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PEM - Increases Problem Solving Efficiency
and Capabilities with a Novel Combination of
Software Tools

* Polymath© (easy problem formulation)

« Excel™ (familiar spreadsheet
environment)

- MATLAB™ (advanced problem
solving)

Students and professionals at their personal
computers or in computer labs can now
effectively solve problems using all the above
packages.



PEM Desktop Problem Solving Involving
Polymath, Excel, and MATLAB

Excel
Solution

Polymath 6.1 Excel

Solution
Algorithm

Mathematical
Model

Polymath
Solution

MATLAB

MATLAB
Solution




POLYMATH Educational (EDU) or
POLYMATH Professional (PRO)

 Extremely Easy-to-Use

+ Excellent Problem Solving Capabilities
— Linear Equations — 100 (264 PRO)
— Nonlinear Equations — 30 (300 PRO)
— Differential Equations — 30 (300 PRO

— Regressions (Linear, Polynomial, Multiple Linear,
Nonlinear) - 301 data points (1001 PRO)

« Automated Export of Problems to Working Excel
Spreadsheets Enabling Stand-Alone Excel Calculations

(Provides Add-In for Excel that Solves ODEs). (EDU and
PRO)

 Enables the Use MATLAB by Automatically Translating
Problems to Code for Use in M-files. (EDU and PRO)



EASE OF USE WITHOUT ANY PROGRAMMING LANGUAGES
OR CONTROL LANGUAGES TO REMEMBER

STANDARD WINDOWS EDITING
EXTENSIVE USER ALGORITHM SELECTION AND CONTROL

EXECUTION WITH ALL 32-BIT WINDOWS OPERATING
SYSTEMS INCLUDING VISTA

COMPATIBILITY WITH PREVIOUS VERSIONS

THREE ON-BOARD UTILITIES: POWERFUL CALCULATOR,
UNIT CONVERTER, AND EXTENSIVE ENGINEERING
CONVERSION FACTORS

EXTENSIVE ON-LINE DOCUMENTATION

AUTOMATIC PROBLEM EXPORT TO EXCEL - EXCEL ADD-IN
FOR DIFFERENTIAL EQUATIONS

MATLAB OUTPUT GIVING ORDERED AND FORMATTED
EQUATIONS



Polymath Software has Four Main Programs

& POLYMATH 6.10 Educational Release _ o] x|
File | Program ‘Window  Help
() ¢ LEQ Linear Equations EEEE @ A | =T

MLE Monlinear EQuations
DEC Differential BEquations
REG Regrassion
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Polymath Software also has Three Utilities:

e Calculator
e Units Converter
* Scientific Constants

@ POLYMATH 6.10 Educational Release _ o] x|

File  Program  Window  Help

Dﬁ#ﬁl%&ﬁlﬂhllﬂﬁ | [ 7

203PM | 10/22/2005 |CAPS |MUM Y




Initial Polymath Software Display with Help that
Gives Detailed Information on the Software

“& POLYMATH 6,10 Educational Release _ o] x|

Fil= Program Window  Help

DEEE 2R 4L, DE0EE @ A ! IE‘*?

1:48 P 1n;22;2un5|mps |NLJM 4




Extensive On-Line HELP

o] S = A
Hide Back Foryard Home

= HiE
Frirt Options

1ol x|

Contents | Index | iearch|

[+]

&3]

E] Getting Started
Bl Variables and Expressions
@ Polymath Programs
@ Polymath Export to Excel
= Polymath Export to Matlab
@ Polymath Utilities
=l Polymath Setup
@ Gereral Concepts
@ General User Information

Welcome to POLYMATH 6.X

!PDLYINL“-'LTH 0.X
- zur: Numerical Solutions for Scientific and Engineering Mathematical Problems

Polvmath has four major programs:

g e S : [ P B Pr T o = T
<& OISR O Protessionaldiel ac e O iy diiferentalEananomes (8 | |

# Example 3 - Cloged loop dynamics of a stirred tank heater
e ; :

ank [deg. )

oint and measured temps.

rature [deg. C)

stirred tank, heater

File | Program Edit Format Problem Examples Window Help -8 X
O = LEC) Linear Equations 1, & ﬁ 1 2= §
MLE Monlinear Equations S -
d[“_ *3  DEQ Differential Equations *| [ Iable [T Graph [ Heport
| Differey  PEG REdréssion Iz 8 |»" Beady for solution
g

Temperature measured by the tk




Five Sample Problems

1.

2.

Linear Equations — Material Balances for
Distillation Columns — Polymath

Explicit Calculations — Equation of State —
Polymath and Excel

Nonlinear Equations — Pressure Drop for Pipe
Flow — Polymath and Excel

Differential Equations — Series Reactions in a
Batch Reactor - Polymath, Excel, and MATLAB

Regressions — Vapor Pressure Data
(Linear and Nonlinear) - Polymath, Excel



Working the Sample Problems

You will be able to work with the five sample problems if you have access
to POLYMATH, Excel and MATLAB on your personal computer.

POLYMATH Educational (for students and faculty) or POLYMATH
Professional can be downloaded for 15-days of free use from

POLYMATH Educational 15-dayTrial
POLYMATH Professional 15-day Trial

It is recommended that you download and install POLYMATH Software
and the ODE_Solver Add-In in preparation for solving the example
problems. Also you should install Excel and MATLAB if possible.

Clicking on the green boxes with the file names below in the following
pages will automatically load the files directly into the appropriate
program. You should try to keep this presentation in one window and
work on the problem in another window while keeping both visible. This
will be very convenient for working the sample problems.

