














Example of the Differential Equation Solver
This example is based on a batch reactor with 2 simultaneous chemical reactions. A component
mole balance is constructed for chemical species. Since this is a batch reactor then the mole
balances are differential equations. If this problem was an assigned homework problem then the
first page of the problem would be a hand written setup of the problem. This page would
contain:

e Setup of the component species mole balances including a diagram of the process

(process flow diagram, pfd)
e [Initial conditions
e Sample calculations showing the order of magnitude of the results.

For example the mole balances for A, B and C are given by

4

i -l @
d(B
% = kA —k,B (2)
d(C) _
— =kqB 3

The initial conditions in the batch reactor at t=0 min are A(0)=1 kmol/L, B(0)=0 kmol/L and
C(0)=0 kmol/L. These are known as initial values. The integration will proceed from 0 min to
t=3 min. The rate constants are k1=1 min™ and k2=2 min™.

The following would be a sample calculation to show the order of magnitude of a change in the
concentration of A with time. Using the initial conditions the initial change in A with time is:

d(A) ;-1 i
— = —1min~ (1 kmol/L) = —1 kmol /(L min) 4)

t=0

An estimate of the value of after 1 minute would be

(NOTICE that this is not a correct integration of the differential equation. This is ONLY an
ESTIMATE and an assumption is made that the rate is constant. From this problem you will see
that the rate starts at this initial value and then decreases with decreasing concentration of A.)

A 1min
f d(A) ~ —1 kmol/(L min)dt = A — 1kmol/L = —1 kmol/L (5)

A=1kmol/L t=0min

The above result gives the final value the concentration of A to be zero. In other words if the
reaction rate was at 1 kmol/(L min) for 1 minute, then there would be no reactant A left. Itis
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then up to the student doing the problem to evaluate if this reaction rate is what was specified or
should the rate be 10 times lower.

1. Start the Differential Equations Solver by selecting Program, DEQ Differential Equations
and keep the help window open

<& POLYMATH 6.10 Educational Release
File:

EGEEGS Window  Help

LEQ Linear Equations
MLE Monli

i BEEE @A =T

ial Equations
REG Regression

E? Polymath 6.X Help

L

Back  Fomward Home Print

Hide Options

Contents |Inde:¢ I §earch|

Differential Equations Solver
@ Introduction to Polymath

=] 'lll Polymath Programs Y See Also: Linear Equations Solver Nonlinear Equations Solver

@ Linear Equations Solver
[£] Monlinear Equations Sokver

@ Differential Equations Solver .
@ Regression Package = Overview

ix B Dolornabh Fuvrnerk Fo Fareal

2. Choose the Differential Equations solver in the help menu

Expand All | Collzpse Al

E? Polymath 6.X Help

Hoe 2 A 8 o

Hide Back Fopwad  Home Frint  Optionz

[

LContents | Index | §earch|

Differential Equations Solver
H @ Introduction ko Palymath

g QQI Palymath Programs % See Also: Linear Equations Solver Nonlinear Equations Solver i |

@ Linear Equations Solver
2] Monlinear Equations Sokver Expand Al | Collagiet Al
Differential Equations Solver .
[+ @ Regression Package = Overview
H @ Palymath Export ko Excel
@ Palymath Export bo Matlab

i+ @ Pokymath Utilties The purpose of this program is to provide a solution for a system of simultaneous first-
[£] Palymath Setup order ordinary differential equations and explicit algebraic equations.
| @ General Concepts
i @ General User Information The equation inputfmodification window is shown below for a typical problem:
Oyiliary Differanttal Egquatluns Sulyar asal
dn w00 & o | [RKF4S x| ¥ Iable ¥ Gaph [V Report

|Differentia| Equations: 3 |Auxiliar_l,.l Equations: 2 :\/ Ready for zolution

diAl/dit) = -k1 * A# Concentration of compaonent A
diB)dit) = k1 *A- k2 * B # Concentration of component C
d(C)dit) = k2 * B # Concentration of component C

k1 =1 # Reaction rate constant with respect to A

k2 =2 # Reaction rate constant with respect to A

3. Enter the 3 differential Equations and supporting explicit algebraic equations. To do this and
learn about POLYMATH, | suggest that you read through the POLYMATH help file starting
with the Overview section. After entering the equations and running the program return to step
3.7.
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4. Sort the_ equation by using the button

