nn @

=| Compare ~ GoTo > C t 94 S %
MNew Open Save E:l = Iﬁ ° ammen ‘é‘#d Breakpoint=  Run  Runand m Run and
- - A= L Find ~ Indent 3] o |74 - v  Advance Time
LE | | EDIT |

FI NAVIGATE | BREAKFOINTS

RUN

CEl Sy | @ . » v Users » foglerlab » Desktep » LEP-12-1
Current Folder (OB Editor - C\ oglerlab\Desktop\LEP-12-1\Rate_profile.m
Mame ~ | ODEfun.m ¥ | Temp_profilem 3 | Conversion_profilem | Rate_profilem 0 | + |
DTemp_profiIe.m 1= clc O
ﬂTemp_proﬁle.asv a@|= Vspan = [0 5]; % Range for the independent variable i.e. Volume of the reactor
a“ﬂe 3= vD = [340.3 305 0]; % Initial walues for the dependent wvariables Ta,T,and X
/=] ODEfun.m 1 - [v yl=ode45 (BCDEfun, Vspan, y0) ; -
a Conversion_profile.m Fl= z=zize (V) :
Z= Cao=1.86:
T - for i=1 : 2(1,1)
8 %Calculating the values of rate from the following expressions
3 — Hc(i)=3.03*exp(-4149.63% (v (1,2)-333)/ (v(1,2)*333)); -
Rate_profile.m (Script) A |10 | B(1)=31.1%exp (7906 (v(1,2)-360)/ (v (1,2)*360)); =
11 = EE(i]=—Kti}*Cao*tl—t1+1/l(cti}}*yti,3}}: =
Workspace ® |12 - end
Mame « Value 15 - plot (v, -ra);
EE ans 314977 - 14 — vlabel ("-ra (kmol/m~3.h)");
H Cao 18600 [ ]2 — xlabel ('V(m"3) ") ;
= 129 |of |- axis ([0 5 0 &0])
EK 1x129¢ 17 — legend('rate')
EEKC 1x179¢ 18 — title ('Reaction rate profile down the reactor for counter-current heat exchange')
Hra 11296
HH v 1291
M v mer 7| Command Window ®
4 m + % > 2
«| script ln 18 Col 5

You will get an output like this

File Edit View Inset Tocols Desktop Window Help N
DEde | M RACIRL- S 0B DO
Reaction rate profile down the reactor for counter-current heat exchange
60 T T T T T T T
50 i
40+ . ‘
=
[y
£
° 30 .
£
=
o
20 .
10+ .
0 1 1 1 1 1 T 1
0 0.5 1 15 2 25 3 35 4 45 5
V(m®)




Constant Ta case

Step 33: For Constant Ta, we only need to make one change i.e. modify the expression for Ta. Multiply
the right hand side of differential equation for Ta with 0. The following equation is obtained

d(Ta)/d(V) = 0 *Ua*(T-Ta)/m/Cpc
In the function file, modify the equation of Ta only. All other equations will remain as it is.

<\ MATLAB R2014b . = | B |t
PUBLISH FEALABELSE (B search Documentation PB

EEII:I ﬁ E [‘aFindF\Ies <::I : i E fx - D L@ ElﬂunSec‘tiun ([f))
5l compare ~ cGoTo v Comment % g %d . -
New Open Save Breakpoints Run  Runand I%Mvange Run and
v v v =Pt w | Find ¥ Indent [=| &5 |5 - ~  Advance Time
FILE MAVIGATE EDIT BREAKFPOINTS RUM
<@ = E & L » <o Users » foglerlab » Desktop » LEP-12-1 MP
Current Folder (G B Editor - C\Users\foglerlab\Desktop\LEP-12-1\ODEfun.m
MName = | ODEfun.m |+ |
ﬂTemp_pmfile‘m 1 function £ = CDEfun (¥, Y) [
ﬂ Rate_profile.m al= Ta=Y(1):
fﬂ ODEfun.m 2= T=Y(2):
ﬂ Conversion_profile.m &l= X=Y(3);
5 % Explicit Equations
6 — Cao = 1.86;
71— CPo = 158;
8- dH = -34500;
o= Fho = 14.87;
10 — TR = 5000;
11 = m = 500;
312 = Cpc = 28;
e ~ |- k = 31.1 * exp(7906 * (T - 360) / (T * 360});:
14 — Ec = 3.03 * exp((-34500/8.314) * (T - 333) / (T * 333)):
Workspace ® |15 - ra=0- (k* Cao * {1 - ({1 + 1/ Kc) * X}});
Name = Value 16 — Xe = Ke / (1 + Kc);
Ean; 314.9770 17 % Differential eguations
T Cao 1.8800 18 — dTadV = 0| * (T - Ta) / (m*Cpc):
FH i 129 19— | dTdV = (ra * dH - (UR * (T - Ta))) / (CPo * Fho):
Hk 1xiZ9deul |20~ | d¥dV = 0 - (ra / FRo):
T Ke 16129 doul | 21 — £ = [dTadV; dTdv; dXdv];
E ra 1x179 doul | 22 = end
Hv 129 doul | 23
1 Vspan [0,5] 24
HH xe 16129 dou
EE)' 1293 doul
% :;0 E;gg?mr Command Window ®
< [ | " fe >
= ODEfun Ln 18 Col 10