Please close the programs and related windows when each sample
problem is completed.


http://www.polymath-software.com/PolymathEducational6.1/Polymath6-1E261Setup.exe
http://www.polymath-software.com/PolymathProfessional6.1/Polymath6-1P260Setup.exe

Workshop Problem 1

Numerical Solution: Linear Equations

Title: Material Balances for a Train of
Distillation Columns

Software Used:

Polymath



Problem 1 — Linear Equations for Material Balances
for a Train of Distillation Columns

7% Xylene

R < { 4% Styrene

54% Toluene
35% Benzene

Molar Flow
Rates B,,
D1, Bz, and 15% Xylene

25% Styrene
D 5 40% Toluene  —p 15% Xylene

20% Benzene — 1y { 10% Styrene

18% Xylene
24% Styrene

Determine 5 %
=

B F
) B { 42% Toluene

16% Benzene

54% Toluene
21% Benzene

F+=T0 kg-mol/min

| 24% Xylene
B, 65% Styrene
10% Toluene

1% Benzene



Problem 1 — Linear Equations for Material Balances
for a Train of Distillation Columns

T == === l 7% Xylene

R < 4% Styrene
54% Toluene

35% Benzene

Select a part of
the flow sheet for
making balances
as show in red.

18% Xylene
24% Styrene
42% Toluene
16% Benzene

(MM

15% Xylene
25% Styrene
40% Toluene —+»
20% Benzene I

(AR —

1

15% Xylene

10% Styrene
54% Toluene
21% Benzene

F+=T0 kg-mol/min I
l

A%

T

24% Xvlene

65% Styrene

10% Toluene
1% Benzene

e
ot



Problem 1 — Linear Equations for Material Balances
for a Train of Distillation Columns

Make Balances on Each Species:
Xylene
Styrene
Toluene
Benzene
Determine Flow Rates B1, D1,
B2, and D2

Xylene: 0.07D,+0.18B;+0.150D,+0.24 B, = 0.15x70
Styrene: 0.040, +0.24B8,+0.10D, +0.6558, = 0.25x 70
Toluene: 0.540D,+04258,+0.540,+0.1058, = 0.40x70
Benzene: 0350, +0.16 8, +0.210,+0.0158, = 0.20x 70



Problem 1 — Linear Equations for Material Balances
for a Train of Distillation Columns

Xylene: 0.07D, +0.188, +0.15D, +0.24B, = 10.5
Styrene: 0.04D, +0.24B, +0.10D, +0.658, = 17.5
Toluene: 0.54D, +0.42B, +0.54D, +0.108, = 28
Benzene: 0.35D, +0.168, +0.21.D,+0.018, = 14

Polymath Program Exercise

_OR

Select Program LEQ — Linear
Equations, Change Number of LinearEquations01.pol
Equations to 4 and Press Enter.

Then Enter Problem Data.




Workshop Problem 2

Numerical Solution: Explicit Equations

Title: Explicit Calculations for an
Equation of State

Software Used:
Polymath and Excel



Problem 2 - Explicit Calculations for an Equation of State

Calculate P when the R = 0.08206
other variables and T. =304.2
parameters of the van
der Waals equation of P, =729
state are known. o e
V = 0.6
Hint: Use POLYMATH
Nonlinear Equations a = (24/6((R ETE)/P )
L L
Solver (even when there
are no nonlinear b =(RT)/(8P,)
equations).

P=RT)/(V=by—asV’



Problem 2 - Explicit Calculations for an Equation of State

Polymath Solution Demonstration

@ POLYMATH 6.10 Educational Release
File | Program Window Help

=]

O @& LEQ Linear Equations BAED

I"--.JLi MNonlinear Equations

Enter the CEC) Gifferential Equations

. . REG Regression
equations into
Polymath.
Note that the
equations can be
entered in any _Iolx]
order. Polymath [ File Program Edit Format Problem  Examples  Window Help —|=l x|

-2 A~ IERE|Nonlinear Equations Solver: Enter Ne

“% i € [% * Enter the nonlinear equation:
Morilinear Equations: 0 |— f(l E

orders equations
before solution.

Enter initial guess for the nonlinear variable:

W=
Use templates or Comment

full screen editor. |

LClear | Lone I Cancell

Ln1 |MaoFile M Title
[10:42.4M | 4/22/2008| CAPS [ HUM y




Problem 2 - Explicit Calculations for an Equation of State

Polymath Solution Exercise

& POLYMATH 6.10 Educational Release - [Nonlinear Equations Solver]

File Program Edit Format Problem Examples Window Help POLYMATH REl]l]l'l
DEH s=Rs AL B@EE @ A! =7 Explicit Equations
5, 5 1 @[ | [serem =]
erineer Esuatone: 0 [ Audrs Estons & |/ Resdy fr oo Calculated values of explicit variables
R = 0.08206 Variable |Value
Tc=304.2 1|a 3.205422
Pc=72.9 2|b 0.0428029
T=350 3P 42.64155
V=0.6 4|Pc 72.9
a=(24/64)*((R"2*Tc"2)/Pc) 5|R 0.08206
b=(R*Tc)/(8*Pc) 6|7 350.
P=(R*T)/(V-b)-a/\/A2 7T [3042
8V 0.6
Explicit equations
1 R =0.08206
2 Tc=3042
3 Pc=72.9
4 T =330
3 V=006

6 a = (24/64)*((R~2*Tc"2)/Pc)
7 b = (R*TC)/(8*Pc)
8 P = (R*T)/(V-b)-a/v~2

PolymathNonlinear.pol NonlinearEquations01.pol



Problem 2 - Explicit Calculations for an Equation of State

Polymath Solution then Export to Excel for Solution

Mathematical Excel
Model Solution

Polymath 6.1 Excel

Solution
Algorithm

Polymath
Solution



Problem 2 - Explicit Calculations for an Equation of State

Polymath Solution then Export to Excel for Solution

Exercise
NEEN 'bBs #ht 0BEE @ A! =7

L P i @|* | Isafenewt vl
|

ions: & |v’ Ready for solution

|Nnnlinear Equations: ili
Export to Excel

R = 0.08206
Tc=304.2

Pc=72.9

T=350

V=0.6
a=(24/64)*((R2*Tc 2)/Pc)
b=(R*Tc)/(8*Pc)
P=(R*T)/(V-b)-a/V"2

Hint — Be sure to have an open EXCEL
Spreadsheet running on your
computer before exporting problem.




