Application of Numerical Problem Solving in Chemical Engineering Coursework

Presenters: Robert P. Hesketh, Rowan University; Michael B. Cutlip, University of Connecticut

Offered: Wednesday 9:30 am-noon, Thursday 9:30 am-noon

This workshop will provide hands-on experience in the use of interactive problem solving software to
participants. Emphasis will be placed on the application of PolyMath 6 for PCs and a new version of
PolyMathLite 1.1 for Android Smartphones and Tablets. The workshop presenters will give multiple examples
of how numerical problem solving can be integrated into common chemical engineering courses. Participants
will be encouraged to integrate numerical methods into their courses so that their students will understand
and appreciate the types of problems and efficiencies that solutions using numerical methods can bring to
problem solving and modeling of chemical systems. The PolyMath 6 and revised PolyMathLite 1.1 software
will be provided to all the participants for this workshop and future use for a full calendar year at no cost. This
software is provided by the CACHE Corporation and PolyMath Software. Participants will be required to bring
a laptop with the ability to run Windows software.



ASEE Chemical Engineering Division Summer School Workshop - 2017

Application of Numerical Problem Solving in CHEG Coursework

Robert P. Hesketh, Dept. of Chemical Engineering, Rowan University, Glassboro, NJ 08028
Michael B. Cutlip, Dept. of Chemical and Biomolecular Engineering, Univ. of Connecticut, Storrs, CT 06269-3222

Goals: This workshop will provide hands-on experience in the use of interactive problem solving software to
participants. Emphasis will be placed on the application of PolyMath 6 for PCs and a new version of
PolyMathLite 1.1 for Android Smartphones and Tablets. Participants will be encouraged to integrate numerical
methods into their courses so that their students will understand and appreciate the types of problems and
efficiencies that solutions using numerical methods can bring to problem solving and modeling of chemical
systems.

Scope and Content: The workshop presenters will give multiple examples of how numerical problem solving
can be integrated into common chemical engineering courses. The PolyMath 6 and revised PolyMathlLite 1.1
software will be provided to all the participants for this workshop and future use for a full calendar year at no
cost. This software is provided by the CACHE Corporation and PolyMath Software. Participants will be required
to bring a laptop with the ability to run Windows software. The software will be provided as individual copies
for student use on their own computers or through local networks that can be accessed by students. Note that
many CHEG departments have existing site licenses for PolyMath for Windows OS and for PolyMathlLite for
Android OS. As for future access, inexpensive educational pricing of the network versions or the individual
educational copies will provide the Windows and Android software to the students.

Method of Delivery: Overviews and demonstrations of the PolyMath 6 for PCs and the new PolyMathLite 1.1
for Android Smartphones and Tablets will be presented as the participants will tackle problems with guidance
from the instructors. This hands-on problem solving workshop will encourage participants to solve some
typical problems on their own using their laptop PCs or Android Phones/Tablets. Problems will require the
solution of simultaneous linear equations, simultaneous nonlinear equations, simultaneous differential
equations as well as data analysis and regression. The instructors and other knowledgeable volunteers will
circulate through the workshop participants to assist with any difficulties and answer individual questions.
Example problems requiring numerical solutions will be provided from main subject areas of CHEG. These
will include basic calculations, thermodynamics, fluid mechanics, heat transfer, mass transfer, chemical
reaction engineering, phase equilibria, distillation, process dynamics and control, and biochemical engineering.
Throughout the problem solving exercises, the workshop participants will experience the ease of solving
these complex problems using PolyMath software; either using PolyMath 6 and PolyMathLite 1.1. The ease in
solving complex problems is based on the following attributes:
1) The intuitive interface is probably the easiest-to-use general problem solving software currently available
2) Thereis complete interchangeability of the problem code between PolyMath 7 and PolyMathlLite 1.1 in
both directions. The code developed in one package will execute on the other package without changes.
3) No command language or other details to remember - exceptional HELP always available
4) Problem entry mimics mathematical equations so entry into software is very easy
5) New full-screen color-coded editor speeds problem entry or modification
6) Variable names are selected by the user with upper and lower cases distinguished
7) Easy and intuitive equation entry (differential equations, nonlinear equations, etc.)
8) Software identifies undefined variables as a MAJOR AID to problem entry
9) Errors in problem entry are identified and syntax errors must be correct to enable solution
10) Problem code is automatically ordered on execution and problem equations may be entered in any order
11) A MATLAB m-file is automatically generated in the PolyMath report output. This m-file can be directly
imported and used in MATLAB.
12) Graphical output of the solution can be automatically generated and then easily exported to other
documents or saved as files
13) The PolyMath Report contains the complete solution for the problem and aids in the student dissemination
and documentation for a homework problem.
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14) Related technical papers and problem libraries available from the PolyMath web site
15) Friendly and efficient support is provided that often comes directly from the authors

Take Home Materials: In addition to a copy of the POLYMATH software, a flash drive will be provided to each
participant that will contain the workshop materials, handouts, references and computer files. A special
website will be created for use during the workshop and this will be made available to participants and to all
summer school attendees that can be accessed when they return home.

Presenter(s):

Robert P. Hesketh is a Professor of Chemical Engineering at Rowan University. He received his B.S. in 1982
from the University of lllinois and his Ph.D. from the University of Delaware in 1987. Robert's research is in
reaction engineering, novel separations including supercritical fluids, crystallization and ultrafiltration, green
engineering, and the chemistry of gaseous pollutant formation and destruction related to combustion
processes. Robert has received over 4.4 million in external funding for educational and technical research
projects. Robert has presented his educational innovations in international and national meetings and
workshops including the 2002 and 1997 ASEE ChE Summer Schools. Robert's dedication to teaching has been
rewarded by receiving several educational awards including the 2006 Chester F. Carlson, 2002 Robert G. Quinn
Award, 1999 Ray W. Fahien Award.

Michael B. Cutlip is an Emeritus Professor within the Chemical and Biomolecular Engineering Department at
the University of Connecticut and has served as department head and director of the university’s Honors
Program. He has B. Ch. E. and M. S. degrees from Ohio State and a Ph. D. from the University of Colorado. He
has been the Chair and National Program Chair for the ASEE Chemical Engineering Division plus he co-chaired
the ASEE Summer School for Chemical Engineering faculty in 2002. His current interests include the
development of general software for numerical problem solving and application to chemical and biochemical
engineering. Dr. Cutlip is also managing director of Polymath Software that develops and provides problem
solving software to higher educational institutions and to individual professional and academics users.

Timing: The workshop requires a time slot that consists of two hours, but it would be preferable to have a
single time slot of 2.5 hours. The time slot should not be broken up as the presenters and attendees need to
set up their computers and attach any needed power supplies.

Specific Logistical Needs: The workshop will be held in a classroom with computer-friendly tiered seating.
Electrical power will be readily available for keeping computers charged. Projection of the presenter's
computer screen and other workshop materials will clearly indicate the materials under discussion. There
should be WI-FI available in the classroom so that internet sites can be easily accessed by the presenter and
the participants.

Additional Review Materials: A demonstration of the type of website that will be created for the new
PolyMath 6 and the PolyMathLite 1.1 is available from the link:

polymath-software.com/problemsolvingworkshop.

This website was created for the African Engineering Educational Association Workshop and a similar site will
be created and updated for the Summer School. It will feature the new PolyMath 7 for PCs and the
PolyMathLite 1.1 for Android Smartphones and Tablets (available from Google Play Store). In preparation for
reviewing this Workshop site, please make sure that the latest free Adobe Acrobat Reader DC is installed as
the default Acrobat Reader software in your PC.

The following links are to a related book and recent paper:

Problem Solving in Chemical and Biochemical Engineering with POLYMATH, Excel, and MATLAB, 2nd Edition

Enabling Extensive Numerical Problem Solving on Smartphones and Tablets



http://www.polymath-software.com/problemsolvingworkshop
file:///C:/Users/Mike/OneDrive/ASEE%20Summer%20School%20Working/play.store.com
https://get.adobe.com/reader/
http://www.mypearsonstore.com/bookstore/problem-solving-in-chemical-and-biochemical-engineering-9780131482043
http://polymath-software.com/papers/ASEEMeet_11027_14.pdf

Schedule of Topics:

ok wnNPE

Overview of Workshop

Load POLYMATH Program or go to Hands on Topic 1
Hands on Topic 1: Introduction to Polymath and its Error Codes.docx
Integration of numerical methods in ChE Courses
Capabilities of POLYMATH (PC and Android devices)
Hands on Topic 2: Examples of Problems from ChE courses

ChE Course

Problem Name

Numerical Method Illustrated

Equations

Fluids

Unsteady-state tank drainage using a
siphon tube (similar to POLYMATH text
8.14)

C&S8-14soln.pdf

Solution of an first order ordinary
differential equation (DEQ)

dhr Aout

— = Vout 57—
dt Atank

Vour = f(hr)

Calculations involving Friction Factors for
Flow in Pipes (POLYMATH Text 8.7) and
pipeflow homework
frictionfactorcalcsoln.pdf

Excel Tutorial Solver Add-Ins rev4.pdf

Siphon Experiment
Siphon Calcs & graphs.xIsx
siphon.pol

Solution of a system of simultaneous
nonlinear algebraic equations (NLE)

AP_2 pv?

AL g

fr =f(e/D,Re)
Re = pvD/u

Advanced Fluids

NonNewtonian fluid flow through a pipe
(POLYMATH Text 8.2c¢)

NonNewtonian C&S 8.2 solutions &
comsol.pdf

NonNewtonian fluid flow through an
annulus (POLYMATH Text 8.4)

NonNewtonian C&S8.4 polymath&comsol &

3.8-8 solutions 2017.pdf

Solution of 2 simultaneous first order
ordinary differential equations with split
boundary value conditions and
comparison with solution using COMSOL
which is an advanced finite element
program

dv
e ==K () (

d(rty,) AP
dr dxr
dv,
dr

(n-1)

)




ChE Course Problem Name Numerical Method lllustrated Equations

Mass Transfer or | Slow Sublimation of a solid Sphere Solution of multiple ODE’s with split d(r®Ny)

Separations (POLYMATH Text 10.3) boundary conditions dr 0
C&S10-3 solution.pdf N, = CrDup dya

4 (1—yy) dr
Gas Absorption Column Solution of multiple ODE’s with split d(Gy) .
(Geankoplis Example 10.7-1) boundary conditions dz —Kyad.(y =y")
s , d(Lx
concentratedSO2Ex10.7-1Solution.pdf Elz ) _ —KyaAC(y — "
Reaction Catalytic Packed Bed Solution of multiple ODE’s for mole, dF; _
Engineering CREFoglerElements11-8.pdf energy, and momentum balances dw R
ar Ua(Ta - T)/,Db + AHyyn Ty
aw Y FiCp;
dP
aw == p_oﬁo
o
Determination of rate expressions for a Example of the nonlinear regression of _ —kKypy
catalytic reaction (POLYMATH text 11.16) data with LHHW reaction rate a = 1+ Kyps + Kppp
C&S11.16 soln.pdf
Stiff Ordinary Differential Equations in Solution of a stiff system of simultaneous Problem by Gear (1969)
Chemical Kinetics (POLYMATH text 6.2) ordinary differential eqauations.

Heat Transfer Unsteady-state cooling of a sphere Application of the numerical method of oT _ 1 0 2 oT
(POLYMATH Text 9.13) lines to solve a partial differential equation ot erCp 5( r 5)
C&S9-13CoolingSphereSoln.pdf both that involves the solution of simultaneous
POLYMATH & Comsol Solutions ordinary differential equations and explicit

algebraic equations.

Distillation or Batch Distillation of a benzene-toluene or Solution of a differential-algebraic system dny ) )

Separations water-Ethanol Mixture (POLYMATH text 6.7 | of equations using the controlled dr T =)
and 12.10) integration technique or differentiated ﬁ N
C&S6-7BatchDistillationSolution. pdf bubble point equation. a T

1= Kixg
error =1 —Kix1 — Kyx,
aT
— = K (error)

dxq




ChE Course Problem Name Numerical Method lllustrated Equations
Process Control Dynamics and Control of a Stirred Tank Solution of ODE’s, generation of step ar WC,(T; —T) +q
Heater (POLYMATH Text 13.6) functions, simulation of a proportional dt pV e,
C&S13-6x.pol integral controller. dT, T4 (dT\] 2
o frn -2
dt 2 \dt Tgq
K
q=qs+ KT, — Tp) + T—C(errsum)
1
d(errsum)
——————=T,-Tp,
dt

Chemical
Engineering
Principles (ChE
Intro Class)

Steady-state Material Balances on a
Separation Train (POLYMATH Text 2.4)

Solution of simultaneous linear equations

Overall component balances

Thermodynamics

Molar Volume and Compressibility factor
from Van Der Waals Equation (POLYMATH
Text 2.1)

Solution of nonlinear algebraic equation

(P+%)(V—b)=RT

27 (R*T?
YA N)

RT,
b=
8P.




Introduction to POLYMATH based on Polymath and Excel Tutorial for Process Fluid
Transport

POLYMATH tutorial Objectives: A student will be able to

1.

2.

Enter and solve 3 differential equations for a batch chemical reactor problem .

Use the built-in dialog box buttons to enter a differential equation and its initial
condition. This form is useful since you will not forget to enter the initial condition.

Prepare a word document that contains all required information for homework solution.
Students must do more than just turn in a polymath program file. They must show how
the model equations were derived, answer the questions, produce graphs and sample
calculations.

How to copy POLYMATH output into an excel spreadsheet such that the produced
output has headers in the first row.

use the trouble shooting DEQ Message list to determine that a variable has been defined
more than once or has not been defined

Identify problems that cause a program to stop running such as a divide by zero error
Use the comment feature in the polymath program (#)

How to use an if - then - else statement



1. Open Polymath:

Programs (4)
[ Polymath Calculator

| & Polymath EDU Site 2013-14

1 Polymath Scientific Constants
? Polymath Units Converter

Polymath Short Cut

. Microsoft Visual Studio 2005 o
Microsoft Visual Studio 2010

Multimedia

National Instruments

| Network Applications

Notepad++

Parallax Inc

Pharos
Platform-MPT
Polymath Software

v
® l? ® DIPPR Limited Database ||
L 9 B Polymath Calculator
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L RISA
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. SimaPro7 -

7 See more results 4 Back

[poly % | | Shutdown | » |
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2. We suggest that you open two windows so that you can see this pdf file and the polymath
program as shown below.
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3. Start the Differential Equations Solver by selecting Program, DEQ Differential Equations
and keep the help window open

If help is needed click on Question Mark

<& POLYMATH 6.10 EducaTnalRelnase or goto Help menu.
File REEEENN window  Help

LEQ Linear Equations
MLE Monlinear Equations

i DEDEE @A) =P

REG Reqgression

E? Polymath 6.X Help
- = @ =

Hide Back  Fonward Home Frint  Qptions

Cantents | Index I §earch|

Differential Equations Solver

Y See Also: Linear Equations Solver Nonlinear Equations Solver

@ Introduction to Polymath

= [:Q| Palyrath Programs
El Linear Equations Solver
[£] Monlinear Equations Solver
@ Differential Equations Salver

Expand All | Collzpse Al

@ Regression Package = Overview
xS Delurmabh Fynark ba Freal

@ POLYMATH 6.10 Professional Release - [Ordinary Differential Equations Solver] — O X
File Program Edit Format Problem Examples Window Help - &8 x
DecE 2R A, OEBODBE @ A! (27

o =3 6 E L3 lm [~ Table [~ Graph [+ Report

| Differential Equations: 0 |Auxiliary Equations: 0 |X Mo equations entered.

< >
| Ln1 [NoFile No Title
10:31 &M [B/21/2017 [C4PS [ NUM Y

Figure 1: Blank screen of Differential Equation Solver



Example of using the Differential Equation Solver in Reaction Engineering

4. Now you will create a simple POLYMATH file: Series Reactions Example.pol. We will
enter the 3 differential Equations and supporting explicit algebraic equations similar to that
given in the POLYMATH help example. (The only difference is that concentrations are defined
as CA, CB and CC).

This example is based on a batch reactor with 2 simultaneous chemical reactions in series.
4%B%¢

A component mole balance is constructed for each 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 on green engineering paper. This page would contain:

a) Setup of the component species mole balances including a diagram of the process
(process flow diagram, pfd)

b) Initial conditions

C) Sample calculations showing that the correct units have been used and an order of
magnitude estimate of the results.

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

d(C
EitA) =il @)
d(Cp
(dt ) = k]_CA - kZCB (2)
d(C,
(dtC) = k2Cs ®)

The initial conditions in the batch reactor at t=0 min are C, = 1 kmol/L, Cz = 0 kmol/L and
Cc = 0 kmol/L. These are known as initial values. The integration will proceed from 0 min to
t=3 min. The rate constants are k; = 1 min~! and k, = 2 min™!.

Sample calculations of all equations are required to be submitted on green engineering paper.
These calculations will help you to troubleshoot your program. Sample calculations for explicit
equations should be straight forward always showing the number and units. For differential
equations | suggest that you show an order of magnitude estimate as the sample calculation.



For this example for the batch reactor mole balance using the initial conditions the initial change
in concentration of A with time is:

d(Ca)
dt

kmol )
) = —1 kmol/(L min) (4)

L

= —1min?! (1
t=0

An estimate of the value of concentration after 1 minute would be

(NOTICE that this is not a correct integration of the differential equation. This is ONLY an
ESTIMATE and a check on the units. To check for order of magnitude changes an assumption is
made that the rate is constant.)

Ca 1 min
J d(Cy) ~ —1 kmol/(L min)dt = C, — 1kmol/L = —1 kmol/L (5)
c

4=1kmol/L t=0min

The above result gives the final value of 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
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. The above equations do not need to be typed, and can be
written by hand and then scanned in B&W using your phone with an free App such as
CamScanner. This scan will then be inserted into the word document that will be submitted on
Blackboard.

5. Of special note is the usefulness of the wizard menu’s in entering a differential equation. This
will write the equation using the proper syntax. For example to enter the first differential
equation click on the d(x)+ button. d(CA) / d(t) = -k1*CA #Concentration of component A and
then the initial condition that concentration of A at t=0 is 1.

@) POLYMATH 6.10 Professional Release - [Ordinary Differential Equations Solver] — O x
Eile Program Edit Format Problem Examples Window Help - 8 X
FEEH & B2E S M

1Lkl AP LS Click on the d(x). button to add a
a5 M/lHKF45 [~ Table [ 1 differential equation.

Differential Equations: 0 | Ausiliary Equations: 0 | 2 Mo equations enberee

Figure 2: Add a differential Equation



6. Fill out the form shown below and then select done.

Differential Equations Solver: Enter Differential Equation

Enter the differential equation:

a{f ca ) -k1*CA

d( t )
Set the initial value:
CAD)= 1
Comment:

|Concentrati0n of component 4|

Clear ‘ Done | Cancel

Figure 3: Fill out the menu screen as shown

@ POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Solver] — O et

Eile Program  Edit Format  Problem
DexFE & 2R &

b

wampies| Notice that the comment is entered with
a # sign in front of the text.

d[x W= ini=

+ finl

Differential Equations: 1 | Ausilizfy Equations: 0 |2 Undefined variables : ka

|
[ Table [ Graph v Beport

d{CA) / d(t) = -ka*CA #Concentration of component A
CAD) =1 <

The initial condition is
converted to this line with the
t=0 symbolized within the
parenthesis.

£
Ln1  |MaFile MHa Title
436 P | FAA20TF | CAPS | HUM

This message box let’s you know what is
missing and other errors.

Figure 4: Result of filling out the menu for one differential equation




Notice that an error has appeared stating that there is an
undefined variable, k1. To remove this error you can add
the explicit equation k1=1 min*. Open up the wizard foran

explicit equation

i A B - Le™ A— w I— w d4— w [ =1

| € POLYMATH 6.20 Educational Release - [Orc
b |
LBl File rogram it ormat roblem
File Prog Edit F Probl

DR + 2R S AL

d RKF45 -

Differeral Equations: 1 | Ausiliary Equations: 0 | >
Click on the x=. B
button.