In the script file all the parameters and equation will remain same as for co-current case except the title
of the graph

Change the title of the different graphs in all the script file and run the program to generate output.



a) Temperature profile

Step 34: The script file for Temp_profile should look like this

4\ MATLABR2014b 0 L h = | B S
PUBLISH @ E ‘ % ﬁ ﬁ ﬁ- @ Search Documentation }-’H

Find Files Insert g - . @
E!I—_I':I ﬁ ﬁ Eé <ILI — % E ! E [2 = E]RunSecﬁun
=| Compare GoTo v Comment 9 = o
- - - =Pt - \{Find > Indent 3| w54 - ~  Advance Time
FILE NAVIGATE EDIT | BREAKPOINTS | RUN
-C:I * = ﬁ . v Cov Users v foglerlab v Desktop » LEP-12-1
Current Folder [GIN B Editor - C:\Users\foglerlab\Desktop\LEP-12-1\Temp_profile.m
Mame ~ | ODEfun.m Kl Temp_profile.m K| + |

BTuq:_lmﬁ.m = clc TD

aRate_profile.m fll= Vepan = [0 5]; % Rangs for the independent wvariable i.e. Volume of the reactor T

] ODEfun.m 3 - w0 = [315 305 0]; % Initial values for the dependent variables Ta,T,and X =

Conversion_prafile.m 4 - [v yl=ode45 (@ODEfun,Vspan, y0);
5 - plotiv,y(:,1),v,¥(:,2)) £
Temp_profile.m (Script) A | 87 legend('T a','TY)
T - yvlabel ("T(K)"):
Workspace ® a8 — xlabel ("V(m™3) ") ;
MName = Value o= axis ([0 5 300 400]):
Eﬂans 314977 » al[i= title('Tenp profile down the reactor for constant Tal')
HH cao 18600 - |LLL =
] i + Command Window ®
m-| [ script ln 10 Col 53
— —

When you run the program, you should see an output like this

E Figurﬁ 1 — - - Elﬂlg
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b) Conversion profile

Step 35: The script file for Conversion_profile should look like this
4\ MATLAB R2014b e «- e e [E=aa=y

HOME PPS PUBLISH HEL 2R e PB
o O | @ < et @ B E - > = &
= - o - [=] Run Section (L
=| Compare - GoTo v Comment 9. 53 &
New Open Save (L] Compay Iﬂ Zol 48 A Breakpoints  Run  Run and @Aﬂvance Run and
- - > =Pt v | Find Indent R - ~  Advance Time
FILE | NAVIGATE | EDIT | BREAKPOINTS | RUN |
<= EH & L » G Users » fogledab » Desktop » LEP-12-1 P
Current Folder ® ersion_profile.m
MName = | #| Conversion_profilem | + |
ﬂTEmp_prUﬁlE.m = clc O
ﬂRate_profiIe.m a|= Vspan = [0 5]; % Range for the independent variable i.e. Volume of the reactor
?ODEFU”-"T' 3= ¥0 = [315 305 0]; % Initial values for the dependent variables Ta,T,and X
JCnm!rslnn_proﬁl!.m &= [v y]=ode45 (BCDEfun,Vspan,vo) ; =
== z=size(y).
6 — for i=1 : =(1,1)
T FCaleulating the wvalues of equilibrium conversion from the following expressions
8 - Ko (1)=3.03%exp (-4149.63* [y (i,2)-333)/ (v(i,2) *333)); —
9 - Ke (1)=Kc(1)/ (1+Kc (1)) ; —
Conversion_profile.m (Script) A alf= end
11 = lot (v 1p3), v, Xe) s
Workspace ® P (v,wi:,3),v, Xe)
12 — legend('X', 'X ')
Mame = Value 13 - ylabel ("X'):
] ans 314077 4 (14 - xlabel('V(m"3)'):
EECEU 1.8600 | |15 - title('Conversion profile down the reactor for constant Ta')
i 129 |5
FHk 1x129.¢ 1
H ke 1x129¢
Hra 1x139¢
v 97xl dec ™
3‘3|+| » Command Window ®
| script tn 15 Col 61