Problem 2 - Explicit Calculations for an Equation of State

Polymath Solution then Export to Excel for Solution
Exercise
R = T s Y POLYMATH Report

, . , ) Explicit Equationz
JE:] File Edit WView [nsert Format Tools Data Window Help Adobe PDF

-DEEHY SRY L BRR-<C - @& = -8 |l 160% (3 7 Al Calculated values of explicit variables
O sl Variable |Value
Bi21 v A 1|a 3.205422
A | B | c D] E 2|b 0.0428029
1 [POLYMATH NLE Migration Document 3/p 42.64155
2 Variable Value Polynmath Equation 4|Pc 72.9
3 |Explicit Eqs R 0.08206 R=0.08206 5(R 0.08206
4 Te 304.2 Te=304.2 6T 350.
5 Pc 729 Pe=72.9 7|Te 304.2
6 T 350 T=350 gl 0.6
7 A 06 V=06
8 a 3.20542178 a=(24/64)*((R"2*Tc*2)/Pc) Explicit equations
9 b 0.0428029 b=(R*Te)/(8*Fc) 1 R = 0.08206
10 P 426415451  P=(R*T)/(V-b)-a/V*2 I
11 3 Pc=72.9
4 T =350
5V =10.6

6 a = (24/64)*((R~2*Tc"2)/Pc)
7 b = (R*Tc)/(8*Pc)
8 P = (R*T)/(V-b)-a/v~2




Workshop Problem 3

Numerical Solution: Nonlinear Equations

Title: Pressure Drop Calculations for Pipe
Flow

Software Used:
Polymath and Excel



Problem 3 — Nonlinear Equations - Pressure Drop
Calculations for Pipe Flow

Polymath Solution for Two Nonlinear Equations —
Simultaneous Solution with If... Then... Else...
Statement

Pressure Drop Equation The nonlinear

. £ . e s equation is always
dp=2"fF*rho*v*v*L/D rearranged to

becomes in Polymath equal zero.

fD)=dp-2*fF*rho*v*v*L/D



Problem 3 — Nonlinear Equations - Pressure Drop
Calculations for Pipe Flow

Polymath Solution for Two Nonlinear Equations —

Simultaneous Solution with If... Then... Else...
Statement

The second
nonlinear equation
uses the If... Then...

fF =16/ Re if Re <2100 “liste Sl e

Friction Factor Equation

=1/ (4 * log(Re * sqri(fF)) - 0.4) A 2 if Re >= 2100

becomes in Polymath

f(fF) = If (Re <2100) Then (fF - 16 / Re)
Else (fF -1/ (4 * log(Re * sqrt(tF)) - 0.4) * 2)



Problem 3 — Nonlinear Equations - Pressure Drop
Calculations for Pipe Flow

Polymath Solution for Two Nonlinear Equations —
Simultaneous Solution with If... Then... Else...
Statement

and Excel

Mathematical Excel
Model Solution

Polymath 6.1 Excel

Solution Polymath
Algorithm Solution

Solution will be
made in Polymath




Problem 3 — Nonlinear Equations - Pressure Drop

Calculations for Pipe Flow
POLYMATH Demonstration - Two Nonlinear Equations —
Simultaneous Solution with If... Then... Else... Statement

DEEH| R s Al. BEEE @ A! (=7

% @ = | Isafenewt ll

Morlinear Equations: 2 | Auxiliary Equations: 9 |/ Ready for salution

# Calculation of pipe diameter to have Pressure Drop of 103000 Pa over Length of 100 meters.
fiD)=dp-27fF "rho " v ™ v ™ L /D # Calculation of pipe diameter for specified flowrate (D in m)
f(fF) = If (Re < 2100) Then (fF - 16 /Re) Else (fF - 1/ (4 " Jog{Re ™ sqtfF)) - 0.4) * 2) # Fanning's friction factor

# The explicit equations

rho=46.048+T " (9418 + T " (-0.0329 + T " (4.882e-5- T " 2.895e-8))) # Liquid density (kg/cu-m)
vis = exp(-10.547 + 541.69 / (T - 144.53)) # Liquid viscosity (Pa-s)

Re =D v " rho /vis # Reynold's number

v=q/(pi" D"2/4)#Flow velocity (m/s) IS 1

dp = 103000 # Pressure drop (Pa) ThIS IS an example
L = 100 # Pipe length (m) of two nonlinear

T =25+ 273.15 # Temperature (K) .

pi = 3.1416 equations plus

q = 0.0025 # Flow rate (cu-m/s)

nine explicit
# Initial Guess for nonlinear equations variables .
D(0) = 0.04 equations.

fF(0) = 0.004

Ln1d |NDnLinearEquatiDnDE.pDI |Call::ulati|:|n of Fipe Diameter



Problem 3 — Nonlinear Equations - Pressure Drop

Calculations for Pipe Flow
POLYMATH Demonstration - Two Nonlinear Equations —
Simultaneous Solution with If... Then... Else... Statement

DEEH| R s Al. BEEE @ A! (=7

% @ = | Isafenewt ll

Morlinear Equations: 2 | Auxiliary Equations: 9 |/ Ready for salution

# Calculation of pipe diameter to have Pressure Drop of 103000 Pa over Length of 100 meters.
f(D)=dp-2"*fF “rho " v " v " L / D Yiepemeterf pipe diameter for specified flowrate (D in m)

f(fF) = If (Re < 2100) Then (fF - 16 /Re) Else (fF - 1 /(4 ™ Jog{Re ™ sqri(fF)) - 0.4) * 2) #igmameimgiasiviation factor
# The explicit equations The nonlinear
rho=46.048+T " {9418+ T " (-0.0329+ T " (4.882e-5- T " 2.895e-8))) . f

vis = exp(-10.547 + 541.69 / (T - 144.53)) # Liquid viscosity (Pa-s) equations for

Re =D v " rho /vis # Reynold's number

v=q/(pi " D*2/4)#Flow velocity (m/s) pressure drop and
dp = 103000 # Pressure drop (Pa) for Fanning

L = 100 # Pipe length (m) .. i

T = 25 + 273.15 # Temperature (K) friction factor will
pi = 3.1416

q = 0.0025 # Flow rate (cu-m/s) be solved to be

# Initial Guess for nonlinear equations variables Zero.

D(0) = 0.04

fF(0) = 0.004

Ln1d |NDnLinearEquatiDnDE.pDI |Call::ulati|:|n of Fipe Diameter



Problem 3 — Nonlinear Equations - Pressure Drop

Calculations for Pipe Flow

POLYMATH Demonstration - Two Nonlinear Equations —
Simultaneous Solution with If... Then... Else... Statement

Here is the Polymath solution

Calculated values of NLE variables

Variable Value f{x) Initial Guess
1D 0.0389653 |4.133E-09 |0.04
2|fF 0.0045905 |-8.674E-19|0.004

Variable Value
1|dp 1.03E+05
2|L 100.