Differential Equations Solver: Enter Explicit Equation

Enter the explicit equation:

| K1 =1

Comment:

Units of min®-1|

Clear Done Cancel

Figure 5: Explicit Equation Entry Form



&5 POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Solver] —
Eile Prograrn Edit Format Problem Examples Window Help

FEE + BRI ML @Al =7

g X

e =z ]i!l‘j‘[ [ ] FEF45 | [ Table [ Graph [+ Beport

Differential Equations: 1 | Ausiliary Equations: 1 |3 Undefined variables : ka

k1=1# Units of min*1
d(CA} / dit) = -ka™CA #Concentration of component A
CAD) =1

£

Ln1  |MNaFile Mao Title
4L40PHW | FAS2007 | CAPS | HUM

Figure 6: Result of entering explicit equation

8. Enter the second differential equation using the wizard. Notice that the second time that

you open this wizard the independent variable of time is already entered

Differential Equations Sclver: Enter Differential Equation

Enter the differential equation:

d(j | )

d( t €<—+ Time already entered
Set the initial value:

¥(0) = |
Comment:

Clear Done Cancel

Figure 7: Second use of ODE wizard




o

Differential Equations Solver: Enter Differential Equation

Enter the differential equation:

d |:| CB ) k1*CA-K2*CB

d II| t )
Set the initial value:

CB(0) = [o

Comment:

concentration of companent B

Clear Dane

Cancel

F

9.

igure 8: Second ODE

Finally enter the 3" ODE

Differential Equations Soclver: Enter Differential Equation

Enter the differential equation:

d{] cc ) |k2*cB

d II| t )
Set the initial value:

CCo) = [o

Comment:

|Cnncentratinn of component C

Clear

Done

Cancel




10.

11.

The result of entering the 3 ODE’s is

&) POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Solver] | = |[ @ |[s23]
Eile Program Edit Format  Problem  Examples Window Help - || 5| %

DEeEE & BRI A A E 7

di] xn i Y |F|KF45 v| [ Table [ Graph |» Report

Differential Equations: 3 | Ausiliary Equations: 1 |2 Undefined variables : k2

d(CC) / d(t) = k2*CB #Concentration of ED”DDI1EI1T§¥ second message.

CCi0j=a0
d(CB) / d(t) = K1*"CA-k2*CB #concentration of component B
CcBi0j=10

k1=1# Units of min*1
d(CA) / dt) = -k1"CA #Concentration of component A
CA0 =1

4

Ln1 | MaFile Ma Title
1213 PM | 5262007 | CAPS | HUM

To remove the error marked above add the value of the second rate constant

Differential Equations Solver: Enter Explicit Equation

Enter the explicit equation:

| k=2

Comment:

|units of min*-1

Clear ‘ Done | Cancel ‘

5} POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Solver] ==
File Program Edit Format Problem  Examples  Window Help - || &
D EE & B2@E 7| M mA! #E7
o), i, Ml REF45 v| [ Table [T Graph [v Report
Differential Equations: 3 | Auxiliary Equations: 2| 2 Initial and/ar final walues of the independent differential variable not set.
k2 = 2 # units of min~-1 i .
d(CC) / d(t) = k2*CB #Concentration of component C Third message. You need to tell
CC(0)=0 th ; :
el . e program the starting time and
d(CB) / d(t) = k1*CA-k2*CB #concentration of component B prog g
CB(0) = 0 the final time for the integration.
k1 =1# Units of min*-1

d(CA) / d(t) = -k1*CA #Concentration of component A
CA(D) =1

4 [

Ln5 |MNoFile Mo Title
1Z15PM | B/26/2007  CAPS | MUM




12.

13.

To remove the final marked error go to the ini-finl button to enter the initial and final values for

the integration of the time variable. In this case t=0 to t=3 min.

| o

i

@ POLYMATH 6.20 Education
File Progghm Edit F
0= E ¢ @ of forms by pressing the ini-finl button.

Enter initial and final condition of t=0 and t=3 min using a set

i = ini-
R —

Differential Equations: 2 | Auiiary Equations: 2 | X Iniial and/ar final values of the independent differential variable not set.

2 = 2 # .y Define initial and final values of the indep \rariai
d(CC) / dit) = k2*CB #Concentration of component C

CC(0)=0
d(CB} / dit) = k1*CA-k2*CB #concentration of component B
CBi0)=10

k1= 1# Units of min*-1
d(CA) [ dit) = -k1"CA #Concentration of component A
CA0) =1

4

Ln& | MoFie Mo Title
1217 P | 5/26/2017 | CAPS | MUM

Polymath Guide @ Polymath Guide @

Step #1 of 2 QK Step #2 of 2

Enter <t initial value. - Enter <t> final value.
Cancel Cancel

o B

Now the program can be run since the purple arrow appears, but | recommend that you use the
Arrange equation feature to order your equations. This will be easier for your professor to

troubleshoot and/or grade when put in this order.

11



&5 POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Solver] - O X

File Pregram Edit Format  Problem Examples Window Help - &8 %
D EE +B2R S Solve Bl E e
W o 0 @ D | [aras CeEr Report

Show Variables...
Differential Equations: 3 | Ausiliary Equ: owVariables

k2 = 2 # units of min®-1 Exportto Excel F

{t) = k2*CB #Concentra Arrange Equations

)/ dit) = k1"CA-k2°CB #cor  Clear Comments
CBi0)=0

k1=1# Units of min*-1

d(CA) / dit) = -k1*CA #Concentration of component ﬁ«]
CA0)=1

t(0)

Lh7 | Series Reactions Example.pol  Series Reactions
4:42PM | 7A11/2017 | CAPS | NUM

& POLYMATH 6.10 Professional Release - [Ordinary Differential Equaticns Solver] - O
File Program Edit Format Problem Examples Window Hel
9 P P

DrFE 2R AL, OE@EE @A &9

iy s € ] & | |RKF45 | [ Iable [ Graph ¥ Beport

Differential Equations: 3 | Awsaliary Equations: 2 |~ Ready for zolution

H(CC) / d{t) = k2*CB #Concentration of component C ODE'’s are at the top
diCB) / dit) = k1"CA-k2*CB #concentration of component B
d(CA} / d(t) = -k1"CA #Concentration of component A

k2 = 2 # units of min*-1
k1= 1# Units of min*1 —— Explicit Equations

CC0)=0
CB{0)=10 . " .

CA(0) = 1 Initial conditions: VariableName(0)

t0} =10

tf) =3 Final condition for independent variable VariableName(f)
£

Ln1 | Senes Reactions Example.pol  Seres: Reactions
219PM | BA20/2017 | CAPS | NUM

Figure 9: Result of the arrangement of equations (the ordering of the initial conditions may be different
to that shown above)
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14.

15.

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

+% POLYMATH 6.10 Educational Release - [Ordinary Di
File Program M@ Format Problem Examples  Window

| i”' F n Undo Chrl+Z
i W S i
Differential Equatic ]
Wi 7 dit) = -k1
diC) /(] = K27 selact &l Chrl+4
diB) £ dit] = k17 fing,,, Chrl+F
k2 =2#React Replace. .. Chrl+H
k1=1#React
A0 =1 #dd Differential Equation. ..
cim=0 #Add Explicit Equatian...
ti0) =0
t(fl =3 e

| B =0 Enter Problem Title. ..
Polymath

Enter problem title.

|Series Reactions

Next save the program with a file name and then run the
program by pressing on the pink arrow. The default
output is the POLYMATH Report.

& POLYMATH 6.10 Professional Release - [Ordinary Differential Equations Sohver]
File Program Edit Format Problem  Examples Window Help
DeEBE »2RF #AL @A =

dey [ ) E =) | |REF45 ~| [ Iable [ Graph [v Heport

Differential Equations: 3 lizrp Equations: 2 | »" Ready for zolution

Run program

) Dl Exusbions Sehubon 25 [P e |
Fie [dt Help
POLYMATH Repert Set Reacters

Drdmary Dilferental Esussons.

| Calculated vahies of BLQ varisbhes

Variable Initial vakse Minimal vale Haximal valse Fnal vaue

i 1 nHIRETL (L. 0.MaTETL
e 1 o 02499865 0.473083
3jcc o ] 05029046 0.90FHE
41 1 i [l L
512 2. 3. 2 2.
& 1 0 3 3

Differential equations

1 gocyalt) = kamce

EL"CARICR
1]

Explicit eouations
2=1
Fu=1
Guneral
NaFie POLYMATH Fegort

Figure 10: Default output from POLYMATH
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16. Polymath has a program for graphs but you can also produce a graph in excel. In this
case you should do the following

1. Select the Table output button
<& POLYMATH 6.10 Educational Release - [Ordinary Difre RS
File Program Edit Format  Problem  Examples  Windogd Hel button b 4

O = & B . BEBEE @A) =9
»
d xy [E] B |RKF4S w| ¥ Table! [ Graph [ Report

Differential Equations: 3 | Auxiliary Equations: 2w Feady for zolution

2. Run the program again
3. Select the table window
4. Click on the upper left corner of the table (similar to excel)
) POLYMATH 6.20 Educational Release - [ODE Results: RKF45, Solution #5] o ==
File Program Row Column Format Analysis Examples Window Help =l S
(= Cut Ctrl+X mAl|ZEF
RO01 - C001 ’W Copy Ctrl+C 3 Regression l Analysis l Graph l
Paste Ctrl+V =
1k\ ! Dl Clear :‘ r:, E = [~ Graph [ Residuals
i s Copy With Headers \ 2 Hooal < e Hodd
3 i br | Monlinear
"2 | 0aNs Enter Problem Title... Copy with Headers ! !
E 01725987 0.0251088 01333487  0.8415426 -
| 6 | o01s6518N 00318316 01463825  0.821586 -
7 | 02205187 \\0.0381834 0158734 03021028 Independent ariable |t =
o | - Polynomial Degree
8 0.2445187 0
— Upper left Corner 2
9| ozems1a7 00 :
1 nauas1z7 - onf Selects all f 4
4 Moo 5 —
Mo File Mo Title

1233 PM | 5/26/20017 | CAPS | NUM

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

6. Paste this into an excel spreadsheet and produce a graph with all titles given and
labels.

For homework assignments with POLYMATH I have students paste a pdf of the handwritten
derivation of equations, the POLYMATH Report and the graph into a word document.
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POLYMATH Report

Ordinary Differential Equations

Calculated values of DEQ variables

Variable Initial value Minimal value Maximal value |Final value

1/CA 1. 0.0497871
2|CB 0 0
3|CC 0 0
4 k1 1. 1
51k2 2 2.
6t 0 0

Differential equations

1 d(CC)/d(t) = k2*CB
Concentration of component C

2 d(CB)/d(t) = k1*CA-k2*CB
concentration of component B

3 d(CA)/d(t) = -k1*CA

Concentration of component A

Explicit equations

1k2=2
units of min”-1
2kil=1

Units of min”-1

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. 0.0497871
0.2499865 0.0473083
0.9029046 0.9029046
1. 1.
2. 2.
3. 3.

This is what the electronic part of
your homework should look like! But
remember to also submit the hand
derivation of the equations used in
the POLYMATH model and answer
any questions that were asked. For
example the concentration of A, B,
and Catt=3s.

Data file: h:\documents\cache\aseeworkshop\series reactions example.pol

Series Reactions
26-May-2017
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—CC
—CB
—CA

Concentration (mol/m?3

Time (minutes)

Figure 11: Concentration Profiles of a Series Reaction
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Troubleshooting Example

As you can see POLYMATH is a very easy program to use. In the previous batch reactor example you
probably produced a POLYMATH Report in less than 5 minutes (or if you did it a second time it would be
even shorter). Some of the problems that you solve will be more complex than this and it is useful to
see how to avoid errors in placing your model equations into polymath. Of course one of the biggest
errors that students make is that they don’t write out the equations. In addition they don’t place
numbers with units in them to make sure that all the units are consistent. This is probably the biggest
error done by students. Numbers and units!!! Unfortunately POLYMATH can not help the student with
errors in units other than putting the units in comment fields. What follows is the errors that
POLYMATH can identify.

17. Common errors by students in using Polymath software:

1. What the user thinks are the same variables, but the computer uses them as different
variables. This happens when you incorrectly spell a variable name or you do not match
upper or lower cases. (e.g. Tau # tau)

2. Defining a variable more than once. Once a variable is on the left hand side of the equals
sign then it is considered defined by the program.

3. Dividing by zero

4. Using too many parenthesis. POLYMATH uses the standard order of operators which is
exponent, multiplication/division, addition/subtraction: ”~, (* or /), (+ or -) which is
invoked working from left to right in an expression.

Cut and paste the following program in the POLYMATH ODE Solver or load the program
troubleshooting errors example.pol. Examine each of these errors and then correct them as directed in the
error explanation below:

d(vtheta) / d(r) = vtheta/r-tau/mu
d(gamma) / d(r) =0

tau = Gamma/r"2

tau=2

vtheta =omega*R1

ri=0.1

r(0) =0.1

r(f) =0.12

vtheta(0) =0

gamma(0) =-6.5455E-06

error = (0.012-vtheta)/.012*100

17



18. To see the errors in your program look in the message area or alternatively to see a full
list: Select Problem from the Polymath menu and then Show Variables... to see the
following errors in this program. Alternatively you could just press on the information

button @
@ POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Solver] EI@
[ File Program Edit Format Problem Examples Window Hel - =] %
9 P P
0O = & d B S | ML @A E P
diy s [ ) RKF45 *| [ Table [ Graph [+ Beport

Differential Equations: 2 | Auxiliary Equations: 3 | 3 Ermar in Line #2, Syntax Eror. Please enter a valid implicit/explicit equation or boundary condition.

divtheta) / d(r} = vtheta/r-tau/mu
diomega*R1) [ dir) = vtheta/r-tau/mu
digamma) / dir) =0

tau = Gamma/r2

tau=2

vtheta =omega*R1

r1=0.1

r(0) =01

= 0.2 Message Area
vtheta(0) =0

gammal0) =-6.5455E-06
error = (0.012-+vtheta)/ 0127100 To see more than one

message go to Problem,
Show Variables or click or
‘ select the & button

Ln3 | Troubleshooting Errors Example.pol — Rotating Cylinders
F39AM | 5/26/2017 | CAPS | MUM ‘

Figure 12: Original Code

Figure 13: Request to show all of the errors by selecting Problem and then Show Variables



) DEQ Messages (=234

Message List |
¥ Differential variables (2) ; vtheta, gamma

€9 Cplicit wariables [5) : tau, tau, vtheta, 11, eror

0 Independent vanable = ¢

X Ermarin Line #2, Suntax Error. Please enter a valid implicit/explicit equation or boundary ...
X |Undefined variables : mu, Gamma, omega, Rl

X Yariables defined mare than once: vtheta, tau

X Multiply defingd vaniables ;|

X wamning: 2 Duplicate explicit vanableds exists.

X wWaming: 4 Undefined varabless exist.

X waming: 2 Multiply defined variableds sxist.

Figure 14: Original listing of variables and errors
Explanation of Errors in Message:

Differential variables (2); vtheta, gamma There are three ordinary differential equations, but one
of the equations has a syntax error and is not recognized. See below.

Explicit variables (5); tau, tau, vtheta, r1, error There are 5 explicit (variable =) equations.
Notice that it has tau twice which means that it was defined more than once as an explicit
equation. This is an error that is also mentioned in the “Multiple (This is a spelling error!)
defined variables”

Independent variable = r The ODE’s are with respect to only one variable and that variable is r.
This is OK

19



19.

Now for the RED X’s X Error in Line #2, Syntax Error. Please enter a valid
implicit/explicit equation or boundary condition. d(omega*R1)/ d(r) = vtheta/r-tau/mu The
error in this equation is the use of an operator on the left hand side which is not allowed.
If this equation was required you would need to define a new variable: junk=omega*RL1.
The correct form is using the line #1 ODE so to correct this error we will delete line 2.

@ POLYMATH £.10 Professional Release - [Ordinary Differential Equations Solver] — O *
File Program Edit Format Problem Examples Window Help - 8 x
0 = & b BB S L m Al =P

deg o RKF45 =| [ Table [ Graph |+ Heport

Difterential Equations: 2 | Ausiliary Equations: 3 | 2 Ermor in Line #2, Syntax Ermor. Please enter a valid implicit/explicit equation or boundary condition.

divtheta) / d(r) = vtheta/rtauln There should not be a multiplication operator between omega
a*R1) « J(r) = vtheta/r-tau/ . . .
digamma) / d{r -U e and R1. If this equation was required you would need to
tau ZGEmmE-’T"E define a new variable: junk=omega*R1.
tau=
vtheta =omega*R1 But for this example we will just Delete line #2
r1=0.1
r(0) =01
rif) =012
wtheta(0] =0
gamma(0} =-6.5455E-06
error = (0.012-vtheta)/ 012*100
L3
< >

LnZ | Troubleshooting Erors Example.pol  Fluid contained between bwo co-asial cylinders with outer cylinder rotating
349480 | BA21/2007 | CAPS | MUK

Figure 15: Errorin line #2

20



& POLYMATH 6,10 Professional Release - [Ordinary Differential Equations Solver] - O *
Eile Program  Edit  Format  Problem  Examples  Window  Help - &8 x
DEEE s+ BRI #@L @Al E9

ey xe (i ] REF45 | [ Table [ Graph [+ Beport

Differential Equations: 2 | Ausiliany Equations: 3 | 2 Undefined variables : mu, Gamma, omega, B1

divtheta) / d(r) = wvtheta/r-tau/mu A
digamma) / dir} =0

tau = Gamma/r'2

tau=2

vtheta =omega™R1

r1=01

r0) =01

r(f) =012

vtheta(0) =0

gammal(0) =-6.5455E-06|

error = (0.012-vtheta)/ 012*100

£ >
Ln10 | Troubleshooting Erorg Example.pol — Fluid contained between two co-asial cylinders with outer cylinder rotating

SETAM | B/21/2017 | CAPS | NUM

Figure 16: Resulting code after deleting line #2 from above. To see this code you need to click on
another line and the message box will update to the next error.

20.

X Undefined variables : mu, Gamma, omega, R1 The variable mu is used in line 1, but
not defined. You need to add an explicit equation mu=0.001. The reason that Gamma
is undefined is that it never appears on the left hand side of the equal sign, but the
variable gamma does! To correct this error change the case of the g in Gamma. The
remaining undefined variables we will correct in the next error.

&) POLYMATH 6.10 Professional Release - [Ordinary Differential Equations Solver] - O *
Eile Program Edit Format Problem Examples Window Help - 8 X
DEEE £ BRER S M @A =P

ey we (i ] RKF45 w| [ Table [ Graph |v Heport

Differential Equations: 2 | Ausiliary Equations: 4 | X Undefined variables : omega, R1

divtheta) / dir) = vtheta/r-tau/mu
digamma) /dir)=0 _—~——"—""" Change the case of G to g. Variables names are case sensitive
tau = gamma/r'2
tau=2
mejg Eg;ﬂeﬂ/— Add mu=0.001 to define the variable mu
r1=0.1
r0y=01
rify = 0.12
vtheta(0) =0
gamma(0) =-6.5455E-06
error = (0.012-vtheta)/.012*100
W
< >

LnE | Troubleshaooting Errors Example.pol  Fluid cortained between two co-axial cylinders with outer cylinder rotating
352 AM  |B/21/2007 | CAPS | NUM

21




Figure 17: Result after adding definition of mu and change caseof Gto g

21. X Variables defined more than once: vtheta, tau There are two equations that have tau =
on lines 3 and 4. The variable vtheta has been defined twice; once in line #1 as an
ordinary differential equation and the second time in line #5 shown below. Equation 5
(vtheta =omega*R1) must be deleted in this problem. A variable is defined by having it on
the left hand side of the equal sign. Additionally there can only be one variable on the
left hand side of an equal sign.

Also on line #4 you should delete the equation (tau = 2) since it is already defined in the
equation above it (#3).