<& POLYMATH 6.10 Educational Release - [Ordinary Differs

File Program Edit  Format BaEisEn® Examples  Window Help

DEEE § BB b FS FE
Clear
e i E B ﬁ Show Yariables. .. Grap
Differential Equations: 3 | Ausiliany Expirt bo Excel F4 tion

diA) S dit) = k1A #Concent | YT NS T
AD) =1 Clear Camments

k2 =2 # Reaction rate constarmmmrerespesrrmsm—
k1 =1 #Reaction rate constant with respect to A

d(C) /7 dit) = k2*B #Concentration of component C
ci=0

diEl / dit) = kK1"AkZ2"B #Concentration of Component B
tid) =0

tif) =3

Bii=0

5. Now enter a problem title by selecting Edit, Enter Problem Title...

*& POLYMATH 6.10 Educational Release - [Ordinary Di
File Program M=sl® Format Problem  Examples  wWindow |

D E,"' @ E Indo Chrl+2 E
dii x; ﬂ
Diifferential Equatic -c
Bt/ dit) = k1 ]
i)/ dit) = K27 select al Chrlas
diB) A dit) = k17 ging, ChrHF
k2 =2 #React Replace... Ztrl+H
k1=1#FReact
A =1 #dd Differential Equation, ..
Cim=a Add Explicit Equation. ..
til =10
tifl =3
Bily =0 Enter Problem Title.
Polymath rz|
Enter problem kitle.
Cancel

Concentration Profile of Seres Feactior]




6. Add a graph to the output by clicking the box and rerun the program

& POLYMATH 6.10 Educational Release - [Ordinary Differential Equations Solver] =13
Eile Program Edit Format Problem  Examples ‘Window Help - 3 x

D E&E BB 7 ML mAl =7
iy € [ & | |AKFa5 ~| [ Table

Differential Equations: 3 | Auxiliary Equations: 2 |~ Ready for solution

diA) 7 dit) = -k17A #Concentration of component A \
d(C) / dit) = k2*B #Concentration of component ©

d(B) / dit) = k1%A-k2"B #Concentration of Component B

k2 =2 # Reaction rate constant with respect to A

k1 =1 #Reaction rate constant with respect to A

A =1

Cio =0

ti) =0

tif) =3

B0 =0

[v Report

Graph

Ln11 | MoFile Mo Title
FEEPM | 1/22/2008 MUM

7. Edit the POLYMATH produced graph by
doing the following:
a. Open the Design or Graph properties
window by clicking on the paint brush
Increase the width of the linesto a 2
b. Add atitle
c. Change the x,y axis to a decimal with 2

+& POLYMATH 6.10 Educational Release
File Cphions  Help

DeEE BRI ML

@,

dey g RKF45 ~| T Iable

[w Graph

e ) LI I
digits showing g% = Concentration Profile of Series R
10
Graph Properties k2= & -
k=l o8 A
: : AD) -
Curves l Tiles | ®,¥ awis | Forts| Scale & Marg co € o8 -5
t) 5 N\
W Connected v Auto Scale =y o |
BiD) - | Design or Graph
[ Sort [ Draw Markers a4 L)LE/ .
& Properties
Curves 'Wwidth Baorder width ~ |oesanf |
=
Marker Size
al
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d. Open the Curves and Functions menu and edit the x-axis by selecting the Label

e

button. The x-axis should have a label: time (s). Always give units on labels.
Please note that the Sl abbreviation for seconds is s.

/_ Curves and
T I| Functions

S F B D - B

HE

urves and Functions
0.3

|- [BX]

06

03

!time [2]

0.4

The only part miséing is the y-axis which will be entered later. You can do this
either by writing on the paper or adding text as shown next.

8. Now prepare this polymath program results to be handed in for a homework assignment.
This is what you will do for all homework assignments involving POLYMATH.

a.

Select the “Differential Equations Solution” output screen, click on the text and
then choose Edit, Select All. Then paste this into a word document.