When you run this file, you should get an output like this

n Figure 1
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c) Rate profile
Step 36: The script file should look like this
4\ MATLAB R2014b (| B

PUBLISH R H

'iF' 4 ﬁ [?Fmdﬁm £ 5 insett ;E’ F - D % [=] Run Section é?
S 5l compare * o GoTo = Comment 95 sz 44 Breskpoin's  Run  Runand |4 Advance  Runand
-~ - ~ | =Pt | Find ~ Indent =R - v  Advance Time
FILE | MAVIGATE | EDIT | BREAKFOINTS | RUM |
4 5 5 Zﬂ . v C o Users » foglerlab ¥ Desktop » LEP-12-1 - 2
Current Folder (x) itor - e lerlab\Deskt: ¥
MName ~ | ODEfun.m "‘ Temp_profile.m "l Conversion_profilem | Rate_profilem ‘ + |
ﬁTEmp_prUfile.m = clc O
ﬂRa‘le_pmﬁlE.m 2 — Vspan = [0 5]; % Range for the independent variable i.e. Volume of the reactor
@CJDEfun-m 2= ¥0 = [315 2305 0]; % Initial walues for the dependent wvariables Ta,T,and X
) Conversion_profile.m 1 - [v yl=ode45 (BODEfun, Vspan, v0) ; —
S[= z=zize(y):
6 — Cap=1.86;
T = for i=1 : =z(1,1)
8 $Calculating the values of rate from the following expressions
3 - Kc(1)=3.03%exp (-4149.63% (v(1,2)-333) / (V(1,2)*333)): —
Rate_profile.m (Script) -~ 10 — K(i)=31.1%exp(7906*% (v(i,2)-360)/ (v(i,2)*360)); =
Workspace ® 11 - ra(i)=—K(i)*Cac* (1- (1+1/Ke (1)) *v(i,3)): —
12 - end
Mame « Value 13 - plot (v, -ra);
E Cao 18600 = | |14 — ylabel {'-ra(kmol/m*3.h) "}
i 97 [ ]1s5 - xlabel ('V(m™3)"):
K pe7dE| |16 - axis(ro s 0 3pn
ke 187 de| | | 17 - legend('rate')
Efﬂ 1687 de 18 — title('Beaction rate profile down the reactor for constant Ta')
v 97x1 de
Eﬁl\iispan = | [0'5]' = ‘Cvorfr"nand Window (G
«| [ script ln 16 Col 14

When you run the above file, the output generated would be

nFigurel o B X
File Edit View Inset Tools Desktop Window Help N

NEHL N AAUDEL- S| 0B D

Reaction rate profile down the reactor for constant Ta
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Adiabatic operation

Step 37: For the adiabatic operation, heat exchange is zero i.e. Ua=0

In the function file, modify the expression for Ua (under explicit equation section). Make Ua=0 instead
of 5000