@ POLYMATH £.10 Professional Release - [Ordinary Differential Equations Solver] — O *
Eile Program Edit Format Problermn Examples Window Help - 8 x

DeEE + B2@R S M4l m A E P
ey s [ ] REF45 «| [ Iable [ Graph [v Beport

Difterential Equations: 2 | Ausiliary Equations: 4 | X Undefined variables : omega, B1

divtheta) / d(r} = vtheta/r-tau/mu A
digamma) / d(r) = 0 Delete the line with tau=2
tau = gamma’m2 . . . Lo

since tau is defined in line #3
vtheta =omega®R1 . .
=0 001 with the equation
r=0.1 tau=gamma/r~2
r(0) =01
rif) =012
vtheta(0) =0 — * i i
gammal0) = 6 5455E.06 Delete vtheta=omega*R1 since vtheta is
error = (0.012-vtheta)/ 012*100 defined in line #1 using an ODE

M

£ >

Ln4 | Troubleshooting Erors Example.pol Fluid contained between bwo co-asial cylinders with outer cylinder rotating
363 AM | BA21/2017  CAPS | MUK

Figure 18: tau and vtheta corrections
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22.

Now the program is ready to run:

@ POLYMATH 6,10 Professienal Release - [Ordinary Differential Equations Solver]
File Program Edit Format Problem Examples Window Help
DeFE s+ BRI M WAl &P

- a X

ey s [ ] E = | |RKEF45 w| [ Table [ Graph |v Repot

Differential Equationz: 2 | AusliaiNEquations: 4 |« Ready for zolution

divtheta) / d(r) = vtheta/r-tau/mu

digamma) / d(r} =0
tau = gamma/r'2 The purple arrow appears and
mu=0.001

1=0.1 the program is ready to run!

r(0) =01

rifj =012

wtheta(0] =0

gamma(0} =-6.5455E-06

error = (0.012-vtheta)/.012*100

L4

Ln10 | Troubleshoating Erors Example.pol  Fluid contained between two co-axial cylinders with outer cylinder ratating
SE7AM | BA21/2007 | CAPS | MUM

Figure 19: Program is ready to run

23.

The following errors from the original code were fixed by following the
steps above:

X Multiply (sp Multiple) defined variables : There are 2 variables (tau and vtheta) defined more

than once that are involved in multiplication (This seems to be a strange error code). You

already deleted the equation on line 4 (tau = 2) since you can only define it once.

X Warning: 2 Duplicate explicit variable/s exist/s. Again these are vtheta, tau.

X Warning: 4 Undefined variable/s exist. This is also giving the number of variables undefined
as 4.

X Warning: 2 Multiply defined variable/s exist. Again a repeat of the above.
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@ POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Sclver] E@

Eile Programn  Edit Format Problem Examples Window Help — || =
0 = & $BE S @Al =7
i e o REF45 +| [ Iablg

Line 2 you deleted this equation
d(omega*R1) / d(r) = vtheta/r-tau/mu since it contained an
divtheta) / d(r) = vtheta/r-tau/mu / operator on the right hand side

Differential Equations: 2 | Ausiliary Equations: 3 | X EryAn Li

dlomega®™R1} / dir) = vtheta/r-tau/mu
digamma) / d(r) =0
tau = Gamma/r"2

Line 5 you deleted this line tau = 2 since tau was

tau=2 <€ defined in the line above

vtheta =omega”

r=0.1 M

ri0) =0.1 Line 6 you deleted this equation vtheta =omega*R1 since it
:'tfl,;e_ta%g:n is defined in the first line which conatins an ODE

gamma(0) =-6 5455E-06
error = (0.012-vtheta)/. 012100

Problem Title entered from
) / Edit, Enter Problem Title .

Ln 3 | Troubleshaating Errars Exarple.pal — Riatating Celinders
9394 | 542642017 | CAPS | MUM File name

Figure 20: Original program will errors

24.  One last step is to have POLYMATH automatically order your equations. This is
optional but very useful for the professor to grade your homework. Go to the menu and
select Problem and then Arrange equations.

1}l @ PorMaTH 610 Professional Release - [Ordinary Differential Equations Salver] - o x
[ File Program Edit Format | Problem | Examples Window Help RE
D FE +B2RS Solve 5|l &P
wox 0 @ [E | [prrs Cer Report

Show Variables...
Differential Equations: 2 | Ausdiary Equé ow Variables.

divtheta) / d(r) = vtheta/r-tau/mu ] i ~

digamma) / d(r) = 0

itau = gamma/r'2
mu=0.001 Clear Comments.

Armange Equations

r1=0.1

r(0)=0.1

rif) = 0.12

vtheta(0) =0|

gamma(0) =-6 5455E-06

error = (0.012-vtheta)/ 012*100

< >
Ln& | Troubleshooting Ermors Example.pal - Fluid contained between twa co-axial cylinders with outer cplinder rotating

S57 AM | B/21/2017 | CAPS | NUM

Figure 21: Arrange Equations
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25.

26.

217.

The result after arranging equations will put the ODE’s at the top, followed by explicit
eqgautions and then initial and final conditions as shown below.

Ln1 | Troubleshooting Erors Example.pol Fluid contained between bwo co-asial cylinders with outer cylinder rotating

10:00 80 | 622152007 | CAPS | NUM

&) POLYMATH 6,10 Professional Release - [Ordinary Differential Equations Salver] - O >
Eile Program Edit Format Problem  Examples  Window  Help - 8 x
DEEE + BRI ML m Al =7

clfl &, [ ] gy | |REF45 =| [ Iable [ Graph |v Beport

Differential Equationsz: 2 | Ausliany Equations: 4 |« Ready for zolukion

Hivtheta) / d(r) = vtheta/r-tau/mu

digamma) / d(r) = 0 < ODE’s are at the top

tau = gamma/'r"2

mu=0.001

r=01 Explicit Equations

errar = (0.012-theta)/ 012*100

r(0) =01

:tfh =t []_-012 0 < Final condition for independent variable VariableName(f)

eta(ll] =
gamma(0} =-6.5455E-06 \
Initial conditions: VariableName(0)
< >

Now run your corrected program by pressing the Pink arrow
File Program Edit Format Problem Examples Window Help
De&EE +B2ES ML 1 | &

Run Program

dig w1 +k|HKF45 | Lb—=ee——rmpr—rReport

Your program should run and produce an output page like the following:
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‘ ﬁ POLYMATH 6.10 Professional Release - [Differential Equations Solution £1] - a x

Problem Title must have been entered from - |2 *
. . 1
the menu Edit, Enter Problem Title | =7
POLYMATH Report Fluid contained between two co-axial cylinders with outer cylinder rotating
Ordinary Differential Equations 21-Jun-2017

Calculated values of DEQ variables
Variable Initial value Minimal value Maximal value Final value

1 |error 100. -0.0006944 100. -0.0006944
2/gamma |-6.5346E-06 |-6.546E-06 -6.546E-06 -6.546E-06
3|mu 0.001 0.001 0.001 0.001

4|r 0.1 0.1 0.12 0.12

3(r1 0.1 0.1 0.1 0.1

6 tau -0.0006546 |-0.0006546 -0.0004545 -0.0004545
7 \wtheta 0 0 0.0120001 0.0120001

Differential equations
1 d{vtheta)/d(r) = vtheta/r-tau/mu
2 d{gamma)/d(r} =0

Explicit equations

1 tau = gamma/r~2

2 mu = 0.001

3rl=01

4 error = (0.012-vtheta)/.012*100

General

Total number of equations 13
Number of differential equations |2
Number of explicit eguations 4

Elapsed time 0.000 sec
Solution methoed RKF_45
Step size guess. h 0.000001

Truncation error tolerance. eps |0.000001

Cata file: z:\home\documentsicache\asesworkshopitroubleshooting errors example. pol

Mo File POLYMATH Report
1003 Ak | BA21/2007 | CAPS [ MUM

For homework assignments you will be required to copy and paste this page into a word
document that will also contain answers to questions, graphs and sample calculations that
will be uploaded to Blackboard.
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POLYMATH Report Fluid contained between two co-axial cylinders with outer cylinder rotating

Ordinary Differential Equations

Calculated values of DEQ variables
Variable |Initial value Minimal value Maximal value Final value

1 |error 100. -0.0006944 100. -0.0006944
2/gamma |-6.546E-06 |-6.546E-06 -6.546E-06 -6.546E-06
3 /mu 0.001 0.001 0.001 0.001

41r 0.1 0.1 0.12 0.12

5r1 0.1 0.1 0.1 0.1

6 [tau -0.0006546 |-0.0006546 -0.0004545 -0.0004545
7 |vtheta |0 0 0.0120001 0.0120001

Differential equations
1 d(vtheta)/d(r) = vtheta/r-tau/mu

2 d(gamma)/d(r) =0

Explicit equations
1 tau = gamma/r™2
2 mu = 0.001
3r1=0.1
4 error = (0.012-vtheta)/.012*100

General
Total number of equations 6
Number of differential equations |2
Number of explicit equations 4

Elapsed time 0.000 sec
Solution method RKF_45
Step size guess. h 0.000001

Truncation error tolerance. eps |0.000001

Data file: z:\home\documents\cache\aseeworkshop\troubleshooting errors example.pol

21-Jun-2017
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Remember to always enter a problem title by selecting Edit, Enter Problem Title...

| @ POLYMATH 6.10 Professional Release - [Ordinary Differential Equations Solver] — O X
File Program  Edit Format Problem Examples Window Help - 0 X
DeEE % Undo c+z |V |EE P

o v @ [E Cut Repart
Differential E quations Copy

divtheta) / d(r) = v Paste

d{gamma) / dfr) = Clear

tau = gamma/r2

mu=0.001 Select all Ctrl+A

=01 Find... Ctrl+F
EH;DI':E.IF.UQ-V‘WE Replace... Ctrl+H

rf) =012 Add Differential Equation...

vtheta(0) =0 - !

gamma(0) =-6.54¢ Add Explicit Equation...

| Define Initial and Final values...

< Enter Problem Title... ’

Ln 11 | Troubleshooting emrors e xampre:por-—Fiu contamen oemweenmvocosasal cylinders with outer cylinder rotatin
10104 | BA21/2017  CAPS | MUM

Figure 22: Always enter a problem title so that the professor will know what problem you solved.

28. Rename and Save this program for submission on blackboard. The new filename should
have your last name as part of the title.

29.  Other types of errors cause a program to stop running. This error starts after you press
the Pink arrow to start solving the problem below and the solution stops with an error
message window titled Polymath Guide. Below is a different example to show this error.
Again copy and paste the below code into an ODE solver (or load the program
divideByZeroCode.pol) and then run the code

d(tau_r)/d(r)= delP/L*r
d(vx)/d(r)=-(tau/K)*(1/n)
K=1le-6

delP=100

L=10

tau=tau_r/r

#tau=if(r>0) then (tau_r/r) else(0)
n=2

R=0.009295

r(0)=0

tau_r(0)=0
vx(0)=1.3358812
r(f)=0.009295
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@ POLYMATH 6.10 Professional Release - [Ordinary Differential Equations Solver] L

Eile Program Edit Format Problemm  Exarmnples Window Help
DR + B2E S 4L m A 1 E
dig ws ' ] B | |RKF45 =| [ Iable [ Graph [+ Hepaort
Differential Equations: 2 | Auxiliary Equations: 6 " Ready for zolution

ditau_r)/dir) = delP/L*r
div)/d(r) = -[tau/k}*{1/n)
K= 1e-b Polymath Guide e
delP = 100
L= 10 B
tau = tau_r'r | | Internal Error trapped (8888).

#tau = if (r =0) then (tau_r/r}) else (0} ‘S Error: Zero denominator not allowed.
n= 2 T taur/r

R= 0009295
ri0)=0
tau_r(0)=0
v(01=1.3358812
rifj=0.009295

Figure 23: Divide by zero example after pressing the pink arrow

In line 6, the value of r at the beginning of the integration is zero (r(0)=0) so the program tries to
divide by zero in the expression in line 6 (tau = tau_r/r). This causes the program to stop and this
error code appears. To correct this error, the program needs an If, Then Else statement which
has been commented out using a pound sign. This is shown in line #7: #tau = if (r >0) then
(tau_r/r) else (0). The pound sign # is used as a comment marker. Delete the line: tau=tau_r/r and
then remove the # that is used as a comment marker. Anything after the comment marker is
ignored by the solver. Now the program will run.

30.  Save this program for submission on blackboard. Again the filename should have your
last name in it.

Additional tips for troubleshooting are found in the help menu for ODE’s which can be found by
clicking on the yellow question mark or pressing the F1 key.

&) POLYMATH 6.10 Professional Release - [Ordinary Differential Equations Sohver] —

_ _ _ Click on the

Eile Program Edit Format Problermn  Examples Window Help .
question mark

DEEE & 2R s &L @A =7 here for help

dig ' ) = | |RKF45 v| [ Iable [ Graph v BReport

Differential Equations: 2 | Auwiliar Equations: B | Beady for zolution

ditau_r)/d(rj= delP/L*r
dive)/dirj=-{tau/k}*{1/n)

29



Now scroll down or click the Collapse All to go to the section marked trouble shooting as shown
below. Of particular interest will be what happens if Integration progresses very slowly and you

need to use a stiff algorithm:

' Polymath 6.1 Help - O X
8 o & o
Hide Home Print  Options
Contents | index | Search | Differential Equations Solver
. H i r i ver I i r i Vi=l
@ Introduction to Polymath B See Also: Linear Equations Solver Monlinear Equations Solver
= () Polymath Programs Expand All | Collapse Al
Linear Equations Soher
Monlinear Equations Sobeer Overview
B DrFFeren_tlaI Equations Soler Entering the Equations
@ Regression Package
@ polymath Export to Excel Example
[£] Polymath Export to Matlab Integration Algorithms
@ polymath Utilities Solution Outputs
=] Polymath Setup Troubleshooting
@ General Concepts
@ General User Information
' Polymath 6.1 Help - O *
e T & o
Hide Home Print  Options
usually lead to smooth, unbroken curves.
Contents llgdex ] gearch] ~
Integration progresses very slowly (error message "Too many steps...” )
@ Introduction to Polymath
= Q) Polymath Programs Some of causes and cures for very slow integration are:
@ Linear Equations Solver
El N_U”"”EE”_ Equatin_ns Solver 1. The integration algorithm is not appropriate. It may happen
5] Differential Equations Solver that the problem is very stiff and a non-stiff algorithm (such
@ Regression Package as RKF45) is used for integration. Try to change the
@ polymath Export to Excel integration algorithm to a stiff method (such as STIFFBS or
[£] Polymath Export to Matlb STIFF). If the error message persists, check for other
i potential causes.
=
& % EDEWEE gtllcrtles 2. The ratio between the integration interval and the error
olyma etup tolerance is too lrge. The integration algorithm will attempt
@ General Concepts _ to achieve precise solution as dictated by the error tolerance;
@ General User Information therefore, very small step sizes are used. The resulting
calculations take too many steps and thus too much time to
cover the entire interval using such small steps. Try to
increase the error tolerance if a less accurate solution is
acceptable (in settings) or reduce the interval (final value) for
integration.

3. There are errors in the problem setup. If the error message
still persists after reducing the integration interval and
changing integration method, there are probably errors in the
problemn setup or input. Check and verify that the basic
equations of the problem are correct. Double check the
entered problem, the numerical values used, and the units of
the equations and wvarious constants. W
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Application of Numerical Problem
Solving in Chemical Engineering
Coursework

Presenters: Robert P. Hesketh, Rowan
University; Michael B. Cutlip,
University of Connecticut

anuals | support | demos

polymat

s o f t w ar e

http://www.polymath-software.com/



Polymath Software problem-solving
capabilities include

Differential Equations - up to 300 simultaneous
ordinary differential and 300 additional explicit
algebraic equations

Nonlinear Equations - up to 300 simultaneous
nonlinear and 300 additional explicit algebraic
equations

Data analysis and Regression - up to 200 variables with
up to 1000 data points for each, with capabilities for
linear, multiple linear, and nonlinear regressions with
extensive statistics plus polynomial and spline fitting
with interpolation and graphing capabilities

Linear Equations - up to 264 simultaneous equations



Integration of POLYMATH
with Fogler’s chemical reaction engineering textbook

|sothermal Reactor Design: Molar Flow Rates  Chapier g

A - B T C TapLE E6-2.1  POLYMATH PROGRAM
Calculated values of DEQ variables
TB T A? T A? T ? Differential equations Variable|Initial value|Final value
1 d(Fa)/d(V) = ra 0.2 0.2 Copyrighted Material
*Cto* 1 Qo - \a #IAW
—_ A B,C —p ABC ; z:cb));:((\\:)) ; ::-kc o 2 |Fa 10. 3.995179 i
T o % 3 IFo 0 1.832577
i eguitioni -t - T ESSENTIALS OF
Ll i 8 O TV CHEMICAL REACTION
° 2 A= Fasrbefe c (O 07 ENGINEERING
3k=07 7 ke [0.05 0.05
4 Qo =02 8 ke 0.2 0.2
Example 6-2 Membrane Reactor 5 ra = -k*Cto*{(Fa/Ft)-Clo/Ke*(FO/RYMFU/F) - I57T -0.14 -0.0032558 H. SCOTT FOGLER
6 ke =0.2 10]v 0 500.
dE,
. .
av 10.000 T
dFg e.C
B .k
dV A c~B 8.000 4
dF,
2 _ ..
av ¢ 6.000
ra = —k (cﬂ L C‘-’) fimelmn 1 P ——
K.q :

2.000 4 e . .
-------- Integration already

. : : ; ? accomplished! No
0.000 100.000 200.000 300.000 400.000 500.00 .
V (dm) extra work required.

Figure E6-2.1 Polymath solution.

0.000 ,




How do you integrate POLYMATH into
your course?

Start with examples from POLYMATH Text
* Thermodynamics,

e Fluid Mechanics,

 Heat Transfer,

 Mass Transfer,

.......
S8 HALL

[ J Chemical Reaction Engineering’ Michael B. Cutlip and Mordechai Shacham
* Phase Equilibria and Distillation, o

. Engineering with POLYMATH,
* Process Dynamics and Control, Excel, and MATLAB®

Second Edition

* Biochemical Engineering




Polymath Text: Fluids Course

Table -3 Problems in Fluid Mechanics
NO. PROBLEMS IN FLUID MECHANICS PAGE L »
42  |EXCEL—CALCULATION OF THE F'LOW TATE IN A PIPELINE 110 o Haant
52 |MATLAB—CALCULATION OF THE FLOW RATE IN A PIPELINE 165 Michael B. Cutlip and Mordechai Shacham
81 |LAMINAR FLOW OF A NEWTONIAN FLUID IN A HORIZONTAL PIPE 283
82 |LAMINAR FLOW OF NON-NEWTONIAN FLUIDS IN A HORIZONTAL PIPE 289
83 |VERTICAL LAMINAR FLOW OF A LiauiD FiLm 201 Problem Solving in
8.4 !FAMINAR FLow SF NON-NEWTONEI)AN FLuIDS INVA Homzorm\t, ANNULULS 294 Chemical and Biochemical
85 EMPERATURE DEPENDENCY OF DENSITY AND VISCOSITY OF VARIOUS LiQuiDS 297 =
86 |IERMINAL VELOCITY OF FALLING PARTICLES 299 Engineering with POLYMATH,
87 |COMPARISON OF FRICTION FACTOR CORRELATIONS FOR TURBULENT PIPE FLOW 301 Excel, and MATLAB®
8.8 |CALCULATIONS INVOLVING FRICTION FACTORS FOR FLOW IN PIPES 303
89 |AVERAGE VELOCITY IN TURBULENT SMOOTH PIPE FLOW FROM MAXIMUM VELOCITY| 306 Second Edition
8.10 |CALCULATION OF THE FLOW RATE IN A PIPELINE 307
811 |FLow DISTRIBUTION IN A PIPELINE NETWORK 309
8.12 |WATER DISTRIBUTION NETWORK 313
8.13 |PipE AND Pump NETWORK 315
8.14 |OpTIMAL PIPE LENGTH FOR DRAINING A CYLINDRICAL TANK IN TURBULENT FLOW 317
8.15 |OPTIMAL PIPE LENGTH FOR DRAINING A CYLINDRICAL ANK IN LAMINAR FLOW 320
8.16 |BASEBALL [RAJECTORIES AS A FUNCTION OF ELEVATION 322
8.17 |VELOCITY PROFILES FOR A WALL SUDDENLY SET IN MOTION—LAMINAR FLOW 325
8.18 |BOUNDARY LAYER FLOW OF A NEWTONIAN FLUID ON A FLAT PLATE 328
10.15|DIFFUSION AND REACTION IN A FALLING LAMINAR LIQUID FILM 438 ok et

21 Problems in fluids



Example Schedule of Topics for
ChE Fluids (2 credit hour)

Chemical-Engineering-Fluid Mechanics-Schedule-of Topics —+ Spring2016— Revised 3/18/20169

l'[
TOPICLIST& COURSESCHEDULE{TENTATIVE)w-
0 -

Tuesday-08
Friday-08 .
AllChaptsrand-sectionrefamncasars to thede Neverstextunlsssrefermncad otharwiss!