3\ pi 3.1416
4|q 0.0025
5|Re 9.097E+04
6 |rho 0984.5715
F|T 208.15
8|v 2.096491
Q|vis 0.0008931

Honlinear equations
1fiD)=dp-2*fF*rho*v*v*L/D=0
Calculation of pipe diameter for specified flowrate (D in m

f{fF) = If (Re < 2100) Then (fF - 16 / Re) Else (fF - 1 / (4 * log(Re * sqrt(fF))
-0.4)~2)=0

Fanning's friction factor

2

Explicit equations
1T=25+273.15
Temperature (K
2 rho = 46.048 + T * (9.418 + T * (-0.0329 + T * (4.882e-5- T * 2.895e-8)))
Liguid density (kg/cu-m
3 pi =3.1416
4 q=0.0025
Flow rate (cu-m/s
5 dp = 103000
Pres=sure drop (Pa
6 L=100
Pipe length (m
7 vis = exp(-10.547 + 541.69 [/ (T - 144.53)) [}"
Liquid vigcosity (Pa-s
Bv=q/(pi"D"2/4)
Flow welocity (mis
9 Re =D *v*rho [ vis

Reyneld's number



Problem 3 — Nonlinear Equations - Pressure Drop

Calculations for Pipe Flow
POLYMATH/Excel Demonstration - Two Nonlinear Equations —
Simultaneous Solution with If... Then... Else... Statement

Polymath Software has the option of automatically
sending a problem to Excel where the problem is
ready to be solved. For Nonlinear Equations, you
will use the Solver Add-In to obtain Excel solution.

#% POLYMATH 6.10 Fuucational Relez _ O] x|
B File Program Eg# Format Problem  Examples  Window  Help - =] %]

NEEN i bAs él. EE0EE @ A! =9

A i = | Isafenewt e
Monlinear Equations: 2 |.ﬂ-.u:-:iliar~; Equations: 9 |-..-" Ready for solution

# Calculation of pipe diameter to have Pressure Drop of 103000 Pa over Leni*
fiDy=dp-27fF "rho " v ™ v "L /D # Calculation of pipe diameter for specifie—
f(fF) = If (Re < 2100) Then (fF - 16 /Re) Else (fF - 1 /(4 ™ fogfRe ™ sqr(fF)) >




Problem 3

— Nonlinear Equations - Pressure Drop

Calculations for Pipe Flow
POLYMATH/Excel Demonstration - Two Nonlinear Equations —
Simultaneous Solution with If... Then... Else... Statement

From
Polymath

To
Excel

% i * safernewt -

Monlinear Equat Export o Exee¥ EQuations: 9 ' Ready for solution

# Calculation of pipe diameter to have Pressure Drop of 103000 Pa over Le
f(D)=dp-2"fF “tho * v *v " L /D # Calculation of pipe diameter for specif One Key Press

f(fF) = If (Re < 2100) Then (fF - 16 / Re) Else (fF - 1/ (4 * fog(Re " sqri(fF .
(fF) ( ) ( ) ( (4 " fog( gri(fF) automatlcally
creates
DSHE/aRY sam-< @=-420Imd 0% - .
C> <[z u|Em |6, Bk E 0 A- problem in
C16 - £ =((C1472)+ (C1542))
X 5 =15 = Excel.
1 POLYMATH NLE Migration Document
2 Variable Value Polymath Equation
3 |Explicit Eqs rho 994.5715  rho=46.048 + T *(9.418 + T *(-0.0329 + T * (4.8
4 vis 0.0008931  vis=exp(-10.547 + 541.69 / (T - 144.53))
5 Re 88620.363 Re=D *v *rho/ vis
6 v 1.9894321  v=q/(pi *D*2/4)
7 dp 103000  dp=103000
8 L 100 L=100
9 T 208.15  T=25+273.15
10 pi 31416  pi=3.1416
11 q 0.0025 ¢=0.0025
12 Implicit Vars D 0.04  D(0)=0.04
13 fF 0.004  fF(0)=0.004
14 Implicit Egs (D) 24272898  f(D)=dp -2 *fF *rho *v*v*L/D

15 (fF) -0.000695  f(fF)=If (Re < 2100) Then (fF - 16 / Re) Else (fF -

16 | Sum of Squares: [589173571]  F = f(D)"2+f(fF)"2

417



Problem 3 — Nonlinear Equations - Pressure Drop
Calculations for Pipe Flow Excel Demonstration

Use
A [ 8 [ ¢ 0] E | Excel Add-In _
1 |POLYMATH NLE Migration Document Solver
2 WVariahle Value Polymath Equation Comments )
3 |Explicit Egs rho 994 571504 rho=46.048+ T (04758 + T " (00329 + T * (4. 8582 Liquid densify [k For SOI ut|on
4 i 0.00089308 vis=exp(-10. 547 + 547 63 /(T - 144 53)) Liguid viscosity [ o o,
B W 1.98943214  \v=q/{pi "D "2/ 4] i
7 dp 103000 dp=703000 Set Target Cell; SR - Sove |
g L 100 =700 i Equal To: (" Max @ Min  ( valeaof: |0 Closs |
g T 29815 |T=25+ 273715 By Changing Cells:
10 ] 31416 =3 7478
11 q 00025 | g=0.0025 |$C$12:5CH13 A guess |
13 fF 0.004  fFOI=0.004
14 |Implicit Egs fiD) 249728979 fiD)=do -2 " {F T rhc il ==
15 f{fF) -0.000685 |FTFI=iF(Re = 2700) ch
16 |Sum of Squares: E 5391?35?1§ F = {{O1A2+ RN ﬂl Reset all |
17 Delets |
18 Ll Help |
19
E I 12 |Implicit Vars ] 0.053952106 Dyd)=0 04
xce 14 fF 0.00492738 fR)=0 004
i 14 |Implicit Egs f{1) 0.00374434 fOl=cn -2 " fF"rho " " " LAD
SO' Utl on 15 f(fF) 0.000353971  fF)=if (Re < 2100) Then (fF - 16/ Re) Else (fFF -1/,
16 |Sum of Squares: 1415E05  |F = FD)"2+{IF)2