Your modified function file should look like this

PUBLISH @ E £ Byl G e @ Search Documentation

E!‘:II:I ﬁ E E?Fmd i < 5 fnsert 15 i - [> L@ L%lRunkdbn (ED>
New Open Save Il.i_ICDmpare - IHGDTD' Cemment % R v‘jg Breakpoints. Run  Runand I%Aﬂvanoe Run and
- - - @Pml - \{ Find + Indent wE| |Fa - ~  Advance Time
FILE MAVIGATE EDIT BREAKFOINTS RUN
L o Aty E . » b Users » foglerlab » Desktop » LEP-12-1 MES
Current Folder ®
Mame = |
ﬂTemp,proﬁle.m 1 function £ = ODEfun(V,Y) TD
ﬂ Rate_profile.m #l= Ta=Y(1): F
fﬂ ODEfun.m 3 — T=Y(2):
B Conversion_profile.m a/— X=Y(3);
5 % Explicit Eguations
&= Cao = 1.86;
7 - CPo = 159;
g - dH = -34500;
5= Fho = 14.67;
10- |wa=-o;]|
11 = m = 500;
12 — Cpc = 28; =
Rate_profile.m (Script) N (13 - k =31.1 * exp(7806 * (T - 360) / (T * 360)): i
Workspace ® 14 - Kc = 3.03 * exp((-34500/8.314) * (T - 333) / (T * 333)):
15 — ra=0- [k *Cao * (1 - ((1+ 1/ Kc) = X)}):
Name -« Value 16 — Xe = Ko / (1 + Kc);
Cao 18600 = | |17 % Differential egquations
i 97 28 - dTadV = UA * (T - Ta) / (m*Cpc);:
K 197 de 19 — dTdV = (ra # dH - (UL #* (T - Ta))) / (CPo # FRo):
Ke LS7dd 120 - | dXAV = 0 - (ra / Fho):
ra LO7deel 121 - | £ = [dTadV: dTdV; dXdv]:
v 97x1 dc 23 — end
;span E{lg‘jl . 23 i
e 1x97 d
¥ 973 de— = -
¥ [31530 ~ Command Window ®
| 4 T ] 3 fx s> i
= ODEfun Ln 10 Col 9

All the other expression and equation will remain same as per co-current case.
In the script file, all expression and equation will remain same as per co-current case except the graph
title.



a) Temperature profile

Step 38: The script file for Temp_profile should look like this

PUBLISH et - ﬁ @' @ Search Documentation

Find Files LN Insert Jx Il - . L@ ) 6}
'{_lF' = ﬁ [? ? , E |:2 [=] Run section (&
=| Compare GoTo * Comment S5 42
New Open Save (L o e % 5%l Breakpoints ~ Run  Runand |5 Advance Run and
- - - Pri1t - 4 Find + Indent wE| |Fep - w  Advance Time
FILE |  NAVIGATE | EDIT | BREAKPOINTS | RUN |
|| = = 05 3 L ¢ C o Users » foglerlab b+ Desktop # LEP-12-1 - 2
Current Folder (Gl B Editor - C:\ foglerlab\DesktophLEP-12-1\Temp_profile.m
Mame ~ | ODEfun.m | Temp_profilem  © | + |
‘j Temp_profilem 1= clc O
‘j Rate_profile.m A|l= Vspan = [0 5]; % Range for the independent variable i.e. Volume of the reactor
iﬂ ODEfun.m 2= ¥0 = [315 305 0]:; % Initial walues for the dependent wvariables Ta,T,and X
% Conversion_profile.m Gl= [v yl=ode45 (ODEfun, Vspan, y0);
5 - plotiv,¥(:,1), v, ¥(:,2))
6 — legend('I_a','T")
Temp_profile.m (Script) P uIs ylabel (*T(X) )7
8 - xlabel ("Vim™3)"):
Workspace ] L= axi=([0 5 300 400]):
Name & Value A= title('Temp profile down the reactor for Adiabatic operation|')
11
] Cao 18600 =«
i o Bl
H K 1697 de—
] ke worde | |14
1,07 o
ﬁ = 197 def Command Window ®
4 | 1] 4 JE > 2
N [ script ln 10 Col 61

Run the above program to generate the output shown below

ol B B W ETWUF

File Edit View Insert Tools Desktop Window Help
NEdL (R VRUDEL- B 0E e
Temp profile down the reactor for adiabatic operation '
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b) Conversion profile