Polymath: Nonlinear Equation-Solver {NLEW

AM---10: 45 -EM -ROW -340 - (Double -Period)«
IM - -5:15 - -BM-ROW-340 - (Single - Period)

L

Polymath: Differential Equation-Solver {DEQ)-& -COMSOLY

=Datex

Topicsa \

January -+
19 Tussdava

Introductionto Coursze, Objectives, Syllabuze

Team ProblemSolving, Inductive Topic-Ordare

Chemical Enginsers 0g = y Machanical Enginsers{aqn T
Floid=Lab1:-IntroductiontoFlnidsExperimentss
Chapter:2 Fluid Statics Szctions 2 - -and-Chapters ElementaryFloid
{Alsotaview Falder & FousszauSzctiond. 1-3.4 Fluid Prassure Hydrostatic Head, Jan,

22 Fridav=

Fluid Flowwithout accountingforfriction®
Reviewvfintroto Fluidsiabe

Chapter:2 & Chapters ~— ThaBamoulli Equation- Maglactine Friction! a2
Felder& RouszanT. 7 Mechanical Ensrev Balances, =gpn7.7
3.5 Unsteady-StateddassBalancas=

-lae

26 Tuasday=

3.5 Unsteady-StateMas s Balancas{contimiad Je
3.4.1-AvemesVelocityve
ApplicationsofUnsteady-Statehass Bal

Tank Drainags Problame
FluidsLab32:-TankDrainage & Siphon Experimentss

dBsrnoulli’s Equation+

29 Friday=

ApplicationsofBemeulli’ sEquationcontimad: -«
5.5 Diffusersand:Suddan Expansions,, =

Febroarys
2 Tuasday=

FhaidsLabd:=a

F1-15 Bernoulli’s Theorem—ventarif]

F1-17Orifice and Freedet Flows

Prezmure Dropin Pipes: Hampdene
ComputerLab: -Introduction to POLYMATH Laboratory=

5 Friday=

5.8 I Venturi and Fastrictions-on the Usz o fthe Bermoulli Equation -«
3.8.1&3.8 2Bitpttubas

Q- Tuasday=

IncompressibleFlowin Pipasand Chammels -

Figura$.10:-Friction Factor Charte

6.1 RaynoldsNumber{Rejandvisco sitvile

Chutlip & Shacham 8. T-Comparison-of Friction Factor Cosrelations for Turbulent Pipe Flow]
Chutlip&Shacham 8. 8-Calculations Involving FrictionFactors for Flowin Pipes=

12 Friday=

6.5 Pipa Flow Problam s — farmins friction factorExampla problame: simple pipings—
Standard-Stz2]l Pipe Proparties:-Appandin-A 2 page- 395, «
Standard Tubs Proparties:-Cutlip & Shacham p699, Chemical Enginser’sHandbo ok -has both=

16 Tussday=

FluidsLab+4:-+

Prezmure Dropin Pipeline Elements: Hampdens
F1-12EnergyLozsesinBendsand Fittingzw
Oshorne-ReynoldsDemonstrations
ComputerLab~Excel=

19 Friday= 6.8-& 6.9 Minor Prassura L osses Frictional L ossasin Pipalina Elamants Parry’sp6-1600 =
{522 Tablaf-4 for turbulant, Table$-3 forlaminar, )T
RaviswforExamle
i -8.10 Calculation o fthe Flow Rate ina Pipelins|
Cutlip& Shacham 8.14 Optimal Pipe LengthforDraining s Cvlindrical Tankin Tusbulent Flowe
Cutlip&Shacham 8. 14 Optimal Pipe LengthforDraining a Cylindrical Tanlkein Laminer Flows
23 Tuasdmy= | 013 1erminal VelocitiesSolid Objectsand Spherese =
FhluidsLab$: -
Lab: =Measurement of Terminal Velocities=
26 Friday= Examl:-ChaptersZand$= o
cha
1 Tu®sdav=
4Friday= I h I H 1
; - 0
Polymath: Nonlinear Equation
e Solver (NLE)
11 Friday=
™ T T
| h: Diff ial
==_| Polymath: Differentia -
22 Tuesday =
Equation Solver (DEQ) &
| COMSOL =
29 Tuasday =
Maero sc_opic -Co‘mrol-'d\'olmz:irzssuﬁd:ops.ud-\‘{a]l-swass:
Aprila MicroscopicControl Volume—Derivation o flaminarflow velocityprofilaer =
1 Friday= Examples-oftheMomentmmBalances: Alphaterm in Bernoulli Equation-& Diameterof a Frae Jat=
5 Tuasdays Examplasz-ofthe MomentimBalancaContimad : Irpinginsjat, Orifica Plate, SuddenFxpancion o =
7.4 Rslative valocitiss-& Trolley Exarmpleer
RaviswforExam «
ImpactofaJetVideos{S22the Forez-ofwatar)s
§ Friday= Exam?: -Chapter®and5 5:-Pipe Flow, Fittings& Valves, and ¥ lowneters= =
12Tussday= | Examplas-ofthe MomentumBalanesContimed < Botamatar{alsoseeChaptar 6 in Dapm), 6.10.3- =
Turbulent-flow-in Noncircular{hanns]se
FluidsLab-T: Aspiratoriaboratory=
15 Friday = 7.5 -Startingand Stopping Flows: ~Water Hammear= =
19 Tussday= 7.7 Introductionto -Angular Momanhm= =
22 Friday= Chapter?: -DimenzionleszNumberzand Dimensional -Analyziza =
26 Tuazday= | Chapter®:-Dimensienlzss Nurmbars and Dimensional Analysis{sontinuad)sr =
(3Ird floor vomputeriabunotavailable)o
29 Friday= Ravisw for Comprehensive Final Exams =
Mayz FinalExam I May I016] =

CHEM-ENCINEER -FLUTD-MECHNICHSn  Hoskoth, -Relset -Fauln T -DR00 - 1000 -ROWAK - 340 - (B
(Go-out-and desien a fluidtransport s vstam for vourparent’ sfoumtsin-and pond=




]

Adv. ChE Fluids (2 cr)

Tentative -Schedule-of Topics4]
Process-Fluid-Transport-CHE06-309-2-20161

Polymath: NonlinearEquationSolver{NLE)Y
Polymath: Differential EquationSolver(DEQ) & COMSOLYS

102116~ | Non-NewtonianFluid Flow Continuad «

Friday= Chaptar-13 Non—NmnFdeFlomeamﬂxr P:pes— Wu
C&52"E 3 Varti e LA B ide
C&S52" 8.4 LaminarFlow of Non-M: imn FluidsinaHori 1-Armul

10/26/16 | &

Wednesdav= | Geankeplis3.3E-Laminar Flowoftime-Indspendant Non-N: ian fluidse
ComzelFluids ComputerLab-NonNewtonianFlows=

10/28/16e i3 ICFlowin Packed Bedse

Fri Chapter-1 1:-Flow Through Poroushadia- FMChE=

Novembers| «

11/2/16er Flowin Packsd Bads Contimide
Wadnasdays | Exparimant:-Flow through adserptioncolumn{ gravity - deivan flew)=
114/ 164 -3 1D Flovrin FluidizedBadse
Fridav= Ch,aptw -11:-Fluidimtion —EMChEa
11/9/16a -~
Wadnesday= | Exam2:-M
GrmkonlisT 6 2583 5.3 8) Navi Solas Equations (FMICHE Co 15 Caeuborks
11/11/16e Chapter-12 {as-Liquid Flows
Friday=
11/16/16e~ | AIChE AnnualMseting—8an Franciseo13-18 NovemberT
Wednasday? | 4o signments —work-on-optional challengs pro blems-or study-forexam:? and/or Mon-Hewtonian fluid video=
11/18/16e~ | AICHhE AnnualMeeting—San Francisco-13-18 November]
Friday= Assisnments —workon-optionsl challangs problems or study-forexam?2 andor Nen Nevrtonian fluid vidzo=
11/23/16a~ | Flow-offluids of Foods:-Conduct a fun expermentwith a non-nzytonian fluid and damen strate it to-other-
Wednesday= | studentsorfamily members -Sz2blackboardformoredstails Probablvthssasisstonsto conductis the-
concentratedcom starch-slurry. ¥ ou must-submit-either-a photo-oravidzoshowing voursdf deing thisdemo.=
11/30/16e~ (Gas-Liguid FlowsContimad
Wednesday= | Fluidized Bed Experiment=

December, | +

Date:= ProposedTopicsforSection]: Wednesday{double period)~ Fridav {singls period)=
Septembers| +
9/2/16e CourseIntroductions
Friday= ReviewofFluid Mechanics: Statics and Barnoullis—r
Chapter-3.3 Pumpsand-Gas-Movins Equipmant—Gaankoplise
Chapter-10:-Centrifugal Pumps- FMChER
97116+~ Ceantrifugal Pumps{contimad}=
Wadnesday=
9/9/16- Ceantrifugal Pumps{contimad}z
Friday=
2/14/16- Cantrifugal Pumps:-PSHa=
Wadnesdav= | Complex FlowNetwods CA& ST 8 1 1and FMChE pages 113-114=
9/16/16- Complex Flow Networks C& 578 1 1and FMChE pages 2 13-114-{continusd)=
Fridav=
Q21/16- SinglaPumpLab:~3tandard PumpLCurva+
Wadnesdavs | POLYMATH—-C&86.1-& 6. 5{If newto POL YMATH review POL YMATHIntroduction)=
9/23/16- Chapter-10:-Introductionto PositiveDisplacemant Pumps{Syrings-and Squirtt Gun) — EMChE=
Friday=
9/18/16- Raview Chapter 7 The MomentumBalancssactions through 7. TandCraankoplis 2. fwr
Wadneasday? | Maeroscopic MomanhmmBalanea Pipa Flova
Laminar Flow Batween Paralla] Plates {=ankoplis 2 9C=
9/30/16- Laminar Flow Batween Parallal Plates {aankoplis2 9C{continuad)«
Fridaw= MomentumBalancs DasivationforLaminar flow-inapipa C& 52" 8.1 {aakoplis 2. 5B 4
Chapter 20 Computational Fluid Dynamics-FMChE 2
Qctobers~ | ComselFluidsComputar Lab—IntroductionFlow BatweanParalls] Platas
10/5/16+ axFlow Netwrorkss
Wednssday= Exam-1:-Pumpsand-Complex Flow Natwrorks:
10/7/16e M ‘Balanca DarivationforL aminar flowinapipa imad)
Fridaw=
10/12/16e | C&S2" 8.3 Vartical Laminar Flow-ofaLiguid Film —Nawtonian fluider
Wadnesdav= MZ SCw
LaminarFlow1 Anmiluse
c
Nayier: ﬁnhﬂ‘EqutnuMgbg 3.6-3.7.3 8B-and Chapter] 5:-Two and Thee Dimansional Fluid:
Niachani
Flow Betweenlwo coaxial Cylindars, Fhm‘l{lw-mamlnhng gmb; -3.8CFlow Betwaentwo-
coaxial Cylindass Fluid flowinarotating li
10/14/16 | B 1 Fluids L Lab-FR 1 Flows{BrinzyourL APTOP 4o class)=
Friday=
10/19/16e~ | Gaankopli=3. SNon—NswtomFlmdsu
Wadnesdayv= | Non-Ni Fluids— Flowbetw ll=]plates: law fluid & BinghamPlas tics«
Non-Newtonian Flaids—1 Flnwmahonm&lpxpe—pwer]xwﬂmd& ‘Bingham Plastics|

&5 8 7 Non Newtonian laminas flow- 1
Gaankoplis3. SHNon- 1 et el Hrar, Hpiebarte ol i g

2/2/16a0 Gas-Liquid Flows Contimed -«
Friday= Compras sible-Gas Flows Chapter§ EMChE and Gaankoplis 2.11e~
MNozzle Choking, §.3EMCRE=
12/7/16- Mixings
Wednesday= | Geankeplis3 4-Agitationand Mixing-of Fluidsand Power Raquirementsand Chapter19 Mixing— EMChET
POLYMATH and COMSOLQuizzes=
12/9/16a Geankoplis? 4-Asitationand Mixing-of Fluidsend Pover Requiraments and Chapter 19 Mixing— FAICHE-
Friday= continned]
Evaluations]
Reviewfor finals
12/14/16+2 | Comprehensive FinalExam&:00-10:00-AM-ROWAN 340z
Wadnasday=
Finals Weak=| 14-20Decambarer
o Go-out-and makevourholidayprocsssfluid transporttows — Thay make eraatgifts!=
.




Typical Fluids Problems

ChE Course | Problem Name Numerical Method lllustrated Equations

Fluids Calculations involving Friction Factors Solution of a system of simultaneous nonlinear AP pv?
for Flow in Pipes (POLYMATH Text 8.7) | algebraic equations (NLE) AL 2fr D
and pipeflow homework fr = f(e/D,Re)
frictionfactorcalcsoln.pdf Re = pvD/u
Excel Tutorial Solver Add-Ins rev4.pdf
Unsteady-state tank drainage using a Solution of an first order ordinary differential equation dhr _ Aout
siphon tube (similar to POLYMATH text | (DEQ) dr g
8.14) Vour = f(hr)
C&S8-14soln.pdf

Advanced NonNewtonian fluid flow through a Solution of 2 simultaneous first order ordinary d(rty,) _ dp

Fluids pipe (POLYMATH Text 8.2c) differential equations with split boundary value dr Er

NonNewtonian C&S 8.2 solutions &
comsol.pdf

NonNewtonian fluid flow through an
annulus (POLYMATH Text 8.4)
NonNewtonian C&S8.4
polymath&comsol & 3.8-8 solutions
2017.pdf

conditions and comparison with solution using
COMSOL which is an advanced finite element program

dv,
dr

- ()
TTX - dT

(n-1)

)




POLYMATH in a classroom

e Students need to understand the models that
they use.

* Have students derive the model equations
* Then enter them into POLYMATH

POLYMATH is not a “canned” program in which
the equations are hidden such as in COMSOL

and ASPEN

The next slides give an example of using
POLYMATH with a problem in Fluids



Newtonian Fluid Flow Between Parallel
Plates Example,

Figures showing flow y _—
Graphs with expected f lmereveever —
behavior - & ¢
— (U-% o m— =
Control Volume — shell . ©
0 (o

balance L - ;
Derivation ay! prb‘r;l Ml

4 " f;‘g K¥ax

Simplifications: steady- T LLoy T T

state etc.
ol (C o _ o/Tyx)
o * oY




Analytical Solution

— . ONx
e Newtonian Fluid Lyx = /(*;Z(

S Ceyrd _ 3%
dy %
L/‘C_/,_‘_,M\b Ve a CBVLS""CW\.JY

 Boundary Conditions

x —0 X y= O
»y=0 v,=max Ty, =0 BT
>y =wall v, =0 Tyy = Max

{

* Integrate Twice: Analytical Solution ¢ <(..u

rue==5 G [1- ()



.

Numerical Solution - ——
* Newtonian Fluid AT x
T —_— - e
4 X /‘k e\j
> ey _ S
34 SN
* Two coupled ODE’s . L”C/w\b 15 o coustau’
Split Boundary Condition 39x 2o S ym e
* Then manipulate two | 2> v| = big
ODE’s so they can be v, i T‘O 4
solved using the "Fly=o
POLYMATH Differential o ¢
Equation Solver (DEQ) L S el



Required manipulation to solve 2 . o
ODE’s with split Boundary conditions ===

Tyx = --/ué_/ff ) (%)zTﬂ

AW dy )  —n
Tyx) N <0Tyx> _ _ar
° Ca \:; T 3x —> dy dx

k,{-—m\b Vs o Cmn%’lrawlﬁ‘

a/«f’x;o aﬁ(’ RS
. 3%
y=0 wvy=max Ty, =0

KU/( y=wallv, =0 Tyx = Max
0 4 < i Integration starts at y=0 and both
S ek ~ initial conditions must be known!

Solution is to guess v, at y = 0 until
at y =wall v,.=0



0.14
0.12
° 01 N
Solution :
‘E’O.OS
z
&) Differential Equations Solution 26 - O X ;3 - -
0.06
File Edit Help 3 \ vAnal
0.04 \
POLYMATH Report Newtonian Fluid Flow Between 2 parallel plates ¥
Ordinary Differential Equations 30-Jun-2017
0.02
Calculated values of DEQ variables
Variable Initial value Minimal value Maximal value Final value 0 o 0001 0002 0003 0004 0005 0006
1| delta 0.005 0.005 0.005 0.005 Spacing Between plates (m)
2 |dPdx 100, 100, 100, 100,
3|(mu 0.01 0.01 0.01 0.01 &%) POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Solver] - O d
4 |Re 62.5 1.9396E-13 62.5 1.9396E-13 File Program Edit Format Problem Examples Window Help - 8 x
5|rho 1000. 1000. 1000. 1000. 0 = & $BRS AL @A EY
6|Tau a a 0.5 0.5 g ome € [E & | |FKF45 w| [ Table [ Giaph [« Beport
7 |vAnal 0.125 o 0.125 o Differential Equations: 2 | Ausiliary Equations: B | Ready for solution
8 vx 0.125 3.8793E-16 0.125 3.8793E-16
d(Tau) / diy) = dPdx . . . .
oLy 0 0 0.005 0.005 dive) / dly) = -Tau/mu Trials using interpolation
rho=1000
Differential equations dR:It: rzh%-g?!;a wemd aftel’ 3 rd uess
1 d(Tau)/d(y) = dPdx vAnal = HPdx"delta"2/2/mu*(1-{y/delta)*2) v at center |v atwall
— dPdx = 100
2 d{w)/d(y) = -Tau/mu mu = 0.01 0.1 -0.025
vi0) = 0.5 0.375
Explicit equations y(f) = 0.005
1 rho = 1000 Tau(0) = 0 0.1250| 3.88E-16
- vi(0) = 0.125
2 mu=0.01
3 delta = 0.01/2
4 Re = rho*delta®™vwx/mu
5 dPdx = 100
6 vAnal = dPdx*delta™~2/2/mu*(1-(y/delta)"2)
< >
Mo File POLYMATH Report LnE | parallel plates newtonian.pal  Mewtonian Fluid Flow Between 2 parallel plates
FIEPM  BA0S2017  CAPS  MLUM




Students are Confused

* Question
Why do | have to do trial & error for the initial velocity? Why not
just plug-in the maximum velocity from the analytical solution?

* Answer

Your goal is always to compare a numerical solution to a simple

analytical problem solution. This shows that the numerical solution
method is correct.

 Then give students a more complex problem with one of the plates

heated resulting in a temperature profile in the liquid. Now they
must do the trial and error procedure.