Copy the graph (you can use the copy button, Ctrl + C etc.)

In word select the graph and use text wrapping so that the output will fit on one
page.

Now add a y-axis using the textbox tool. Concentration (mol/m?)
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POLYMATH Report

Concentration Profile of Series Reaction

Ordinary Differential Equations 22-Jan-2008
Calculated values of DEQ variables
Variable Initial value Minimal value [Maximal value |Final value
1A 1. 0.0497871 1. 0.0497871
2B 0 0 0.2499865 0.0473083
3C 0 0 0.9029046 0.9029046
4 k1 1 1. 1. 1.
5k2 2 2. 2. 2.
6t 0 0 3. 3.
Differential equations
1 d(A)/d(t) = -K1*A
Concentration of component A
2 d(C)/d(t) = k2*B
Concentration of component C
3 d(B)/d(t) = k1*A-k2*B
Concentration of Component B
Explicit equations
1k2=2
Reaction rate constant with respect to A
2kl=1
Reaction rate constant with respect to A
General
Total number of equations 5
Number of differential equations |3
Number of explicit equations 2
Elapsed time 0.000 sec
Solution method RKF_45
Step size guess. h 0.000001
Truncation error tolerance. eps |0.000001
Concentration Profile of Series Reaction
1.0
og T
-
0s L |— B
. 07
Concentration
mol/m? nE
0s
0.4
0.3
0z
0.1
0o . . . . . . .
0o 03 0g 15 15 24 24 27 30

time (=)

Figure 22: Concentration Profile of a Series Reaction



9. The above was probably too much work for a graph. An alternative method which |
prefer is to use excel to produce the graph. In this case you should do the following
a. Select the Table output button

«% POLYMATH 6.10 Educational Release - [(rdinarny Differential Equations Solver]
File Program  Edit Format Problem  Examples  Window  Help

DeEeEE & BBRS @ mAl =P

|v Beport

dy xy vy =] o | |RKF4S +| ¥ Iable GG
Differential Equationz: 3| Ausiliary Equationz: 2 |« Ready for zolution

diA) / dit) = -k17A #Concentration of component A

d(C) 7 dif) = k2"B #Concentration of companent

d(B) /7 dit) = k1"A-k2"B #Concentration of Component B
k2 = 2 # Feaction rate constant with respect to A

k1 =1 # Reaction rate constant with respect to A

A =1

cim=0

tid =10

tif) =3

Bim=0

Run the program again
Select the table
d. Click on the upper left corner of the table (similar to excel)

<& POLYMATH 6.10 Educational Release - [ODE Results: RKF45, Solution #4]

File Program B3G[(® Fow Column  Format  Analysis  Examples  Window  Help — | & X
DB « et mA =T
——— Copy Chrl+C
ROOT : Co0d ’ﬁ Paste Chrl+y & Redgrassion l Analysis ] Graph ]
; = ! 5 dear | k2 | i H r;b E ﬂ [~ Graph [ Residuals
i SEsEs Erter Problem Title... 5312 COpy Wlth Heret MIBeele
3 | 0abQs1sT 5455 Headers ear & Polpnomial l Multiple Iinear] Nonlinear]
4 0124Ng7 08829217 00137073 0103370
5 | 0172518 08415426 00251088 01333487 2. 1. Dependent Variable m
6 | o4gestar \ 0 2. 1. _
T AR a0 Upper |eft Corner ) 1 Independent Yariable |t -
E 02445167 o Selects a ” 3 1 Polynomial Degree ]
9 | o2e5187 0. 2. 1. 3
10 03165187 07286814 00736138 01977048 2. . 4
11| 03405187 07114012 00832893 02053095 2. . 5
12 | 03845157 06945308 00333114 02A5TT 2. 1.
13| 04125187 06619808 0414257 02237622 2. 1. I Thiough ciigin
14 | 04365187 06462824 04251161 02286015 2. .
15 | 04605187 06309553 04351933 02328505 2. 1. Palynomial
16 | 04845157 06159936 04474600 02365455 2, 1, Liedsiy
17 | 05325187 05871243 04704663 02424094 2. .
E 05565187 05732011 01821573 02446416 2. . Polynomial
19 | 05805187 0550608 01939451 02464488 2. 1. Derivative
20| 06045187 05463373 02058035 02476529 2. .
T nR&EISIRT N EMNTIIR n272ara7= N 2498707 2 1

e. Then select Edit, Copy With Headers. (This will copy the names of the variables
as well as the numbers)

f. Paste this into an excel spreadsheet and produce a graph with all titles given and
labels. Notice that for computer generated data, no markers are used. Draw this
data using a line and not markers.
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POLYMATH Report
Ordinary Differential Equations
Calculated values of DEQ variables