Problem 3 — Nonlinear Equations - Pressure Drop
Calculations for Pipe Flow - Excel EXCERCISE

1) Obtain the Polymath Solution

NonlinearEquations02.pol

2) Export the Problem to Excel by Clicking on Excel Icon

Excel.xls

3) Solve the Same Problem in Excel

NonlinearEquations02.xls



Workshop Problem 4

Numerical Solution: Simultaneous
Ordinary Differential Equations

Title: Batch Reactor

Software Used:

Polymath, Excel and MATLAB



Problem 4 - Differential Equations - Batch Reactor
Differential Equations — Simultaneous ODEs

- k k
Consider a Batch A B 33 C
Reactor that
initially has only .C.fort=0,t;,,=3
reactant A at a
value of 1. The dC ,

£ = k.C .C. C =1

reactions are first dt 1A al, _q
order and .
irreversible. —5 =k, C, -k, C, . C. Cy| = 0
Reaction time t is dt £=0
from O to 3. dc.,

| W =k2C5 |C Cc‘r:[:l:[}

AO k=2 ky =3




Problem 4 - Differential Equations - Batch Reactor
Differential Equations — Simultaneous ODEs

POLYMATH/Excel Solution EXERCISE

Excel
Solution

Polymath 6.1 Excel
Solution

Solution
Algorithm

PolymathDifferential.pol DifferentialEquations01.pol

Mathematical
Model

Polymath

Or Open Polymath



Problem 4 - Differential Equations - Batch Reactor
POLYMATH/Excel Solution EXERCISE

Excel
Solution

Polymath 6.1 Excel

Solution Polymath
Algorithm Solution

1) Open Excel, 2) Export Polymath Problem to Excel,
and 3) Solve with Polymath ODE_Solver Add-In.

Excel.xls or Open Excel

DifferentialEquation01.xls

Mathematical
Model

DifferentialEquations01.pol



Problem 4 - Differential Equations - Batch Reactor
POLYMATH/MATLAB Solution Demonstration

Mathematical
Model

Polymath 6.1

Solution
Algorithm
Let’s Look at

the MATLAB MATLAB
Solution Solution

Polymath
Solution

MATLAB




Problem 4 - Differential Equations - Batch Reactor
POLYMATH/MATLAB Solution Demonstration

MATLAB problem solution is obtained by first requesting MATLAB
output in the Polymath Setting window found with the Settings Icon.

#¢ POLYMATH 6.10 Educational Release - [Differential F5uatio
File Edit Window Help

DSEN RS 4L, DEEE @A =9

o ]

== Polymath Settings

=@ Ordinary Differential Equations
Reporting digitz =9
Minimumm intermediate data paints = 100

Font name = Arial

Font size = .75

--------- Auto color syntax = True

--------- Auto unpaint on Byte size = 70
Show comments in report = True

- {T] RKF45
f--f"1 REFRR

[ |

|

Show batlab formated problem in repart = True

Show intermediate data points an report = Falze

Restare Set

Hesetgu| st |

&+ Tre

" Falze




Problem 4 - Differential Equations - Batch Reactor
POLYMATH/MATLAB Solution Demonstration

This option for MATLAB formatted output results in the MATLAB code to
be generated automatically at the end of the POLYMATH report.

Matlab Formatted Problem Code
tspan = [0 4.]; % Range for the independent variable
y0 =[1.; 0; 0]; % Initial values for the dependent
variables
function dYfuncvecdt = ODEfun(t,Yfuncvec);
CA = Yfuncvec(1);
CB = Yfuncvec(2);
CC = Yfuncvec(3);
k1 =2;
k2 = 3;
dCAdt =0 - (k1 * CA);
dCBdt = k1 * CA - (k2 * CB);
dCCdt = k2 * CB;
dYfuncvecdt = [dCAdt; dCBdt; dCCdt];



Problem 4 - Differential Equations - Batch Reactor
POLYMATH/MATLAB Solution Demonstration

The MATLAB formatted output is copied and pasted into the MATLAB
template that is provided within the Polymath HELP materials.

3. Differential Equations

The MATLAB program template for a Polymath program involving differential equations is given in the box
below. This can be copied into the MATLAB editor and saved as MultipleDEQtemplate.m for future use.

function % Insert here your file name after function (Use Alphanumberic names only)
clear, clc, format shork g, format compact

tspan= % Replace this line with tspan line from Polymath report
y0= % Replace this line with y0 line from Polymath report

disp(" Variable values at the initial point );

disp([' £ = ' num2str(tspan(1})]);

disp(" y dy/dt ');

disp([¥0 ODEfun(tspan(1),¥y0)]);

[t,¥y]=0de45(@ODEfun,tspan,y0);

for i=1:size(y,2)

disp([' Solution for dependent variable v' int2str(i)]);

disp([' £ v' int2str(i}]);

disp([t y(:,i)}1);

plot(t,y(:,i));

title([' Plot of dependent variable y' int2str(i}]);

¥labell’ Independent variable (t)');

ylabel([' Dependent variable " int2str(i)]);

pause

end

% Replace this and the following line with the function copied from the Polymath report
% Do not include the tspan and y0 lines
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0 @ -] M b W