Temperature Profile in liquid:

K
T = 5000—y+ 293.15K

196.99kg ( 0.033 )
= exp

U

ms _K



Heated Plates

& POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Solver]

File Program Edit Format Problem Ex & Differential Equations Solution 11 — | by
DEEHE| % 2@ | M| B o b
i Kfi_ o E * REF4R - | POLYMATH Report Newtenian Fluid Flow Between 2 parallel heated plates with viscosity a function of T 7
Ordinary Differential Equations 30-Jun-2017
Differential Equations: 2 | Ausiliary Equations: 7w Re
- — Calculated values of DEQ variables
d(Tau) / diy) = dPdx . . - N
: Co ) Variable Initial value |Minimal value | Maximal value Final value
diwx) / dly) = -Tau/mu 1 |delt 0.005 0.005 0.005 0.005
rho=1000 ga & : : :
Re = tho*delta®se'mu 2 |dPdx 100. 100. 100. 100.
delta = 0.01/2 3 |mu 0.01239085 |0.0054301  |0.01239085  |0.0054301
mu = 196.99%exp(-0.033*T) 4 |Re 71.867551 |0.03636595  |88.835003 0.03636595
T=5000% + 29315 5 |rho 1000. 1000. 1000. 1000.
vhnal = dPdx*delta®2/2/mu*(1-(y/delta)*2) 6 [T 293.15 293.15 318.15 318.15
dPdx = 100 7 [Tau 0 0 0.5 0.5
y(0)=0 8 |vAnal  |0.1008803 |0 0.11817150 |0
Yl'f-' _ 0.005 9 |wx 0.1781 0.00003949 0.1781 0.00003949
TEUI'U': =0 10 0 0 0.005 0.005
w(0) = 0.1781) Y : :
0.2
. . . . Differential equations 018
Trials using interpolation after 1 d(Tau)/d(y) = dPdx lsieaEEs
0.16 N
3rd guess 2 d(w)/d(y) = -Tau/mu N
0.14 \
v at center v atwall ) . = \
Explicit equations T o012 \
0125 '005306 1 rho = 1000 .g o1 / \ \
o .
0.12 -0.05806 2T = 50007 +293.15 g X = = soluten
O 180 0 001939 Me 3 delta = 0.01/2 5008 ‘\‘ —— OldAnalytical with T
) ' 4 mu = 196.99%exp(-0.033T) 0.06
0.17806  3.95E-05 B e \\
6 dPdx = 100 0.02
7 vAnal = dPdx*delta"2/2/mu*(1-(y/delta)"2) 0
0 0.001 0.002 0.003 0.004 0.005 0.006
Ma File POLYMATH Repart Spacing Between plates (m)




What about models that are
formulated as integrals?

* Previous state of the art numerical methods
where based on evaluating integrals

— Trapezoidal rule

— Simpson’s Rule

 Many textbooks present models only as
integrals



Transport Processes
= Separation Process

Principles

(INCLUDES UNIT OPERATIONS)

FOURTH EDITION

CHRISTIE JOHN GEANKOPLIS
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—> dz

S .‘f::lt‘._—r_ 7
V.y L x

FIGURE 10.6-9. Material balance for a countercurrent
packed absorption tower.

Packed Towers: Gas Absorption
Traditional Approach using integrals

5. Design method for packed towers using mass-transfer coefficients. For absorption of A
from stagnant B, the operating-line equation (10.6-5) holds. For the differential height of
tower dz in Fig. 10.6-9, the moles of A leaving V equal the moles entering L:

d(Vy) = d(Lx) (10.6-10)

where V = kg mol total gas/s, L = kg mol total liquid/s, and d(Vy) = d(Lx) = kg mol A trans-
ferred/s in height dz m. The kg mol A transferred/s from Eq. (10.6-10) must equal the kg mol
A transferred/s from the mass-transfer equation for N,. Equation (10.4-8) gives the flux N,
using the gas-film and liquid-film coefficients:

’
y

’

kx
(Va6 — ¥x) = (1—_XT(XA:' — Xz, (10.4-8)

iM

N,=7""""7
4 (1= ya)im

where (1 — y4)iy and (1 — x4);y are defined by Egs. (10.4-6) and (10.4-7). Multiplying the
left-hand side of Eq. (10.4-8) by dA and the two right-side terms by aS dz from Eq. (10.6-9),

’ ’

a ‘a
(I—_ny(on — ya)S dz = m(xm = x4)S dz  (10.6-11)
Ali

1

NAdA=

where N, dA = kg mol A transferred/s in height dz m (Ib mol/h).
Equating Eq. (10.6-10) to (10.6-11) and using y 4 for the bulk gas phase and x,, for the
bulk liquid phase,

Dropping the subscripts A, G, and L and integrating, the final equations are as follows

using film coefficients:

Z "
T : il (10.6-17)
8 » ﬁ—(l - )y - y)
(1- Y)im
(2 L dx
— — 10.6'18
I dz=z=| —p5 ( )

: m(l = x)(x; — x)



Derive model using Plug Flow Assumption:
Create Differential Equations

5. Design method for packed towers using mass-transfer coefficients. For absorption of A
v t l.L from stagnant B, the operating-line equation (10.6-5) holds. For the differential height of
2, Y2 2, X2 tower dz in Fig. 10.6-9, the moles of A leaving V equal the moles entering L:
d(Vy) = d(Lx) (10.6-10)
F

where V = kg mol total gas/s, L = kg mol total liquid/s, and d(Vy) = d(Lx) = kg mol A trans-
ferred/s in height dz m. The kg mol A transferred/s from Eq. (10.6-10) must equal the kg mol

e —— — —

L $ A transferred/s from the mass-transfer equation for N,. Equation (10.4-8) gives the flux N,
»1—_ - —f- N using the gas-film and liquid-film coefficients:
i " b ) . (10.4-8)
= — —ya) = (x4 — X
e : A= YA aar—aa - xdim L
) : where (1 — y4)iy and (1 — x4);y are defined by Egs. (10.4-6) and (10.4-7). Multiplying the
f - —t— ——————— ! left-hand side of Eq. (10.4-8) by dA and the two right-side terms by aS dz from Eq. (10.6-9),
e b il 8 il 2 Sdz (10611
FIGURE 10.6-9. Material balance for a countercurrent N,dA = (1 = ya)im (yag = ya)$S dz = a- xA)iM(xAi *a)S dz (106-11)
packed absorption tower.
where N, dA = kg mol A transferred/s in helght dz m (Ib mol/h).
Equating Eq. (10.6-10) to (10.6-11).2 ofor the bulk gas phase and x4, for the
bulk liquid phase,
!/
d (Vy AG ) k y as (10.6-12)
T dz 1=y, (Vac — Yai) _
Z Yalim (10.6-13)
d(L k,aS = V7
( xAG) xa ( ) Since V' = V(1 —ysg)or V=V
_— X A X ' v'd
l AL ( 14 ) ; ( Yac ) YAG
— . =d| ——— =V'd = (10.6-19)
dZ (1 xA)lM d(Vyaa) (1 - yac) i L= Yag (1 = yag)



Polymath Absorber Model

) POLYMATH 6.20 Educational Release - [Ordinary Differential Equations Solver] — O >

B File Program Edit Format Problem Examples Window Help - &8 =
[ & & RS M. BEEEE @A =7

diy we © [ )  |FrFes w| I Iable [~ Graph [ Report

Differential Equations: 4 | Ausxiliary Equations: 9 |~ Beady for zolution

Hix)id(z) = -Kya*Ac/L*(y-yeq)*(1-x) # ~
diy)diz) = -Kya*Ac/G*(y-yeq)*(1-y) #

diG)d(z) = -Kya*Ac*(y-yeqg) #

diLyd(z) = -Kya*Ac*(y-yeq) #

K=x1-x)

Y=Lw/Gair¥+0.02/(1-0.02)

Gair=G*(1-y)

Lw=L"{1-x)

ycheck=Y/{1+Y)

¥check=x/(1+X)

yeq = 844 34"x'2 + 24 626" #

Kya =4 211E-03*y*2 + 1.813E-02*y + 1.536E-02 #kmol/im"3/s

Ac= 00929 #

z(0=0

#(0)=0.0035569

wi0)=0.2

G(0)=8.163e-4

L(0)=0.042

z(f=1.6319 v

€ >

Ln1 | 502 full soln concentrated 1atm.pal - Example 10.7-1 Concentrated 502 using EyaldiD
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Introduction to Problem Solving with
PolyMath, Excel and MATLAB

Robert Hesketh, Professor Michael B. Cutllip, Emeritus Professor
Chemical Engineering Dept. of Chemical & Biomolecular
Rowan University Engineering

Glassboro, NJ 08028 University of Connecticut
hesketh@rowan.edu Storrs, CT 06269-3222

michael.cutlip@uconn.edu

PLEASE READ BEFORE USING THIS PDF FILE

Users of this PDF file are recommended to utilize the latest version of Abobe
Acrobat Reader DC. This the latest free Reader software that has enabled us
to utilize many attachments. It also allows us to place icons in the text that
will bring up and allow the reader to double click on an icon in the text to
execute PolyMath and other software with the appropriate problem files.
Please go to the the link below to upload and install the latest Acrobat Reader
software. Also please install the latest PolyMath EDU Site 6.2 free software
distributed with these ASEE Chemical Engineering Summer School materials.

https://get.adobe.com/reader/?promoid=8JD95JPQ&mv=other
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NOW! Increasing 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 Faculty at their personal
computers or in computer labs can now
effectively solve problems using all the above
packages.



Desktop Problem Solving Involving
Polymath, Excel, and MATLAB

@ &

Polymath 6.2 Excel

“
MATLAB




P

POLYMATH Educational 6.2

Numerical Computation Package

« Extremely Easy-to-Use

* EXxcellent Problem Solving Capabilities
— Linear Equations — 100 (264) Professional Version
— Nonlinear Equations — 30 (300)
— Differential Equations — 30 (300)

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

e

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

Calculations (Provides Add-In for Excel that
Solves ODEs.

 Enables the Use MATLAB by Automatically
Translating Problems to Code for Use in M-files.



.J;--:.'..-:.'.J:r_._.,_ o gl e — e
T Tt o & £
S

POLYMATH 6.2 features include:

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

STANDARD WINDOWS EDITING
EXTENSIVE USER ALGORITHM SELECTION AND CONTROL

EXECUTION WITHALL 32-BIT AND 64-BlY WINDOWS
OPERATING SYSTEMS INCLUDING WIN 8

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



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

si POLYMATH 6.20 Educational Release - |0] x|

File Program Window Help
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Polymath Software has Four Main Programs

si POLYMATH 6.20 Educational Release - ||

File Emgram Window Help

(1 & LEQ Linear Equations | BE @mA! =7
MLE Monlinear Equations
DEQ Differential Equations
REG Regression

QLEF20 3| CAaPs [MUM




Polymath Software also has Three Utilities:

® (Calculator

P [ 3
Algebraic expression: * [+ On Top 2 E :
12+ 23 * zin [9) - arctan [3]

2022967939

e  Units Converter
—Iox]

File Help

Electric Charge ;I
Energy I1 0 I — j
Force

Length
Mazs - -
Percentage Equals To:
Dl [208.8555

LI poundz-forcedsq.foot

kilo Pazcal

Speed

« Scientific Constants
=101

Heat Transfer Conversion Factars ™ OnTop
Constant Description -
1 Wim*degK = 0.57779 btu/h*ft*degF

1
2 | 1Wimdegk = 2.3901E-3 cal's*cm*degC

3 |1 btuwh*ft*degF = 4.1365E-3 cal’s*cm*degC

4 |1 btu/h*ft*degF = 1.73073 W/m*degK

5 |1 WimZ*degK = 0.17611 btu/h*f"2*degF _ILI
4 »




Polymath Software has Extensive HELP

E? Polymath 6.2 Help - |EI|1|
R AT

Hide Back Fonward  Home Print  Options

| »

Contents Ilﬂdex I Search I

i JJ POLYMATH Help Documentation

E Linear Equations Solver
El Monlinear Equations Solver
El Differential Equations Solver

= Numerical Solutions for Scientific and Engineering Mathematical Froblems

@ Regression Package POLYMATH 6.2 is a proven computational system, which has been specifically created for educational or
@ Polymath Export to Excel professional use. The various POLYMATH programs allow the user to apply effective numerical analysis

@ Polymath Export to Matlab techniques during interactive problern solving on personal computers. Results are presented graphically
@ Polymath Utiities for easy understanding and for incorporation into papers and reports. Students, engineers,

@ Polymath Setup rmathematicians, scientists, or anyone with a need to solve problems will appreciate the efficiency and

speed of problem solution. —
@ General Concepts P P

@ General User Information The principal options available in the POLYMATH main task selection window are the following:

Polymath Programs

LEQ |Linear Equations Soler
MLE |Monlinear Equations Soler
DEQ|Differential Equations Soler
Data Table

Linear & Polynomial Regression
Multiple Linear Rearession
Multiple Monlinear Regression

FIEIE

E
B

. v
Open Polymath on your computer and look at the HELP to learn more about the program.

You can open Polymath HELP by clicking on the ? found at the top Polymath program
menu. Alternately you can open a window containing HELP by double clicking on §§ or by
going to the Attachments list (click on the arrow icon on the left margin) and then by
clicking on the paper clip and then double clicking on Polymath.pol followed by clicking ?.
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Double Click to Open
File Attachment
Polymath.pol


Introductory Problems

. 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

. Regression — Hardening of Concrete
(Multiple Linear Regression) - Polymath,
Excel

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



Problem 1 — Material Balances for Distillation Columns
Determine the Flow Rates By, D1, B2, and D,

7% Xylene
> 4% Styrene
{ 54% Toluene

35% Benzene

18% Xylene

B, 24% Styrene

] |—I» 42% Toluene

15% Xylene 16% Benzene

25% Styrene —_— |

40% Toluene > 15% Xylene

20% Benzene — D, 10% SE}TEHE
54% Toluene

F7=T0 kg-mol/min E 21% Benzene

—
24% Xvlene
B, 65% Styrene

{ 10% Toluene
1% Benzene



Linear Equations — Material Balance Problem

Determine the

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

15% Xylene

40% Toluene
20% Benzene

F+=T0 kg-mol/min

I
I
I
I
I
25% Styrene J»

Flow Rates B¢, Dy, Bs, and D,

r - - = = == -I 7% Xylene

4% Styrene
| I 54% Toluene

35% Benzene

16% Benzene

15% Xylene

{ 10% Styrene

54% Toluene
21% Benzene

l | ——
g 18% Xylene
B, 24% Styrene
I—I—> 42% Toluene
—

' I 24% Xvlene
B, 65% Styrene
l 10% Toluene

1% Benzene



Linear Equations — Material Balance Problem to
Determine the Flow Rates B4, D, B,, and D,

Xylene: 0.07D,+0.188,+0.150,+0.2458, = 0.15x70
Styrene: 0.040,+0.248,+0.100, +0.6558, = 0.25x 70
Toluene: 0.540,+04258,+0.540,+0.1058, = 0.40x70
Benzene: 0.350,+0.1658,+0.210,+0.015, = 0.20x70

Make Balances on
Each Species:
Xylene

Styrene

Toluene

Benzene



Linear Equations — Material Balance Problem to
Determine the Flow Rates B4, D4, B,, and D,

Variable Value

0.07:D1+0.18-B1 + 0.15D2 + 0.24B2= 105 - ons

0.04-D1 +0.24-B1 +0.1-D2 + 0.65B2=17.5 |5 175

0.54-D1 + 0.42-B1 + 0.54-D2 + 0.1-B2 =28 D2 8.75

0.35-D1 +0.16-B1 +0.21-D2+ 0.01-B2=14 |g 17.5

Demonstration of the Actual Polymath Program

POLYMATH — This file attachment i
name is LinearEquationsQ1l1.pol



1.5(a) Separation Train  |POLVER05_ |0

3

varsnames==D1,B1,D2,B2,

0.07	0.18	0.15	0.24	

0.04	0.24	0.1	0.65	

0.54	0.42	0.54	0.1	

0.35	0.16	0.21	0.01	

10.5	17.5	28	14	




Double Click to Open in Polymath
File Attachment
LinearEquation01.pol


Problem 2 - Explicit Calculations for an Equation of State

Hint: Use POLYMATH
Nonlinear Equations

Option (even when all
equations are explicit).

R = 0.08206
T, = 3042
P_ =729

T = 350

V =06

a = (24/64)((RT2)/P)

b= (RT,)/(8P)

P=RT)/(V=by—asV’



Problem 2 - Explicit Calculations for an Equation of State
Polymath Solution Demonstration

@ POLYMATH 6.10 Educational Release

F|Ie Program Window Help

0@ LEQ Linear Equations

BE @A =7

™ JLIiI Jonlinear Equations
En ter th e DEC) Differential Equations
. . REG Regression
equations into
Polymath.

Note that the
equations can be

entered in any e
Order Polymath [ File Program Edit Format Problem  Examples  Window Help =]

-3 A~ IR Nonlinear Equations Solver: Enter No

><=1- i 0 [ = Enter the nonlinear equation:
ar Equations: 0 [, 1| =

orders equations
before solution.

Enter initial guess for the nonlinear variable:

yo= [
Use templates or Comment

full screen editor. |

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 Problern Bxamples  Window  Help

DEEH RS AL, DDEE @A ! =9
o b 6 [E P ISafenewt vl

|N0nlinear Equations: 0 |Auxiliary Ecquations: & |\/ Ready for solution

R = 0.08206

Tc=304.2

Pc=72.9

T=350

V=0.6
a=(24/64)*((R"2*Tc2)/Pc)
b=(R*Tc)/(8*Pc)
P=(R*T)/(V-b)-a/\/A2

PolymathNonlinear.pol g NonlinearEquationsOl.pol @

POLYMATH Report
Explicit Equation=

Calculated values of explicit variables

Variable |Value
1|a 3.205422
2|b 0.0428029
3P 42.64155
4|Pc 729
a|lR 0.08206
6T 350.
7|Tc 304.2
a|v 0.
Explicit equations
1 R =0.08206
2 Tc=304.2
3 Pc=7219
4 T =350
3 V=06

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



No Title      |POLVER05_1 |2

R = 0.08206

Tc=304.2

Pc=72.9

T=350

V=0.6

a=(24/64)*((R^2*Tc^2)/Pc)

b=(R*Tc)/(8*Pc)

P=(R*T)/(V-b)-a/V^2

















Double Click to Open
File Attachment
Nonlinear Eqluations01.pol
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Double Click to Open
File Attachment
PolymathNonlinear.pol


Problem 2 — Explicit Calculations for an Equation of State
Polymath Solution then Export to Excel for Solution

Polymath 6.2 Excel




Problem 2 - Explicit Calculations for an Equation of State

Polymath Solution then Export to Excel for Solution
EXxercise

DEEN 2R s 4L DEEE @ A =9

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. Open Excel manually or
click on attachment Excel.xls. §




PL1

		





Sheet1

		





Double Click to Open
File Attachment
Excel.xls


Problem 2 - Explicit Calculations for an Equation of State
Polymath Solution then Export to Excel for Solution
EXxercise

| 2 Microsoft Excel - Book1 POLYMATH Report

, . , ) Explicit Equationz
l"—f] File Edit WView [nsert Format Tools Data Window Help Adobe PDF

-DEEHY SRY L BRR-<C v @& = -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 3l 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



Double Click
Highlight

Double Click
Highlight


PL2

		POLYMATH NLE Migration Document

				Variable		Value				Polymath Equation		Comments

		Explicit Eqs		R		0.08206				R=0.08206

				Tc		304.2				Tc=304.2

				Pc		72.9				Pc=72.9

				T		350				T=350

				V		0.6				V=0.6

				a		3.2054217843				a=(24/64)*((R^2*Tc^2)/Pc)

				b		0.0428029012				b=(R*Tc)/(8*Pc)

				P		42.6415451173				P=(R*T)/(V-b)-a/V^2
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Sheet1

		





Double Click to Open
File Attachment
NonlinearEquations01.xls
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R = 0.08206

Tc=304.2

Pc=72.9

T=350

V=0.6

a=(24/64)*((R^2*Tc^2)/Pc)

b=(R*Tc)/(8*Pc)

P=(R*T)/(V-b)-a/V^2

















Double Click to Open
File Attachment
NonlinearEquations01.pol


Problem 3 — Pressure Drop Calculation for Pipe Flow

Polymath Solution for Two Nonlinear Equations
— Simultaneous Solution with If:-- Then--- Else---

Statement The second

.. . nonlinear equation
Friction Factor Equation uses the If.. Then. .

fF =16/Re ifRe <2100  Else Statement

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

becomes in Polymath

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



Problem 3 — Pressure Drop Calculation 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
dp=2*fF*rho*v*v*L/D rearranged to

becomes in Polymath equal zero.