Concentration Profile of Series Reaction

Variable |Initial value Minimal value [Maximal value Final value
1A 1. 0.0497871 1. 0.0497871
2B 0 0 0.2499865 0.0473083
3 0 0 0.9029046  |0.9029046
4 k1 . 1. . .

5 k2 2. 2. 2. 2.

6t 0 0 3. 3.
Differential equations

1 d(A)/d(t) = -k1*A

Concentration of component A
2 d(C)/d(t) = k2*B

Concentration of component C
3 d(B)/d(t) = k1*A-k2*B

Concentration of Component B

Explicit equations
1k2=2

Reaction rate constant with respect to A
2ki=1

Reaction rate constant with respect to A

General
Total number of equations 5
'Number of differential equations |3
‘Number of explicit equations 2
'Elapsed time 0.000 sec
‘Solution method RKF_45
Step size guess. h 0.000001
Truncation error tolerance. eps |0.000001
1
0.9 -
@ 0.8 -
S 07
5]
E 06 -
§ 0.5 - —_—A
®
‘E’ 0.4 - _—
g 03 - _—
S 02 -
0.1 -
0 T T T T T
0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 23: Concentration Profile of a Series Reaction

22-Jan-2008

27



Excel Hint:

Did you know that one way to select a column of data is to hold the shift key down and double
click on the lower line? For example to select the Column C data go to cell C1 and double click
on the line between rows 1 and 2 . Similarly if you want to move to the bottom of a data set you
can just double click on the lower dark black line without holding the shift key.

c?_,! =, R 5 Book2 - Microsoft Excel - =
==
Home Insert Page Layout Faormulas Data Review View Add-Ins W - T X
== W | calibri i BRI i W= General = A = Insert - B A? ﬁ
| e o I s - I
j_-.;. (B U~-|A & EEE =S % »| I Delete ~ Elvz
Paste = 1 Shyles |[| .y Sort & Find &
- 7 = =_.—I|¥9"_| | %8 %8 » || ElFormat > || C2~ Fitter~ Select~
Clipboard ™ Font (] Alignment IF] MNumber ™= Cells Editing
| c1 -0 £ c v
A B C D ST — G H I | KB
gt A |c: _IB k2 k1 1
2 | ] 1 0 2 1
3 | 0.076614 0.926248 0.005439 2 1
4 | 0100519 0.904368 0.009145 2 1
5 | 0124519 0.882922 0.013707 2 1 Concentration Prof
6 0.172519 0.841543 0.025109 _ ) g
7 0.196519 0.821586 0.031832 0.1ag583 | Holding the shift '
2  0.220519 0.802103 0.039163 0.158734 | key; double click on 34 i
9 | 0.244519 0.783081 0.047054 0.169365 | the lower dark N-E,
10| 0.292519 0.746381 0.064323 0.189296 | plack line 2 08
11 0.316519 0.728681 0.073614 0.197705 = -
12 0.340519 0.711401 0.083289 0.20531 2 1 B \
13| 0.364519 0.694531 0.093311 0.212158 2 1 £ 54
14| 0.412519 0.661981 0.114257 0.223762 2 i g
15 0436519 0.64A282 0.125116 0.228602 _ ? 1 02 7
M 4 » M| Sheetl ~ Sheet2 ~Sheet3 ~¥J
Ready

To be submitted as specified by the instructor using Blackboard. Submit in one word document
per person. Save the word document using the following format: yournamePolymath.docx

Answers to questions on page 2

1 pagePrintout of NLE C&S 2.10a

1 page printout of LEQ C&S 2.4a

1 page printout of DEQ solver output with graph.
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