L L L 1 L L L A L A o T o Y R T T i
O w o -] m n e WM OWn 01 om ok W= O

function MATLAEOL
clear, cle, format short g, format compact
tspan = [0 4.]: % Range for the independent wvariabhle

vO = [1.; 0O; 0O]: % Initial walue=z for the dependent wvariabhles
disp(' Variable waluss at the initial point '):

disp([' © = ! numZstr (tspan(li)i]):

dispi(' 7 dy/dt "

disp([vy0 ODEfun(tspanil) , vO1]1:
[t,;7]=o0ded5 (QODELfun, tapan, v0) ;
for i=lisize(v,.21

disp([' Zolution for dependent wariabhle ¥' intZstr{i)]i:
disp ([ T 7! intZscr(i)]):

disp ([t vl(i,1]])7

plot(t,v(:,1]):

title([' Plot of dependent wvariable ¥' int2stri(il]):
¥1label (' Independent wariabhle [(t)]']):

vlabel([' Dependent wariable v' intZstr(il]]:

pause
end

"_‘5 ______________________
function d¥funcvecdt = ODEfun(t, ¥Yfuncwveo)
Ch = ¥Yfuncwvec (1) :;

CE = Tfuncweo (2):

CC = YTfuncwveo (3):

1 = 2;

kK2 = 3;

dACidt = 0 - (k1 * Ci):

dCBEdt = k1 * CL - (k2 * CE):

dCcdt = k2 * CB:

d¥funcwvecdt = [dCidt; dCBEdt: dcCdt] ;

MATLAB
Solution
Demonstration

MATLAB
Code from
Polymath is
Entered into
Template.
Yellow bars
indicate
copied code.



Problem 4 - Differential Equations - Batch Reactor

The MATLAB m-file thus created provides graphical output for all
differential variables.

File Edit View Insert Tools Deskiop Window Help
D& k| KRN | 08|07 O

Dependant variable 1

1

0.9

0.8+

=
=l
T

=
m
T

=
n
T

=
I~
T

=
L
T

0.2 -

0.1 -

Flot of dependent wvariable w1

=1oj x|

|

| 1 1 1 i
0.5 1 1.5 2 2.5
Independent wvarizble (i)

3

3.5

MATLAB
Solution
Demonstration
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The MATLAB m-file thus created provides graphical output for all
differential variables.

File Edit View Insert Tools Deskiop Window Help
DEEE L &8 g 0E ]

Dependent warizble w2

0.35

0.3

0.25F

=
P

=
-
n

=
-

0.05

Flot of dependent varizble w2

10| x|

|

a 0.5 1 1.5 2 2.5 3

Independent variable i)

3.5

MATLAB
Solution
Demonstration



Problem 4 - Differential Equations - Batch Reactor

The MATLAB m-file thus created provides graphical output for all
differential variables.

-Iolx|| MATLAB
File Edit View Insert Tools Deskiop Window Help & S l t.
- EINEESE R EIEE oruton
1 Plot of dependent variable y3 Demonstration
oot
0.8t
0.7

=
m
T

Dependent varizble w3
= = = =
¥ Lo I n

=
-

a

| 1 | 1 | 1 1
0.5 1 1.5 2 2.5 3 3.5 i
Independznt varizble (t)

L]
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MATLAB Solution Demonstration

The MATLAB m-file thus created also provides tabular output within the

MATLAB editor.

=) MATLAB

File Edit “iew Debug Deskiop Window Help

1ol x|

0 = | & B o o | ﬁ ﬁ B | @ ||C:'I.Dcucuments and SettingsMichael Cutlip'Desktop

ERls

Current Directory -... 7 x |
cf &) | @ -

All Files £ |File Type

i IMG_0033.jpg JPG File a
B LinearEqguationd1. pol FPOL File

Lol MATLAE Ink LMK File
MATLABOT. h-file

2 Microsoft Excel Ink LMK File ™
4 [ 3
‘ Current Direu:tu:urvl WDFKSF'ECEI

Command History A X

4&man|

co%—— 9/24/07 B:39 AM —-%
“efo- 9/24/07 9:32 AM --%

Command Window

X

Variable wvalues at the initial point

t =0
i dy/de
1 -2
] 2
] ]
Jolution for dependent wvariable ¥l
T 7l
] 1
2.511%e=-005 0.999495
5.0238e-005 0.99949
7.5357e-005 0.99935
O.00010045 0.9995
O.o000zz2s07 0.99955
0.00035166 0.9993
0.00047726 0.99905
0.000602585 0.99558
0.0012308 0.99754
0.00158588 0.99629
0.0024865 0.99504
0.0031147 0.99379

.

S
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POLYMATH/MATLAB Solution EXERCISE

1) Obtain the Polymath Solution with
options to generate MATLAB Code

DifferentialEquations01.pol

2) Start MATLAB, Open MATLAB Template
for Multiple Differential Equations, Enter
MATLAB Code from Polymath, and Solve
Problem.

MultipleDEQtemplate.m MATLABO1.m



Workshop Problem 5

Numerical Solution: Linear and Nonlinear
Regression

Title: Vapor Pressure Data

Software Used:
Polymath and Excel



Problem 5 — Regressions - Vapor Pressure Data

The Clapeyron equation is commonly used to correlate vapor pressure (P ) with absolute
temperature (7) in °C where AH is the latent heat of vaporization and R 1s the gas constant.
This equation can be written with two parameters, D and E, when AH | is constant with tem-
perature. P, 1s typically in mm Hg and T 1s usually in °C.

AH

logP, = ——2+B = 2 +E

RT T
Another common vapor pressure correlation is the Antoine equation, which utilizes three
parameters given by .4, B, and C.

logP, = A +%C

Determine the values of D and E for the Clapeyron equation and the values of A, B, and C for
the Antoine equation using the data given below. Compare these correlations.