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



Problem 3 — Pressure Drop Calculation for Pipe Flow

Polymath Solution for Two Nonlinear Equations

— Simultaneous Solution with If:-- Then--: Else---

Statement
Solution will be

made in Polymath

and Excel
Mathematical Exc_el
Model Solution

Polymath 6.2 Excel

Solution Polymath
Algorithm Solution



Problem 3 — Pressure Drop Calculation for Pipe Flow
Two Nonlinear Equations — Simultaneous
Solution with If:-- Then--- Else--- Statement

DEEH| :aRs Al. BEEE @ A! =79

Mo @ mp | 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 " fog{Re ™ sqtt(fF)) - 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) 1S |

dp = 103000 # Pressure drop (Pa) ThIS IS an e_Xample
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
# |nitial 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 — Pressure Drop Calculation for Pipe Flow
Two Nonlinear Equations — Simultaneous
Solution with If:-- Then--- Else--- Statement

DEEH| :aRs Al. BEEE @ A! =79

Mo @ mp | 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 Yiememtmeror 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) #igmammeimgiasiviation factor
# The explicit equations The nonlinear
rho=46.048+T " {9418+ T " (-0.0329+ T " (4.882e-5- T " 2.895e-8))) -

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) p ressure d rOp an d
dp = 103000 # Pressure drop (Pa) for Fannin g

L = 100 # Pipe length (m) . .

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 ZEero.

D(0) = 0.04

fF(0) = 0.004

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



Problem 3 — Pressure Drop Calculation for Pipe Flow
Two Nonlinear Equations — Simultaneous
Solution with If:-- Then--- Else--- Statement

’"@g| YRR L, EEEE DA =9 There is a templates for
T YL | [cotenewt =] entering an explict equation.

| mpnlinear Equations: 2 |Au:-ci|iar‘y i . Heady for solution
—— —
# Calculation of pipe diameter to have Pressure Drop of T&

f() = dp- 2" fF " rho " v " v * L / D # Calculation of pipe dic o e P ot equation:
f(f) = If (Re < 2100) Then (fF - 16 /Re) Else (fF - 1/ (4" [ Vs = [ew(10547 54169/ -14453) or
Comment:
# The explicit equations |Liquid viscosity (Pa-s)|
rho x46.048+T " (9418 + T " (-0.0329+ T " (4.882e-5- T
vis =\exp(-10.547 + 541.69 / (T - 144.53)) # Liquid viscosity Gear || Done | Cancel |
Y oo Cauatons Solver Enter Honiear Equation . .
d[ Enter the nonlinear equation: There _IS a templaize for enterlng
L f|[| D V=ldp-2*fF*rho*v*v*LID =0 an0n|lnear equatlon
T
E Enter initial guess for the nonlinear variable:
D) =[o0a Program statements can be
# Comment entered in any order as Polymath
D |Calculation of pipe diameter for specified flowrate (D in m) orders them before solution.
fF
L= Clear Done Cancel
Ln"




Problem 3 — Pressure Drop Calculation for Pipe Flow
Two Nonlinear Equations — Simultaneous
Solution with If:-- Then--- Else--- Statement

__ The solution is possible when

DEEH (2B s Al DEEE @

the arrow turns to ared color —

fo, = I @ [ o and is clicked with the mouse.

Morlinear Equations: 2 | Auxiliary Equations: 9 | Ready for salution (o x|
# Calculation of pipe diameter to have Pressure Drop of 103000 Pg i Fe Edt Heb
f(D)=dp-27fF "rho " v " v " L /D # Calculation of pipe diameter fo| 55 vmat Report Calculation of Pipe Diameter |
f(fF) = If (Re < 2100) Then (fF - 16 /Re) Else (fF - 1 /{4 " Jog{Re ™ | noninear Equations 295ep2013 | |[Actor
# The E}{p"Cit equations Calculated values of NLE variables
tho =46.048 + T* (9.418 + T * (-0.0329 + T * (4.882e-5 - T * 2,895 | oooe oo 0 Audaicuess
vis = exp(-10.547 + 541.69 / (T - 144.53)) # Liquid viscosity (Pa-s) e D:DMSQDS -5.5?45-19 D:DM -
Re =D " v " rho /vis # Reynold's number
v=oq/(pi " D*2/4)#Flow velocity (m/s) B
dp = 103000 # Pressure drop (Pa) 1/dp 1 036405
L = 100 # Pipe le : :
T o08 407315 Hereis a partial Polymath T
pi=3.1416 solution of this problem 4lq 0.0025
g = 0.0025 # Flow raie (cu-mss) 5|Re 9.097E+04
& |rho 994.5715
# Initial Guess for nonlinear equations variables 7|7 298.15
D(0) = 0.04 8lv 2.096491
fF(0) = 0.004 9

vis 0.0008931 -
« I _rl_I

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

| Mo File POLYMATH Report v




Problem 3 — Pressure Drop Calculation for Pipe Flow

Excel Solution for Two Nonlinear Equations -
Simultaneous Solution with If:--- Then--- Else‘-: Logic

Polymath Software has the option of automatically
sending a problem to Excel by clicking on the Excel
icon where the problem is ready to be solved. For
Nonlinear Equations, you will use the Solver Add-In
to obtain Excel solution. Excel must be open on your
computer.

f[“_{_ ® (i ] =5 |safenewt ﬂ

Monlinear Equations: 2 | Auxiliary Equations: 9 |« Ready for solution

Calculation of pipe diameter to O DCirme AF A2A00 Da rorar | anctbl o F 400 qnotbore "
i+ LdlCUIaTtior oe dlameter 1o nave Fressure Urap o SIS e uvel LelgLrn o JU 2lEls
fiD) = EIP 2°fF *rho* *LJ D # Calculation of pipe diameter for specified flowrate (D in m

fiffF) = If (Re = 2100) Then fF 16 / Re) Else fF 1 (4 * log(Re * sgri{fF)) - 0.4) * 2) # Fanning's friction factor




Problem 3 — Pressure Drop Calculation for Pipe Flow

DZEN iRy #i. BE@EE @ A ! &9

%ﬁﬁﬁ@»

From

| Isafenewt vl

| Nonlinear Equa Export to Excel

Equations: 3 |~f Ready for solution

One Key Press on

Polymath

EA Microsoft Excel - Book1
@ Ble Edit Yew Insert Format Tocls Data Window Help  Acrobat

# Calculation of pipe diameter to have Pressure Drop of 103000 Pa oy th e Exce| iCO Nn
fiDy=dp-2"fF “rho " v " v "L /D # Calculation of pipe diameter for )
f(fF) = If (Re < 2100) Then (fF - 16 /Re) Else (fF-1/(4 " Jog(Re " & autOmatlcal |y

creates problem in
Excel.

TO hEeEdxn &LV FBR-d % =-2 50 |4 130% - LS

Arial 9 ~[Blru E==E 5%, @8 E=EE _-h-A
C16 v £ =[[C1472)+(C1572))

Excel A B | ¢C E |
1 [POLYMATH NLE Migration Document
2 2 Variahle Value Polymath Equation
3 |Explicit Eqs rho Q945715 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 298.15 T=25+273.15
10 pi 3.1416  pi=3.1416
11 q 0.0025 g=0.0025
12 |Implicit Vars D 0.04 D(0)=0.04
13 fF 0.004  fF(0)=0.004
14 |Implicit Eqs f(D) 24272898 f(D)=dp-2*fF*rho*v*v*L/D
15 f(fF) -0.000695  f(fF)=If (Re < 2100) Then (fF - 16 / Re) Eise (fF -
16 | Sum of Squares: | 5891 ?35?1! F = f(D)"2+f(fF)"2




Two Nonlinear Equations — Simultaneous
Solution with If--- Then--- Else-:- Statement

Use
A ¢ D] E | Excel Add-In
1 |POLYMATH NLE Migration Document Solver
2 Wariable Value Polymath Equation Comments .
3 |Explicit Egs rho 894 571504 rho=46.048+ T "(0.478+ T " (-0.0329 + T * {4 882 Liquid density [k FO r SO | u 't 1oNn
4 i 0.00089308 vis=exp(-10. 547 + 547 63 /(T - 144.53)) Liguid viscosity [ o o,
B W 1.98943274  w=q i T 02 S 4] :
7 dn 102000 o="103000 Set Target Cell: CE16 g Solve I
g L 100 =700 i Equal To: (" Max @ Min  ( valeaof: |0 Closs |
5 T 29818 T=25+ 27375 By Changing Cells:
10 ] 31416 =3 7478
11 q 0.0025 g=0.0025 lsCs12:6C$13 A cuess |
13 F 0004 F0)=0.004 __Gptons_|
14 [Implicit Egs f{on 42728973 FD=dpo-Z2 " fF " rhc il 4
15 ffF) -0.000692 ffF)=IffRe < 2700) ch
16 |Sum of Squares: E 5391?35T1§ F = fFO)M2+ffR) A2 ﬂl Reset all |
17 Delets |
18 Ll Help |
19
Excel 12 |Implicit Vars D 0. 03952106 Dyd)=0 04
13 fF 0.004927.48 fA)=0 00
. 14 |Implicit Egs (m) 000374438  fD)=co-2 *fF *rho *v *v *L/D
S() | ution 15 f(fF) 0.00035971  ffF)=if (Re < 2100) Then (fF - 16/ Re) Else (fF -1/,
16 |Sum of Squares: 1415E05  |F = D) 2+{IF)2

17

Note - The Solver display, options, and results vary with the Excel version being used.



Problem 3 — Pressure Drop Calculation for Pipe Flow
Two Nonlinear Equations — Simultaneous
Solution with If:-- Then- - Else--- Statement

Refer to the previously presented Polymath Solution and the
Export and Solution of Same Problem in Excel to solve this
problem with Polymath and Excel.

Please open Excel and have Solver Add-In available. This file is Excel.xIs §

POLYMATH — This file is NonLinearEquations02.pol §

Excel — Ready for Solution file is NonLinearEquations02.xls §



Calculation of Pipe Diameter      |POLVER05_1 |2

# 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 # 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) # Fanning's friction factor



# The explicit equations

rho = 46.048 + T * (9.418 + 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)

dp = 103000 # Pressure drop (Pa)

L = 100 # Pipe length (m)

T = 25 + 273.15 # Temperature (K)

pi = 3.1416

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



# Initial Guess for nonlinear equations variables

D(0) = 0.04

fF(0) = 0.004













Double Click to Open
File Attachment
NonlinearEquations02.pol


PL1

		POLYMATH NLE Migration Document

				Variable		Value				Polymath Equation		Comments

		Explicit Eqs		rho		994.5715041241				rho=46.048 + T * (9.418 + T * (-0.0329 + T * (4.882e-5 - T * 2.895e-8)))		Liquid density (kg/cu-m)

				vis		0.0008930826				vis=exp(-10.547 + 541.69 / (T - 144.53))		Liquid viscosity (Pa-s)

				Re		88620.3631193027				Re=D * v * rho / vis		Reynold's number

				v		1.9894321365				v=q / (pi * D ^ 2 / 4)		Flow velocity (m/s)

				dp		103000				dp=103000		Pressure drop (Pa)

				L		100				L=100		Pipe length (m)

				T		298.15				T=25 + 273.15		Temperature (K)

				pi		3.1416				pi=3.1416

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

		Implicit Vars		D		0.04				D(0)=0.04		Calculation of pipe diameter for specified flowrate (D in m)

				fF		0.004				fF(0)=0.004		Fanning's friction factor

		Implicit Eqs		f(D)		24272.8978727932				f(D)=dp - 2 * fF * rho * v * v * L / D

				f(fF)		-0.0006950065				f(fF)=If (Re < 2100) Then (fF - 16 / Re) Else (fF - 1 / (4 * log(Re * sqrt(fF)) - 0.4) ^ 2)

		Sum of Squares:				589173571.143049				F = f(D)^2+f(fF)^2





Sheet1

		





Sheet2

		





Sheet3

		





Double Click to Open
File Attachment
NonlinearEquations02.xls


PL1

		





Sheet1

		





Double Click to Open
File Attachment
Excel.xls


Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

. ki Ky
Consider a Batch A—>B—>
Reactor that
Initially has only dC
reactant A — = —k,C, . C. CA|E:D =1
dC
5 _ —_— =
| —= =k Cy-k,C5 LG Cg| _ =0
| ac,
00 T_kzcﬁ | C CG‘EZD=G
kl =2 kz =3

POLYMATH — This file is DifferentialEquationsOl.pol @



No Title  |POLVER05_0 |1

d(CA)/d(t) = -k1 * CA

CA(0) = 1

d(CB)/d(t) = k1 * CA - k2 * CB

CB(0) = 0

d(CC)/d(t) = k2 * CB

CC(0) = 0

k1 = 2

k2 = 3

t(0) = 0

t(f) = 4















Double Click to Open
File Attachment
DifferentialEquations01.pol


Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

&

Polymath 6.2 Excel
“

POLYMATH - The solution file is DifferentialEquation1.pol. Please
check for the Graph and the Report to be given during the solution. B




No Title  |POLVER05_0 |1

d(CA)/d(t) = -k1 * CA

CA(0) = 1

d(CB)/d(t) = k1 * CA - k2 * CB

CB(0) = 0

d(CC)/d(t) = k2 * CB

CC(0) = 0

k1 = 2

k2 = 3

t(0) = 0

t(f) = 4















Double Click  to Open
File Attachment
DifferentialEquations01.pol


Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

#§ POLYMATH 6.20 Educational Release - [Ordinary Dif
File Program Edit Format Problem Examples Win

DEEN BRI M. BE]

dey }:KFdE

\
Driftigrential Equations: 3 |.-'3-.l.4:-:iliar_l,I E quatiorzE

lcAVdit) = k1 * CA

CAONE 1

d(CBYXt) = k1* CA - k2 * CB
CB(0) =
d(CCldit\= k2 * CB
iy =N

Differential Equations Solver: Enter Differential Eg

Enter the differential equation:

~lo|x||

There is a template for entering
an explicit equation.

w I r IablE 1 EICI'.'I 1 "-' u'j'.ﬂ.ll'. I
Differential Eguations Solver: Enter Explicit Egua

Enter the explicit equation:

Comment:

k1 = |2

Clear | Done Cancel |

d |:| CA ) —k1*CA

dl{l t )
Set the initial value:
CAD) = |1

Comment:

|- Clear

Done

Cancel |

|—I.LI' LIl | I-\.ln'L-\.ln'LLll-\.l [ ] [ R L= |

There is a template for entering
a differential equation.

Program statements can be
entered in any order as Polymath
orders them before solution.

S




Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

4§ POLYMATH 6.20 Educational Release - [Ordinary Differg Imlwl I

Eile Program Edit Format Problem Examples ﬂindﬂ The solution is possible when
D E N % B 7| b3 @ the arrow turns to ared color

> and is clicked with the mouse.
deg e i [ | = [T Table | :
Differential Equations: 3 |.-'3-.l.4:-:iliar_l,I Equations: 2 |v‘" Ready for s::nlu- =ox]
- File Edit Help
HICAYdit) = k1 * CA | e —
Ciﬁnl:[]_: = i| Ordinary Differential Equations 29-Sep-2013
d(CB)/dt) = k1 * CA-kZ* CB i
[:E“D: — |:| Il calculated values of DEQ variables
d(CC)/dit) = k2 * CB || |variable G e value - vaive
CC0) =10 || ftlca |1 |0.0003355]1. 0.0003355
k1=2 7 2|ce 0 0 0.295797 |0.0006586
k2 =3 3/cc 0 0 0.9990059 | 0.8990059
101 =0 4{k1 2. |2 2. 2.
; I"_ : . 5|k2 3. 3. 3. 3.
tffi=4  Hereis a paryal Polymath T 1 . .
Report for this problem.
Differential equations | |
1 d(CA)/d(t) = -k1 = CA
2 d(CB)/d(t) =ki * CA- k2 * CB
q I I | 3 dcoydm = k2 * ca
L1 |DifferentialEquatinnD'I.|:u:n| Mo Title ! Explicit equations
[1:27 PM  [9/29/2013| CAPS | NUM Bk =2

2k2=3




Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

Here is a partial Polymath

Graph for this problem. \

File Options Help

!
=
=
=
=
i
;4

1.0
0.9

I:IEI B f— CJ:'-.
0.5 ~

0.4
0.3
0.2
0.1
0.0

1 1 1 1 1
0.00 0.30 0.60 0.890 1.20 1.50 1.80 210 240 270 3.00
t




Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

.
I

- = Bookl - Microsoft Excel non-commercial use =
= 9 | = E2
Home Insert Page Layout Formulas Data Review View Add-Ins PDF Acrobat & 'ﬂ' o B EX
Polymath ODE
x|
Menu Commands ODE initial values vector (Y) ODE equations vector (Y')
o 2] o | PLuSCSs:5cE7 =l | PLusces:scenn =l
- = W
A B O D E Differential variable cell Diffr variable final value =
- - 1 .
1 |POLYMATH DEQ Migration Document | PLuscs1 =l ]
2 Variable Value Polymath Equation v
Show R t
3 ExplicitEqgs k1 2 Kki=2 e
4 k3 3 =1 Intermediate Cells to Store Data Points 3
5 |Integration Vars CA 1 CA0)=1 | PLuSCE3:5c84 =] ] 100
3] CB 0 CB{Q)=0
T CC 0 CCi)=0 : I
5 ODE Egs d(CAYd() 2 J(CANA(H) = k1 * CA Exit | Clear | Adv, | Help | Reload | Solve R
g d(CBdit) 2 dfCEBldt) =k *CA-K2*CE
10 d(CCHdit) 0 dfCCldit) =k2 *CB
11 |Indep Var t I U.I tQ)=0 ; tif)=4
12
13 Tl
4 4 » M| PL1 ~Sheetl . Sheet? Sheet3 %1 [14] i | k]
Enter | | (5O & 100% (=) ) (+)

POLYMATH - The solution file is DifferentialEquation01.pol. Open Excel before export from
Polymath or open DifferentialEquation01.xls for solution.




Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

T o e e i The problem variables

3

; Cﬂ"ﬁll'ﬂte‘f:";:l;:;; D‘]IEE;I Vari?‘?iﬁ?nal Maximal Final n am eS Can b e ad d ed to
? ; T:.ﬂ-. 3 EI.EIEIEIEEE j EI.EIEIEIEE; th e res u ItS th at I S

; : oo 00 093000 0999005 similar to the Polymath
10 5 k1 2 2 2 2

1 333 report.

27 |Intermediate data points
28 t CA CB CC

20 1 0 1 0 0 The problem variables
30 2 0082463 0847957 0.134239 0.017304

31 3 0.133428 0765782 0.191308 0.04291

32 4 0162938 0721894 0217082 0.061023 can be added o the

33 5 0212227 0654127 0250163 0.09571 - -

34 6 0248472 06508388 02677 0.123912 Intel‘medlate data pOIntS
35 7 0287481 0562726 0281193 0.156081 .

36 8 0329327 0517547 0.29044 0.192013 and plotted USH’]g Excel
37 9 0374102 0473216 0205375 0231409 ]

38 10 0.421921 0.430055 0.296062 0273883

39 11 0446763 040921 0294881 0295909 gl‘aphICS.

A 4% NAQTRRT N IARARTT N IRALXA0 1 2ANRNA

Solution is on DifferentialEquations01.xls on sheet DEQ Solution (1). §



PL1

		POLYMATH DEQ Migration Document

				Variable		Value				Polymath Equation		Comments

		Explicit Eqs		k1		2				k1=2

				k2		3				k2=3

		Integration Vars		CA		0.0003354626				CA(0)=1

				CB		0.0006586368				CB(0)=0

				CC		0.9990059005				CC(0)=0

		ODE Eqs		d(CA)/d(t)		-0.0006709253				d(CA)/d(t) = -k1 * CA

				d(CB)/d(t)		-0.0013049852				d(CB)/d(t) = k1 * CA - k2 * CB

				d(CC)/d(t)		0.0019759105				d(CC)/d(t) = k2 * CB

		Indep Var		t		4				t(0)=0 ; t(f)=4



Polymath ODE cells

PL1!$C$5:$C$7
PL1!$C$8:$C$10
PL1!$C$11
4
PL1!$C$3:$C$4



DEQ Solution (1)

		POLYMATH Report DEQ

		Ordinary Differential Equations (RKF45).