Step 39: The script file for Conversion_profile is as shown in screenshot

A e L O | o
5 ! PUBLISH VEW @ E ‘{ ‘% y ﬁ @E @ Search Documentation P

Find Files < Insert fe by - . @ &?
=N * SEET B LB e
| Compare GoTo » Comment 96 g
- - v =Pt v | Find = ]nd:niﬁ“'_&, - s Time
FILE NAVIGATE EDIT | EREAKFOINTS | RUN
d=op 5 L v v Users » fogledab » Desktop » LEP-12-1
Current Folder ® A
Name + |
D Temp_profile.m 1
DRate_profile.m A= Vspan = [0 5]; % Range for the independent wvariable i.e. Volume of the reactor
&ODEfun.m 3= ¥0 = [315 305 0]; % Initial walues for the dependent wvariables Ta,T,and X
“| Conversion_profile.m 4 - [v yl=ode45 (BODEfun, Vspan, vo): -
== z=size(¥):
68— for i=1 : =z(1,1)
T %Calculating the wvalues of equilibrium conversion from the following expressions
g - Kc(i)=3.03*exp(-4149.63%(v(1,2)-333)/(v(i,2)*333)): -
9= Xe(1)=EKcil 1+Ec (1 H -
Conversion_profile.m (Script) Xe (1)=Ke(1)/(1+Ke (1))
10 — end
Workspace ® |11 - plot(v,vi:,3),v,Xe);
Name & Value 12 — legend ("X','¥ e")
EC 1.8600 13 = yvlabel ("X"):
-
i ae o (|- =mapelCvEez )
H K 107 e | 15 — title('Conversion profile down the reactor for Rdiabatic operation|)
H ke 197 de| =
H ra 1697 dic
v 581xic
EEVSF‘E"I [0,5] Command Window ®
H e D7de | ooy
] [ 2 M
«| script Ln 15 Col 67
The output generated after running the file is
.

1
N

File Edit View Inset Tools Desktop Window Help
NEHL | KM ARODEL- S| 0E) eD
Conversion profile down the reactor for adiabatic operation I
1 T T T T T T T T T
X
X
e i
03 =
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c) Rate profile
Step 40: The modified Rate_profile for adiabatic operation is

A\ MATLAB R2014b B
5 PUBLISH ﬁ A Bl @ISEar:h Dacumentation PB
EII}I - % [‘?Fm”m < 4 naert 2 fx " D L@ [] Run Section é)>
New Open Save g_ICumpare M ¢|IGDTO ~ | Comment % = .3'.53 Breakpoints Run  Run and @Aﬂ\ranoe Run and
- - ~  Prnt v \{ Find + Indent 3] [z - ~  Advance Time
FILE NAVIGATE EDIT BREAKPOINTS RUN
= op EE L v G Users b foglerlab b Desktop b LEP-12-1 P
Current Folder @ s op\LEP-12-1\Rate_profile.m
Mame \ ODEfun.m Temp_profile.m | Conversion_profile.m | Rate_profile.m |+ |
=] Temp_profile.m 1= cle O
ﬂRateﬁprofile.m 2 - Vespan = [0 5]; % Range for the independent variable i.e. Volume of the reactor
EODHHH-"‘ 3 - y0 = [315 305 0]; % Initial values for the dependent variables Ta,T,and X
%] Conversion_profile.m 4 - [v y]=oded45 (RODEfun,Vspan,y0):
5= z=size(v);
6 — Cao=1.86;
7 - for i=1 : z(1,1)
8 %$Calculating the values of rate from the following expressions
5 = Ko(i)=3.03%exp (-4149.63*% (y(1,2)-333)/ (v (1,2)*333));
ODEfun.m (Function A |10 — K(i)=31.1%exp(7906% (v(i,2)-360)/(v(i,2)*360));
Workspace @1 - ra(i)=-K(i)*Cao=*[1-(1+1/Ec(i))*v(i, 3)):
a3 = end
Mame = WValue 13 — plot (v, -Ta}:
HH Cao 18600 ~|[14 - ylabel ('-ra(kmol/m~3.h) ")
i 81 15 = xlabel('V(m*3)'):
b K 1581 )16 = axis([0 5 0 4p1)
ke Lodlazl {49 — legend('rate")
EE’E Lkl 18 - title ('Reaction rate profile down the reactor for Adiabatic operation')
Hv 581 ¢f
HH Vspan 0s =
L xe LE81e || Command Window @
v selx3c ™
PR T — v Jx o>
= script Ln 16 Col 14

When you run the above file, the output generated is

W rgue, - - - "‘"@xj

File Edit View Inset Tools Desktop Window Help k]
NEEL KM ANOBDLRL- G 0E) D

Reaction rate profile down the reactor for adiabatic operation
40 T T T T T T T T T

35+ 5

301 E

251 E
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-ra(kmolfm3. h)
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FTORPLT 0 /SOPY T ROPPR | WOFT FSPIRRY 15 JFT RACVONE M 1) TV PR P WA T IO 19
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This is all basically all you need to get started with solving differential equations in MATLAB. If you
face any problem then restart MATLAB or try to solve error. To get the value of particular parameter,
remove the semi-colon from the file and you will find that value is displayed on the command window