Vapor Pressure Data
T (°C) 41.77 | 56.69 | 69.66 | 84.78 | 95.65 | 100.18 | 114.79 | 12340
PmmHg) | 100 | 200 | 300 | 500 | 700 900 1200 | 1500




Problem 5 — Regressions - Vapor Pressure Data

Regressions — Linear and Nonlinear

Excel
Solution

Polymath 6.1 Excel

Solution Polymath
Algorithm Solution

Mathematical
Model




Problem 5 — Regressions - Vapor Pressure Data
POLYMATH Clapeyron Equation Linear Regression EXERCISE

Utilize the Polymath +% POLYMATH 6.10 Educational Release - [Data Table]

. File Program Edit Row Column Format  Analysis Examples
Regression Program NEEH {2Rs ML DB @ P! =9

to input the data to rovt:cont[F v [ioo
the Data Table F | T | co3 | Co4 | C05 | COE | cav |
m 100 N F7
0z 200 56 69
Create a new column & a0 sase
. 04 500 8475
for a variable logP — e
that is the log of the I 00| 10018
a7 1200 114.79
pressure. 0& 1500 12340

logP = log(P) l

RO01 - 003 [logP X o | =loglF]

Then create another P | T | logP | inuT | cos CO6 a7
. 01 100 4177 2. 00239406
column for a variable 02 200 5669 230103 0.0176398
invT that is the 03 300 BIBE 2477121  D.D143554
i 04 500 8478 269897 00117952
inverse of the 05 700 9565 2845098 00104548
0 0 900 10045 2054243 0009552
temperatu re in °C. 07 1200 11479 3079181 00087116
08 1500 12340 3176091 00081037

InvT = 1/T



Problem 5 — Regressions - Vapor Pressure Data
POLYMATH/Excel Solution EXERCISE

Utilize the Polymath
Regression Program
to make a Linear
Regression of logP
versus invTK to yield
the parameters D
and E of the
Clapeyron equation.

E =a0 =3.658
D -73.61

al

Polymath Data File is RegressionData01.pol

R013: cont [P X | & Regression | Analysis | Graph |
P T logP inuT a
| | - | e | r“b | w | [+ Graph |+ Residuals
o 100 4177 2. 00239406
o2 200 56 59 230103 00176398 v Report [T Store Madel
03 300 9 66 24721 00143554 Linear & Paolynarnial | kultiple linear I Nu:unlinearl
04 500 8475 263397 00117352
05 00 10048 2954243 0.009952 _ :
o7 1200 11479 3079181 000G7116 '”depen_denwar'ahle JimeT =
0g 1500 12340 3476091 00081037 Palynogsal Degres Fm
Results §
—
- _ E 3
Model: logP = a0 + a1¥imvT Source data points and calculated data points
invT P P calc | Delta P
Variable Value 95% confidence log log log
1/0.0239406 |2 1.895103 |0.1048957
al 3.657529 |0.2373304
2(0.0176398|2.30103 |2.358947 (-0.0579169
al -73.61662 | 16.88797
3(0.0143554 | 2.477121 |2.600733 (-0.1236123
General 4(0.0117952 |2.69897 |2.789207 |-0.0902366
Regression including a free parameter 50.0104548 |2.845098 | 2.887882 |-0.0427843
Number of observations = 8 6(0.000082 |2.054243|2.022688 |0.0315547
Statistics 7(0.0087116(3.079181|3.016211 |0.0620702
R~2 0.949903 8(0.00810373.176091 (3.060902 |0.1151286
R“‘Eadj 0.9415594
Rmsd 0.0300589
Variance |0.0096377

Polymath Solution File is Regression01.pol



Problem 5 — Regressions - Vapor Pressure Data
POLYMATH/Excel Solution EXERCISE

The Graph Option

from the Polymath
Regression Program
Indicates a —_—
reasonable
representation of the
data.

However, the
Residuals Plot \
Option shows a trend

in the errors.

4.0
3.8
36
34
3.2
3.0
2.8
25
24
2.2
2.0

0.20
016
01z
0.03
0.04
0.0a

-0.04
-0.05
-012
-0.16
-0.20

o logP

>

poosd Qo0ey  o00113 029 0044 0OMED 0OMTE O0OM92 Q0208 00224 II\I“.’}IIIESEI
invT

¢ logPexp -logPoalc

o

2.000 2118 2235 2353 2470 2588 2706 2823 284 3.058 3176
logP exp



Problem 5 — Regressions - Vapor Pressure Data
POLYMATH/Excel Solution EXERCISE

Utilize the Export to EXCEL Option from the Polymath Regression
Program to make a Linear Regression of logP versus invTK. The
results, shown below, are essentially the same as those obtained

with Polymath.

A

B

o

O

E

[Fl

G |

imwT

0.0239406

0.01763498

0.0143554

0.0117952

0.0104545

o 00 || 3 || | LD kD —

0.0094952

0.0087116

0.0081037

logP

2

2.30103
2477121
2.693497
2.845048
2854243
2.079181
21TEDST

logP calc

1.895103243
2.358946908
2600733343
2789206614

288788234
29226882749
2016210836
3060962381

logP residual
-0.104896707

0.0579165908
01236123543
0.090236619

0.04275434

-0.0314554721
-0.062970164
-0.1145128614

logP residual &2

0.0110033149
0.0033543568
0.015230071
0.008142647

0.0018305

0.0009957
0.003965242
0.013254599

File is Regression01.xls

POLYMATH Polynomial Regression Migration Document

Linear Regression. Including a free parameter.

al
Coefficients -7T3.6166
Std.dev.s £.9015
R2, SE {y) 0.949308
95% conf. int. 16.88797
Variance 0.009638

Sum of Squares  0.057826
Model

al
3657524
0.096991
0.098172
0237336

[ogP = a1 *inT + al



Problem 5 — Regressions - Vapor Pressure Data
POLYMATH/Excel Solution EXERCISE

DEENl iR s AL, BEEE @A) =7

gtlllze the P(F))Iymath RO01 ;001 IP o |1IIIIII & Regression | Analysis | Graph |
t egrekSSIOT\l rTg ram F | ! | logP | nuT | - ';t’ | * | v Graph |+ Residuals
m 100 N 77 2. 00239405
DL _a elnliintzel 02 200 S6E3 230103 00176398 [ Beport [ Store Model
RegreSSIOn Of the - 300 B3 66 2470121 0.0143354 Linear & F'u:ul_l,lnu:umiall Multiple linear  Monlinear |
Antoine Equation. ———m— i i comses o 2 o =
Use the |n|t|a| 1] an0 10018 2854243 00099582 > logP=4+BAT+C)
a7 1200 114.79 307918 0005716
guesses as Shown_ —— 1500 12340 53176091 00081037 e ¥ = 2B
Plot the Graph and | \";232'.E:::TE‘.:;?;.“J:‘:S;E“
the Residual for this |- . e
regression. 13 c 200