		Calculated values of DEQ variables

				Variable		Initial		Minimal		Maximal		Final

		1		t		0		0		4		4

		2		CA		1		0.00033546		1		0.00033546

		3		CB		0		0		0.29606209		0.00065864

		4		CC		0		0		0.9990059		0.9990059

		5		k1		2		2		2		2

		6		k2		3		3		3		3

		Differential equations

		[1] d(C5)/d(C11) = (0 - (C3 * C5))

		[2] d(C6)/d(C11) = ((C3 * C5) - (C4 * C6))

		[3] d(C7)/d(C11) = (C4 * C6)

		Explicit equations

		[1] C3 = 2

		[2] C4 = 3

		Independent variable

		Variable name: C11

		Initial value: 0

		Final value: 4

		Intermediate data points

				t		CA		CB		CC		k1		k2

		1		0		1		0		0		2		3

		2		0.0824625829		0.8479571579		0.1342385839		0.0178042582		2		3

		3		0.1334282578		0.7657829415		0.1913075152		0.0429095433		2		3

		4		0.1629384347		0.7218940692		0.217082938		0.0610229928		2		3

		5		0.2122267091		0.6541272214		0.2501626895		0.0957100891		2		3

		6		0.2484715307		0.6083876236		0.2677002079		0.1239121685		2		3

		7		0.2874813719		0.5627258334		0.2811934908		0.1560806758		2		3

		8		0.329327288		0.5175471866		0.2904396925		0.1920131208		2		3

		9		0.3741018389		0.4732158378		0.2953748408		0.2314093215		2		3

		10		0.4219211014		0.4300549865		0.2960620856		0.2738829279		2		3

		11		0.4467633449		0.409210048		0.294880626		0.295909326		2		3

		12		0.4975624101		0.3696772985		0.2898189168		0.3405037847		2		3

		13		0.5235169448		0.350977244		0.2860932576		0.3629294985		2		3

		14		0.5765265964		0.3156714906		0.2766251369		0.4077033725		2		3

		15		0.6035799271		0.299045407		0.2710245881		0.429930005		2		3

		16		0.6587837097		0.2677859211		0.2584239342		0.4737901448		2		3

		17		0.6869359754		0.2531249722		0.251547869		0.4953271588		2		3

		18		0.7443501487		0.2256657633		0.236929687		0.5374045496		2		3

		19		0.7736173715		0.2128357062		0.2292916514		0.5578726424		2		3

		20		0.8032625647		0.2005834058		0.2214980826		0.5779185116		2		3

		21		0.8637042802		0.1777444275		0.2056156536		0.6166399189		2		3

		22		0.8945111879		0.1671234737		0.1976043294		0.6352721969		2		3

		23		0.9257169138		0.1570118768		0.1895927081		0.6533954151		2		3

		24		0.9893285158		0.1382547844		0.1736960445		0.6880491711		2		3

		25		1.0213285158		0.129683679		0.1659649708		0.7043513502		2		3

		26		1.0533285158		0.1216439392		0.1584351708		0.71992089		2		3

		27		1.0853285158		0.1141026231		0.1511196148		0.7347777621		2		3

		28		1.1493285158		0.1003935785		0.137167856		0.7624385655		2		3

		29		1.1813285158		0.0941696786		0.1305435115		0.77528681		2		3

		30		1.2133285158		0.0883316293		0.1241578126		0.7875105581		2		3

		31		1.2453285158		0.0828555099		0.1180117115		0.7991327786		2		3

		32		1.3093285158		0.0729007003		0.106434834		0.8206644657		2		3

		33		1.3413285158		0.0683812214		0.1009993335		0.8306194451		2		3

		34		1.3733285158		0.0641419275		0.0957943572		0.8400637152		2		3

		35		1.4053285158		0.0601654487		0.0908153577		0.8490191936		2		3

		36		1.4693285158		0.0529367733		0.0815141691		0.8655490576		2		3

		37		1.5013285158		0.0496549581		0.0771802981		0.8731647438		2		3

		38		1.5333285158		0.0465765989		0.0730492362		0.8803741649		2		3

		39		1.5653285158		0.0436890826		0.0691144396		0.8871964778		2		3

		40		1.6293285158		0.038439987		0.0618067957		0.8997532173		2		3

		41		1.6613285158		0.0360569		0.0584203599		0.9055227401		2		3

		42		1.6933285158		0.0338215524		0.0552031074		0.9109753402		2		3

		43		1.7253285158		0.0317247853		0.0521482805		0.9161269343		2		3

		44		1.7893285158		0.0279131595		0.0464992867		0.9255875538		2		3

		45		1.8213285158		0.0261826832		0.0438920931		0.9299252237		2		3

		46		1.8533285158		0.0245594877		0.0414213116		0.9340192007		2		3

		47		1.8853285158		0.0230369223		0.039080794		0.9378822838		2		3

		48		1.9493285158		0.0202691139		0.0347668151		0.944964071		2		3

		49		1.9813285158		0.0190125302		0.0327819396		0.9482055302		2		3

		50		2.0133285158		0.0178338484		0.0309045102		0.9512616414		2		3

		51		2.0453285158		0.0167282389		0.0291292943		0.9541424668		2		3

		52		2.1093285158		0.0147183975		0.0258655408		0.9594160617		2		3

		53		2.1413285158		0.0138059305		0.0243675049		0.9618265646		2		3

		54		2.1733285158		0.0129500318		0.0229526829		0.9640972853		2		3

		55		2.2053285158		0.0121471946		0.0216167999		0.9662360056		2		3

		56		2.2693285158		0.0106877502		0.0191656676		0.9701465823		2		3

		57		2.3013285158		0.0100251631		0.0180427726		0.9719320643		2		3

		58		2.3333285158		0.0094036531		0.016983516		0.9736128308		2		3

		59		2.3653285158		0.0088206736		0.0159844995		0.9751948269		2		3

		60		2.4293285158		0.0077608995		0.0141543912		0.9780847093		2		3

		61		2.4613285158		0.0072797625		0.0133172843		0.9794029532		2		3

		62		2.4933285158		0.0068284537		0.0125283762		0.9806431701		2		3

		63		2.5253285158		0.0064051237		0.0117850175		0.9818098589		2		3

		64		2.5893285158		0.0056355697		0.0104250101		0.9839394202		2		3

		65		2.6213285158		0.0052861926		0.0098037071		0.9849101003		2		3

		66		2.6533285158		0.004958475		0.0092186338		0.9858228912		2		3

		67		2.6853285158		0.0046510744		0.0086677535		0.9866811721		2		3

		68		2.7493285158		0.0040922635		0.0076609563		0.9882467802		2		3

		69		2.7813285158		0.0038385636		0.0072014821		0.9889599543		2		3

		70		2.8133285158		0.0036005919		0.0067690772		0.9896303309		2		3

		71		2.8453285158		0.0033773732		0.0063621931		0.9902604337		2		3

		72		2.9093285158		0.0029715932		0.0056192095		0.9914091972		2		3

		73		2.9413285158		0.0027873693		0.0052804172		0.9919322135		2		3

		74		2.9733285158		0.0026145663		0.0049617523		0.9924236814		2		3

		75		3.0053285158		0.0024524763		0.0046620472		0.9928854766		2		3

		76		3.0693285158		0.0021578195		0.0041151676		0.9937270129		2		3

		77		3.1013285158		0.0020240455		0.0038659699		0.9941099846		2		3

		78		3.1333285158		0.0018985648		0.0036316791		0.9944697561		2		3

		79		3.1653285158		0.0017808633		0.0034114207		0.994807716		2		3

		80		3.2293285158		0.0015668986		0.0030097487		0.9954233527		2		3

		81		3.2613285158		0.0014697587		0.0028268239		0.9957034174		2		3

		82		3.2933285158		0.001378641		0.002654904		0.995966455		2		3

		83		3.3253285158		0.0012931722		0.0024933376		0.9962134903		2		3

		84		3.3893285158		0.0011378019		0.0021988447		0.9966633534		2		3

		85		3.4213285158		0.0010672639		0.0020647948		0.9968679413		2		3

		86		3.4533285158		0.0010010988		0.0019388479		0.9970600533		2		3

		87		3.4853285158		0.0009390357		0.0018205204		0.9972404439		2		3

		88		3.5493285158		0.0008262138		0.0016049302		0.997568856		2		3

		89		3.5813285158		0.0007749926		0.0015068357		0.9977181717		2		3

		90		3.6133285158		0.000726947		0.0014146941		0.9978583589		2		3

		91		3.6453285158		0.0006818799		0.0013281481		0.997989972		2		3

		92		3.7093285158		0.0005999543		0.0011705181		0.9982295276		2		3

		93		3.7413285158		0.0005627602		0.0010988201		0.9983384198		2		3

		94		3.7733285158		0.0005278718		0.0010314875		0.9984406407		2		3

		95		3.8053285158		0.0004951464		0.000968257		0.9985365966		2		3

		96		3.8693285158		0.0004356563		0.0008531261		0.9987112176		2		3

		97		3.9013285158		0.0004086477		0.0008007738		0.9987905784		2		3

		98		3.9333285158		0.0003833136		0.0007516179		0.9988650685		2		3

		99		3.9653285158		0.0003595501		0.0007054648		0.9989349851		2		3

		100		4		0.0003354626		0.0006586368		0.9990059005		2		3
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Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

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

4% POLYMATH 6.10 Educational Release - [Differential F5uatio
File Edit Window Help

DSEN ixRas M, DEEE @ A =7

== Polymath Settings =[Ol x|

--------- Reporting digits = 9 .
--------- Minimum intermediate data points = 100

--------- Show intermediate data points on report = Falze

--------- Font name = Arial

--------- Font size = 9.75

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

--------- Auto unpaint on Byte size = 70

--------- Show comments in report = True

Showe b atlab formated problem in report = True
i---{"1 REF45

-1 REFFR —

(|

Il

Reszet Al | E uit | Bestare Set f* True  Falze




Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

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



Differential Equations — Simultaneous ODEs

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 short g, format compact

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

y0= % Replace this line with y0 line from Polyrmath report

disp(' Variable values at the initial point ');

disp([' £ = ' num2str(tspan(1)}]);

disp(’ y dy/dt ');

disp([y¥0 ODEfun(tspan(1),y0)]);

[t,¥]=0de45(@ODEfun,tspan,y0);

for i=1:size(y,2)

disp([" Solution for dependent variable ¥' int2str(i}]);

disp([' t y' int2str(i)]);

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

plot(t,y(:, D)

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

¥labell’ Independent variable (t)");

vlabel([' Dependent variable v" int2str(i}]);

pause

end

Do
% Replace this and the following line with the function copied from the Polymath report
% Do not include the tspan and y0 lines




Differential Equations — Simultaneous ODEs

0 @ -] M b W

L N L 1 L L A R L A o T T ) R ) T o
O w o -] m n b W0 O Wpnm -] m ke W2 O

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

w0 = [1.: 0O O]: % Initial walues for the dependent variabhles MATLAB

disp(' Variable waluss at the initial point '):

disp([' © = ! numZstr (tspan(li)i]): .
; code Is
disp([y0 ODEfun(tspanil)  vO1]1:

[t,7]=o0ded5 (QODELfun, tapan, v0) ; entered |nt0

for i=lisize(v,.2]
dizp([' Zolution for dependent wariable vw' intZstr(i)]): template
disp ([’ T 7! intZscr(i)]):
disp ([t ¥w(:,1)]117
plot(t,w(:, 1))
title([' FPlot of dependent wvariable ¥' intZstr(i)]):
¥labhel (' Independent wariable (L] ']):
vlabel([' Dependent wvariabhle v' intiZstr(i)]]:

pause
end

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

CE = Tfuncwveco (2):

CC = ¥Yfunowveo (3] ;

kK1 = 2;

k2 = 3;

dcidt = 0 - (k1 * Ch):

ACEdt = k1 % CA - (ki ¥ CE):

dccdrt = kZ % CE;

d¥funcwvecdt = [dCidt; dCBEdt; dCCdt] ;



Differential Equations — Simultaneous ODEs

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

=10 x]
File Edit View Insert Tools Deskiop Window Help ¥
D& k| RKRQUO e |E 08|78
Flot of dependent varizble w1
1 1 1 1
0.9 .
0.8 .
07} .
=
2 0.6 :
2
E 0.5} i
3
5 0.4t .
g
0.3} .
0.2 .
0.1 .
|:| | 1 1 1 t 1 |
0 0.5 1 1.5 2 2.5 3 3.5 4
Independent wvarizble (i)




Differential Equations — Simultaneous ODEs

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

=10l x]
File Edit View Insert Tools Deskiop Window Help ¥

& KW RANe w 0E 57O

Plot of dependent variable y2
0.35 ; . :

0.3

0.25F

=
P

Dependent wvarizble w2
=
o

0.1

0 0.5 1 1.5 2 2.5 3 35 4
Independent variable i)




Differential Equations — Simultaneous ODEs

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

_|o|x|

File Edit View Insert Tools Deskiop Window Help ¥
DEeEE L &aO® ¥ 0E [T

Flot of dependant varizble w3

1

0.9 =

Dependent variable w3
= = = = = = =
L] (] i o m =l oo
1 1 I I I 1
1 1 | | | | 1

=
—
|

a

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

L]




Differential Equations — Simultaneous ODEs

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

- Ol x|
File Edit ‘Wiew Debug Deskiop Window Help
O &= | & B o o | i | 7 ||c:1D-:cumerrts and SettingsWichael CutlipDesktop ~| J
M s B Command Window n X
CF | B - Variable walues at the initial point |
£ =0
Al Files £ File Type dv/dt
& IMG_0033,jpy JPG File « ) _;’ ¥
B LinearEquation01. pal FPOL File q )
A MATLAE Ink LMK File |
WATLABDT. m hl-file o o
Microsoft Excel Ink LMK File ™ Solution for dependent wariabhle ¥l
" b t 7l
I 0 1
Current Directory | Workspace | z.5119e-005 0.99995
Command History 2 x 5.0238e-005 0.59999
7.5357e-005 0.99985
ce%o- 9/24/07 8139 AN —-%
; 0.00010048 0.9995
------ 5-- 9/24/07 9:32 AN —-%
0.00022607 0.99955
0.00035166 0.9993
0.00047726 0.99905
0.00060285 0.9935
0.0012308 0.99754
0.0018588 0.99620
0.0024568 0.99504
0.0031147 0.993759 _:J
4 start /




Problem 4 — Batch Reactor Kinetics
Differential Equations — Simultaneous ODEs

This optional demonstration requires the
use of MATLAB program on your PC.

POLYMATH — This file is DifferentialEquationOl.pol §

Template File is MultipleDEQtemplate.m § Solution File is MATLABO1.m f



No Title  |POLVER05_0 |1

d(CA)/d(t) = -k1 * CA

CA(0) = 1

d(CB)/d(t) = k1 * CA - k2 * CB

CB(0) = 0

d(CC)/d(t) = k2 * CB

CC(0) = 0

k1 = 2

k2 = 3

t(0) = 0

t(f) = 4
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function % Insert here your file name after function (Use Alphanumberic names only)

clear, clc, format short 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([' t    = ' num2str(tspan(1))]);

disp('           y                  dy/dt         ');

disp([y0 ODEfun(tspan(1),y0)]);

[t,y]=ode45(@ODEfun,tspan,y0);

for i=1:size(y,2)

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

    disp(['              t                  y' int2str(i)]);

    disp([t y(:,i)]);

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

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

    xlabel(' Independent variable (t)');

    ylabel([' Dependent variable y' 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



Double Click to Open
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function MATLAB01

clear, clc, format short g, format compact

tspan = [0 4.]; % Range for the independent variable 

y0 = [1.; 0; 0]; % Initial values for the dependent variables 

disp(' Variable values at the initial point ');

disp([' t    = ' num2str(tspan(1))]);

disp('           y                  dy/dt         ');

disp([y0 ODEfun(tspan(1),y0)]);

[t,y]=ode45(@ODEfun,tspan,y0);

for i=1:size(y,2)

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

    disp(['              t                  y' int2str(i)]);

    disp([t y(:,i)]);

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

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

    xlabel(' Independent variable (t)');

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

    pause

end

%- - - - - - - - - - - - - - - - - - - - - -

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]; 

Double Click to Open
File Attachment
MATLAB01.m


Problem 5 — Regression of Hardening of Concrete
Regression — Multiple Linear

Consider laboratory data for the hardening of cement with four
components.

Wi | W | W3 | Wiacd | hard_heat |

01 7 26 § &0 787
02 | 1 29 15 52 743
03 | 11 56 5 20 1043
04 | 11 31 3 47 &7 6
05 | 7 52 5 33 959
06 | 11 55 g 22 109.2
07 37 17 § 1027
08 | 1 3 22 44 725
09 | 2 54 18 22 931
10 | 21 47 4 26 1159
11 | 1 40 23 34 835
12 | 11 56 g 12 1133
13 | 10 68 3 12 109.4




Problem 5 — Regression of Hardening of Concrete
Regression — Multiple Linear

Polymath 6.2 Excel




Problem 5 — Regression of Hardening of Concrete
Regression — Multiple Linear

Use Multiple Linear Regression to correlate the hardening of
cement with four components.

This Polymath option will fit a linear function of the form:
V(X1, Xo, ..., X) = Qg + 21X + @%%, + ... + a,*X,

where a,, a4, ..., a, are regression parameters, to a set of N
tabulated values of x4, X,, ..., X, (independent variables)
versus y (dependent variable). Note that the number of
data points must be greater than n+1 (thus N >=n+1). The
program calculates the coefficients a,, a;, ..., a, by
minimizing the sum of squares of the deviations between
the calculated and the data for y.



Problem 5 — Regression of Hardening of Concrete
Regression — Multiple Linear

Live Demonstration of the Polymath Solution

POLYMATH — This file is Regression0Ol.pol g Regression | Analysis | Graph |

‘ 'T—’ | = [T Graph [ Residuals
¥ Beport [ Store Model

Linear & Palynomial - Multiple linear | Monlinear |

Dependent Vanable  |hard_heat j

Independent Yanables g

v Through origin




Heat of hardening of portland cement  |POLVER05_ |4

13  5 

Wpc1	Wpc2	Wpc3	Wpc4	hard_heat

7	26	6	60	78.7

1	29	15	52	74.3

11	56	8	20	104.3

11	31	8	47	87.6

7	52	6	33	95.9

11	55	9	22	109.2

3	71	17	6	102.7

1	31	22	44	72.5

2	54	18	22	93.1

21	47	4	26	115.9

1	40	23	34	83.8

11	66	9	12	113.3

10	68	8	12	109.4

*
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Problem 5 — Regression of Hardening of Concrete
Regression — Multiple Linear

POLYMATH Multiple
Linear Problem
Report (through the
origin)

o
File Edit Help
a
POLYMATH Report Heat of hardening of portiand cement —
Multiple linear regres=ion 28-Sep-2013

Model: hard_heat = al®Wpcl + a2*Wpc2 + a3*Wpc3 + a4™Wpcd

Variable Value 95% confidence
al 2.189177 |0.4182687

a2 1.154136 |0.1082325

a3 0.7532949|0.3601112

a4 0.4885452 |0.093483
General

Mumber of independent variables = 4
Regression not including a free parameter
Mumber of observations = 13

Statistics
R~2 0.9806563 —
R~2adj |0.9742084
Rmsd 0.3568439
Variance |5.822523

Source data points and calculated data points

Wpcl Wpc2 Wpc3 Wpc4 hard_heat |hard_heat calc|Delta hard_heat
1 (7 26 & &0 78.7 79.16424 -0.4642423
2 |1 29 15 52 74.3 72.36288 1.937117 LI
Mo File POLYMATH Report v




Problem 5 — Regression of Hardening of Concrete
Regression — Multiple Linear

Live Demonstration of the Polymath Solution
and Solution of Same Problem in Excel

Excel — The Solution file is Regression01.xls  §

POLYMATH Multiple Linear Regression Migration Docume

Multiple Linear Regression. Mo free parameter.