Model: logP = A+Bf(T+C)

Variable |Initial guess Value |95% confidence
A 3.66 6.376557|2.317467

L . B -1000. -071.542 |1202.155
File is RegressionData01.pol c - 50,4905 1590569
OR NHonlinear regression settings

Max # iterations = 64

Precision

R™2 0.9976599
R~2adj |0.9967238

Rmsd 0.0064969
Variance |0.0005403

File is Regression02.pol




Problem 5 — Regressions - Vapor Pressure Data
POLYMATH/Excel Solution EXERCISE

The Graph Option 40

from the Polymath N

Nonlinear Regression > }
Program indicatesa — 3o

reasonable iy

representation of the >

data. 20 &

2.000 2115 2235 2353 2470 25585 2706 2823 2941 3.055 3176
logP exp

The Residuals Plot
Option shows a more

random distribution of o -
the errors \ 0025 ¢ logPexp -logPoalc
. 0.022 o
These graphs plus the oo
lower variance for the o
Antoine equation oo f o
. . 0. o
indicate that the data . & ©

2.000 2118 2235 2353 2470 2588 2706 2823 294 3038 3176

are well represented. oo
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POLYMATH/Excel Solution EXERCISE

Utilize the Export to EXCEL Option from the Polymath Regression
Program to make a Nonlinear Regression of logP versus invTK. The
results, shown below, are essentially the same as those obtained
with Polymath. Note that the EXCEL Add-In Solver must be used to
complete the Nonlinear Regression.

A | 8 [ ¢ | o | e [ F ] & @] X TN A ™S N B

POLYMATH Multiple Nonlinear Regression Migration Document

123.4] 317609

0.567854051

-2.6082369449

G.802895984

8.2743664045

0.368290014
0134290216
0.0320685967
0.000317228
0.021584203
0.03918773

T logP logP calc logP residual |logP residual 2 |(logP - logPavy)*2  (logPcalc - logPavy)~2
4177 2 -0476162468 -2 4TR162468 f.13138057 34942457476
a6.69 230103 -0.235749737 -26836779737 6435257424 4710303847
B9.66 2477121 -0.0483T735807 -2525484507 B.278122507 4.505660738
a4.78 2E9847Y 0148517442 -24550452548 B a04808144 B.A954977112
95 65 2845098 0277622138 -2567475812 B.591932043 7.267920905
10018 2954243 0328665467 -2 625577533 f.893R57 38 7 872358044
11479 3079181 0483279011 -259550159848 6738707124 265350154

0.124307336
0.191097931

maonlinear Redression

Coefficients | __ 3686 ____-1000 ____ 200,
R2, SE ) 0.016994 24861171
Variance f.559595

Average logP | 0130707
Model logF = A+B/T+C)

P L) [N N EC DU DUNP RIFR DU NI DY Y -
-Dmmwmmhmm—‘amm”mmhwm

Set Target Cell: $FE13 % [ galve |
Equal To: “Max  * Mn  { Yalueof: IU Close |
By Changing Cells:
|$K$4=$M$4| 3| GuEss |

ubject ko the Constraints: Cptions |




Problem 5 — Regressions - Vapor Pressure Data
POLYMATH/Excel Solution EXERCISE

The EXCEL Nonlinear Regression results obtained with Solver,
shown below in spreadsheet and magnified view, are essentially the
same as those obtained with Polymath.

File is Regression02.xls

A | B | © | D | E | F | G | H L] J S S A S O
1 |POLYMATH Multiple Nonlinear Regression Migration Document
2 Monlinear Regression
3 T logP logP calc logP residual |logP residual #2 |{logP - logPavg)*2 (logPcalc - logPavi)* 2 i B C
4 4137 2| 2006165146 0006165146 3.8008E-04 0478129438 0469641432 Coefficients B.435009) 100214 1245053
5 869 230103 2280127127 -0.020802873 0000432653 0152442647 0168202172 R2, SE iy 0997769 0018284
B BI.BE 2477121 2492149822 0015028822 0000225865 0.045945084 0029728152 Variance n.oooz3as
7 2478 269887 2713535931 0014565931 0000212166 8 62644E-05 00004265948 Average logP | 2691469
8 945 65 2845088 2847928733 0012830733 0000164628 0.0236018456 0027708828 Model logP = A+BIT+C)
9 10018 2954243 2914242329 -0.039394671 0.00155154 0.069050152 00488982305
10 11479 3079181 2086683783 0007502783 5.62918E-05 0.150320561 0156194
11 1234 3176081 218303134758 00042224745 1.782832E-04 0.2348458441 023 ara
12
13 Sum 0.00270366 m 2%
15 S0y as converged bo the current solution, Al
16 nstrainks are satisfied. Reports
17 Answer ;l
18 {* Keep Solver Solution S_er_usﬂ:lwtv
18 Limits
70 . . i~ Restore Original Yalues ﬂ
Nonlinear Regression
21
27 A B C (04 I Cancel Save SCEnario... | Help I
23 Coefficients = 6.435009 -1002.138 184.5053
R2, SE (y) 0.997769 0.018384
Variance 0.000338
Average logP 2.691469
Model logP = A+B/(T+C)



SUMMARY - Desktop Problem Solving Involving
Polymath, Excel and MATLAB

Mathematical Excel
Model Solution

Polymath 6.1 Excel

Happy

Solution Polymath Future
Algorithm Solution Problem
Solving!

MATLAB

MATLAB
Solution
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