Wpc1 Wpc2 Wpcd Wped hard_heat hard_heat hard_heat hard_heat residual *2 ad ad az al
7 26 ] 60 TET 7916424 0464242 0215521 Coefficients 0488545 0753285 1154136 2189177
1 29 15 52 743 TZ236288 -1.93712 3752422 Std.dev.s 0.041328 01582 0047848 0184911
11 56 8 20 1043 1045098 0209802 0.044017 R2, SE (y) 0.999567 241289  #MNA HMIA
11 H g 47 876 88.84713 124713 1555333 95% conf. int. 0.093482 02360111 0108233 0418269
7 bz ] 33 959 9588105 008105 0006569 Variance 5.822523
1 b5 9 22 1082 1050861 -411395 1692457 Sum of Squares 5240271
3 71 17 ] 1027 104.2484 1548447 2397688 Model hard_heat = a4 * Wpc1 + a3 * WpcZ + a2 * Wpc3 + a1 * Wped
1 3 22 44 725 T6.03586 3535858 1250229
2 b4 13 22 931 91.00893 -2.09102 4372358
21 47 4 26 1159 1159324 0.032439 0.001052 The Excel result compares very
1 40 23 34 838 8229092 -150908 2277316

11 8 9 12 1133 1128961 -040391 0163141 nicely to the Polymath result.

10 63 8 12 109.4 1122619 2861393 8.190429



PL1

		POLYMATH Multiple Linear Regression Migration Document

																				Multiple Linear Regression. No free parameter.

		Wpc1		Wpc2		Wpc3		Wpc4		hard_heat		hard_heat calc		hard_heat residual		hard_heat residual ^2						a4		a3		a2		a1

		7		26		6		60		78.7		79.1642422537		0.4642422537		0.2155208701				Coefficients		0.488545152		0.7532949398		1.1541356673		2.1891765924

		1		29		15		52		74.3		72.3628829437		-1.9371170563		3.7524224897				Std.dev.s		0.0413275932		0.1592003614		0.0478481621		0.1849109933

		11		56		8		20		104.3		104.5098024422		0.2098024422		0.0440170647				R2, SE (y)		0.9995673472		2.4129904317		0		0

		11		31		8		47		87.6		88.8471298637		1.2471298637		1.555332897				95% conf. int.		0.0934830158		0.3601112174		0.1082325427		0.4182686669

		7		52		6		33		95.9		95.9810504994		0.0810504994		0.0065691835				Variance		5.8225228234

		11		55		9		22		109.2		105.0860520187		-4.1139479813		16.9245679931				Sum of Squares		52.4027054106

		3		71		17		6		102.7		104.2484470427		1.5484470427		2.3976882441				Model		hard_heat = a4 * Wpc1 + a3 * Wpc2 + a2 * Wpc3 + a1 * Wpc4

		1		31		22		44		72.5		76.0358576413		3.5358576413		12.5022892594

		2		54		18		22		93.1		91.0089814781		-2.0910185219		4.3723584588

		21		47		4		26		115.9		115.9324385134		0.0324385134		0.0010522572

		1		40		23		34		83.8		82.2909220668		-1.5090779332		2.2773162085

		11		66		9		12		113.3		112.8960928389		-0.4039071611		0.1631409948

		10		68		8		12		109.4		112.2618926412		2.8618926412		8.1904294897
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Problem 6 — 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 6 — Regressions — Vapor Pressure Data

Regressions — Linear and Nonlinear

Polymath 6.2 Excel




Problem 6 — Regressions — Vapor Pressure Data
POLYMATH Clapeyron Equation Linear Regression EXERCISE

T +% POLYMATH 6.10 Educational Release - [Data Table]
Utilize the POIymath File Program Edit Row Column Format  Analysis Examples

Regression Program NEEH s 2o Hht: BEBEE @A ! =9

to input the data to Ropt:co0t [P X[l
the Data Table F | T | co3 | Co4 | C05 | COE | cav |
m 100 N F7
0z 200 56 69
Create a new column E 0 sass
. 04 500 8475
for a variable logP — e
that is the log of the i 00| 10018
a7 1200 114.79
pressure. 0a 1500 12340

logP = log(P) 1
RO01co03[oP X [=IoaP)

Then create another P | 1 | e | wer | cos o6 cor
: 01 100 41.77 2. 0.0239406
column for a variable 02 200 5669 230103 00176398
invT that is the 03 300 B9EE 2477121 00143554
: 04 500 8478 269897 00117852
Inverse of the 05 700 0565 2845008 D.0104548
‘i~ 0 05 900 10048 2954243 0009982
temperature In °C. 07 1200 11479 3079181 00087116
08 1500 12340 3476081  0.0081037

InvT = 1/T



Problem 6 — 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 RegressionData02.pol

R013: co01 [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 1.8953103 |0.1048967
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 80.0081037(3.170091 |3.060962 |0.1151286
R“‘Eadj 0.9415594
Rmsd 0.0300589
Variance |0.0096377

b

Polymath Solution File is Regression02.pol

B



No Title  |POLVER05_ |4

8  2 

P	T

100	41.77

200	56.69

300	69.66

500	84.78

700	95.65

900	100.18

1200	114.79

1500	123.40

*
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No Title  |POLVER05_ |4

8  4 

P	T	logP=log(P)	invT=1 / T

100	41.77	2.	0.0239406

200	56.69	2.30103	0.0176398

300	69.66	2.477121	0.0143554

500	84.78	2.69897	0.0117952

700	95.65	2.845098	0.0104548

900	100.18	2.954243	0.009982

1200	114.79	3.079181	0.0087116

1500	123.40	3.176091	0.0081037

*
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Problem 6 — Regressions — Vapor Pressure
Data POLYMATH/Excel Solution EXERCISE

The Graph Option LI

from the Polymath -

Regression Program a2 b

indicates a —

reasonable G 7 =
representation of the i

data. 20

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

However, the

Residuals Plot \ o
Option shows a trend e

o1z
In the errors. 008
0.04
000
-0.04 o
-0.03
012 o
-016
-0.20

¢ logPexp -logPcalc

2.000 2115 2235 2.353 2470 2585 2,706 2523 2484 3.055 3176
logP exp



Problem 6 — 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 | C | D | E | Fl G | H ] |
1 |[POLYMATH Polynomial Regression Migration Document
2 Linear Regression. Including a free parameter.
3 [imeT logP logP calc logP residual |logP residual &2 al al
4 | 0.0239406 20 1.895103293) -0.104896707 0.011003319 Coefficients -T3B166 3657529
8 | 0.0176E398 230103 2358946908 0.057916908 0.003354368 Std.dev.s 6.9015 0.096991
6 | 0.0143554 2477121 2600733343 0123612343 0.015280011 R2, SE (y) 0.949908 0098172
7o 00117952 269897 2 T89206619 0.090236619 0.008142647 95% conf. int. 16.88797 0237336
g2 | 0.0104548 2845098 2838788234 0.04273434 0.001830% Variance 0.009638
2] 0.009982 2954243 2922688279 -0.031554721 0.00094947 Sum of Squares  0.057826
10| 00087116 3.079181 2016210836 -0.062970164 0.003965242 Model logP = a1 *inT + al

11 | 0.0081037 3176091 30609623381 -0.115128614 0.013254599

File is Regression02.xls B



PL1

		POLYMATH Polynomial Regression Migration Document

														Linear Regression. Including a free parameter.

		invT		logP		logP calc		logP residual		logP residual ^2						a1		a0

		0.0239406		2		1.8951032932		-0.1048967068		0.0110033191				Coefficients		-73.6166224416		3.6575294044

		0.0176398		2.30103		2.3589469079		0.0579169079		0.0033543682				Std.dev.s		6.9015003591		0.096990767

		0.0143554		2.477121		2.6007333426		0.1236123426		0.0152800113				R2, SE (y)		0.9499080353		0.0981719466

		0.0117952		2.69897		2.7892066194		0.0902366194		0.0081426475				95% conf. int.		16.8879713786		0.2373364067

		0.0104548		2.845098		2.8878823401		0.0427843401		0.0018304998				Variance		0.0096377311

		0.009982		2.954243		2.9226882792		-0.0315547208		0.0009957004				Sum of Squares		0.0578263866

		0.0087116		3.079181		3.0162108364		-0.0629701636		0.0039652415				Model		logP = a1 * invT + a0

		0.0081037		3.176091		3.0609623812		-0.1151286188		0.0132545989
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Problem 6 — Regressions — Vapor Pressure
Data POLYMATH/Excel Solution EXERCISE

DEENl iR s AL, BEEE @A) =7

Utilize the Polymath
Regression Program

RO01 : coo1 [P X v {100 )

to make a Nonlinear

Regression of the

Antoine Equation.

Regression | Analysis | Graph |

Use the initial

guesses as shown.

Plot the Graph and

the Residual for this

regression.

File is RegressionData02.pol §

OR

b

File is Regression03.pol

ng
10
11 o

i | T | logP | nuT | - ';t’ | = | v Graph |+ Residuals
04 100 4177 2. 00239405
02 200 56 63 230103 00176398 ¥ Beport [ Store Model
03 200 B B 247N 0.0143554 Lirear & F'u:ul_l,lnu:umiall Multiple linear  Monlinear |
04 500 8478 269597 00117952 jl:il
05 s S 2 545095 0.0104546 Model: L-M ~
0§ a00 10048 2854243 0009952 P logP=+E AT +C)
07 1200 11479 307981 00057116
~ac 1500 12340 3176091 00081037

e Y= 25+ 8

todel Parameters |nitial Guess:

hodel parm | Initial quess
3.66
B -1000
C 200
Model: logP = A+B/(T+C)
Variable |Initial guess Value |95% confidence
A 3.66 6.376557|2.317467
B -1000. -071.542 |1202.155
C 200. 180.4905|159.0569

Nonlinear regression settings

Max # iterations = 64

Precision

R~2 0.9976599
R~2adj |0.9967238
Rmsd 0.0064959
Variance [0.0005403




No Title  |POLVER05_ |4

8  2 

P	T

100	41.77

200	56.69

300	69.66

500	84.78

700	95.65

900	100.18

1200	114.79

1500	123.40

*







Double Click to Open
File Attachment
RegressionData02.pol


No Title  |POLVER05_ |4

8  4 

P	T	logP=log(P)	invT=1 / T

100	41.77	2.	0.0239406

200	56.69	2.30103	0.0176398

300	69.66	2.477121	0.0143554

500	84.78	2.69897	0.0117952

700	95.65	2.845098	0.0104548

900	100.18	2.954243	0.009982

1200	114.79	3.079181	0.0087116

1500	123.40	3.176091	0.0081037

*

logP=A+B/(T+C)

A=3.66	B=-1000	C=200
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Problem 6 — Regressions — Vapor Pressure
Data POLYMATH/Excel Solution EXERCISE

The Graph Option 40

from the Polymath o | Lo e

Nonlinear Regression o |
Program indicatesa = 3o

reasonable iy

representation of the -

data. 20 &

2.000 21158 2235 2353 2470 2585 2706 2823 284 3.055 3176
logP exp

The Residuals Plot
Option shows a more

random distribution of o *
the errors. \ 0098 ¢ logPexp -logPoalc
0.0z2 o
These graphs plus the o
lower variance for the ':;-?J':;
Antoine equation oo § o
indicate that the data oo o o °

2.000 2118 2235 2353 2470 2588 2706 2823 294 3038 3176

are well represented. oo



Problem 6 — Regressions — Vapor Pressure
Data 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

maonlinear Redression

1
2
3 T logP  logPcalc  |logP residual logP residual #2 |(logP - logPav)*2 (logPcalc - logPavy"2 A B €
1 M7 2| -0.476162468| -2.476162468]  £.13138057 3.494257876 0.368280014  Coefficients | 366 -i000 . 200}
5 a6.69 230103 -0.235749737 -26836779737 6435257424 4710303847 0134290216 R2, SE ) 0.016994 2561171
B B9.66 2477121 -0.0483T735807 -2525484507 B.278122507 4.505660738 0.032065967 Variance B.5595495
7 a4.78 2E9847Y 0148517442 -24550452548 B a04808144 B.A954977112 0000317228 Average logP | 0130707
3 95 65 2845098 0277622138 -2567475812 B.591932043 7.267920905 0.021584203 Model logF = A+BIT+C)
9 10018 2954243 0328665467 -2 625577533 f.893R57 38 7 872358044 003918773
{10 11479 3079181 0483279011 -259550159848 6738707124 265350154 0124307326
11 123.4| 3176091 0567854051 -26082369449 G.8028954954 8.274366404 01910974931
12
13 Sum [Szarers92s] Solver Parameters 2| x|
14
15 Set Target Cell: $F$13 % Solve I
16 Equal To: " Max Mo " Walue of: IU Close |
17 By Changing Cells:
18
15 | sr54:9mg4| 3| ﬂl
?U uhiect ko the Comstraints: Options |




Problem 6 — Regressions — Vapor Pressure
Data POLYMATH/Excel Solution EXERCISE

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

PR TREY 0 S0 [P R ROy RIS RSP RO Y NN B Y .
UJM—‘DLCIGJHCDW&UJM—‘DLDmHmU‘hMM

A | 8| ¢ | ©o | € | ¢ | & | Hooo ek L M
POLYMATH Multiple Nonlinear Regression Migration Document
Monlinear Regrassion
T logP logP calc logP residual |logP residual #2 |{logP - logPavg)*2 (logPcalc - logPavi)* 2 i B C
4137 2| 2006165146 0006165146 3.8008E-04 0478129438 0469641432 Coefficients B.435009) 100214 1245053
869 230103 2280127127 -0.020802873 0000432653 0152442647 0168202172 R2, SE iy 0997769 0018284
BI.BE 2477121 2492149822 0015028822 0000225865 0.045945084 0029728152 Variance n.oooz3as
2478 269887 2713535931 0014565931 0000212166 8 62644E-05 00004265948 Average logP | 2691469
945 65 2845088 2847928733 0012830733 0000164628 0.0236018456 0027708828 Model logP = A+BIT+C)
10018 2954243 2914242329 -0.039394671 0.00155154 0.069050152 00488982305
11479 3079181 2086683783 0007502783 5.62918E-05 0.150320561 0156194
1234 3176081 218303134758 00042224745 1.782832E-04 0.2348458441 023 ara
Sum 0.00270366 nlvails % il il
S0y as converged bo the current solukion, Al
nstraints are satisfied. Reports
Answer ;l
% Keep Solver Solution Sl
Limits
. . i~ Restore Original Yalues ﬂ
Nonlinear Regression
A B C (04 I Cancel Save SCEnario... | Help I
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)

File is Regression03.xls

B
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		POLYMATH Multiple Nonlinear Regression Migration Document

																				Nonlinear Regression

				T		logP		logP calc		logP residual		logP residual ^2		(logP - logPavg)^2		(logPcalc - logPavg)^2						A		B		C

				41.77		2		2.0061628516		0.0061628516		0.0000379807		0.4781262649		0.4696414317				Coefficients		6.4350069811		-1002.1382333745		184.5053450078

				56.69		2.30103		2.2801248321		-0.0209051679		0.000437026		0.1524408549		0.1692021725				R2, SE (y)		0.9977693809		0.0183836197

				69.66		2.477121		2.4921475273		0.0150265273		0.0002257965		0.0459441001		0.0397281521				Variance		0.0003379575

				84.78		2.69897		2.7135336371		0.0145636371		0.0002120995		0.0000562988		0.0004869476				Average logP		2.691466749

				95.65		2.845098		2.857926439		0.012828439		0.0001645688		0.0236025613		0.0277088284				Model		logP = A+B/(T+C)

				100.18		2.954243		2.9148460351		-0.0393969649		0.0015521208		0.0690513581		0.0498983055

				114.79		3.079181		3.0866814889		0.0075004889		0.0000562573		0.1503223405		0.1561946907

				123.4		3.176091		3.1803111805		0.0042201805		0.0000178099		0.2348606647		0.2389688782

										Sum		0.0027036598
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SUMMARY - Desktop Problem Solving Involving
Polymath, Excel, and MATLAB

@& &

Polymath 6.2 Excel

|
Happy
Problem
Solving!
MATLAB




Advanced Topics



29 Order ODE or 2 coupled ODE’s with

ons

Split Boundary Conditi

NonNewtonian fluid flow
through a pipe (POLYMATH Text

8.2c¢)

dr _Er
o] (=) M

Boundary Conditions:

r=0v,=max T, =0
r = wall v, =01,, = max
L"‘\p_

Cc#s> B2 — PR s

Nw—NEuJ'\“Dﬂ‘.\aﬂ fn-) )
zo =k (3) D]
‘_:JQ'L«'\,-L_Q '!.CD\JCJQEM ‘gnm muM{ﬂ&\)W\ ba.\awc.q (Suﬂ)

Trg = i'@(i‘}b) 'Huw.(ig(')
&r 'Po--rUL[aud 'p.l'u:.cis need 1lt=£|w:l r‘\c da‘uf 5L a0
U %_ﬁm

-

N
So T >0 Loy Ek[‘%‘l

Mo = then ghattwment vieg

1) Sawe FPOCGM as Aewtvaan
1) Guess ASx
Solve

3) Does ’U'xfrf 0
- -'F1w5'|nu‘ﬁ

Jed

\q:: - 2""’{%&.53 4 tn—kw?u‘!cr‘?mﬂ% —!—w«eqﬂ'f



POLYMATH Report
Oindinary Diferential Equations.

‘Calc:.llated values of DEQ variables

82 akb Laminar Flow of Mon-Mewtonian Fluids in a Horzontal Pipe

Variable Initial value |Minimal value Maximal value Final valuel
1 delP 100, 100. 100. 100. |
2k 1.0E-06 1.0E-06 1.0E-06 L0E06 |
3L 10. 10. 10. 10.
4 | 2. 2. 2. 2.
5| o 0 0.009295 0.009295
s R 0.009295  |0.009295 0.009295 0.009295 |
7 ltau o 0 0.046475 0.046475 |
'8 ltau_anal [0 0 0.046475 0.046475
9 laur o 0 0.000432 0.000432
Wihava 0 0 0.5725206 0.5725206 |
11 v 1335881  |5.281E-08 1.335881 5.281E-08 |
12 hocanal |La33seEl o 1.335661 0 |
Differential equations

1 di{tau_r)/d(r) = delP/L*r
2 d{wx)/d(r) = f{tau>0) then (-(tau/K)~(1/n})) else ({-tau/K)}*(1/n))
3 d{vavg)/d(r) = w*r*2jR"2

Explicit equations

1K=1e6

2 delP = 100

3L=10

4 tau = if (r >0) then (tau_r/r) else (0)

Sn=2

6 R = 0.005295

7 tau_anal =

8 wi_anal = n/(n+1*(delP/L/2/K)~(1/nf*R((n+1)n)*(1-(r/R}™{(n+1)/n))

delP/L*r/2

General

“Total mamber of equations 11
Mumber of diferential equations 3
Mumber of explicit equations |8
Elapsed time 0000 sec
Solution methad RKF 45
Tiep size guess. h 0.000001
Truncation emor tolerance. eps. |0.000001

This 15 a trial and error
solution since you do not
know the values for velocity
at r=0. You do know that at
=0 the stress i1s zero. So
vou must guess a value for
the velocity and then run
POLYMATH. You will know
that you have guessed the
correct velocity when the
velocity at =R is very small
e.g. nearly zero. To
minimize the number of
trials, guess 2 initial
velocities and then use
interpeclation to find the 3rd
guess. And then every new
value after that will be found
by interpolation.

Trial & Error Results

v

1
0
1
1

at r=0 WV at wall
.5 0.1641189
.5 -0.8358811
.34 0.004118%9
3355 0.0001189

@ POLYMATH 6.10 Professional Release - [Ordinary Differential Equations ... — O x
Eile Program Edit Format Problemm  Examples  Window Help - & X
DSEN Ry AL, BEBE@E @H! (&9
w1 6 E = | IHKF45 vl [~ Table [ Graph W Report

|Differentia| Equations: 3 |Au:-:i|iary Equationz: 8 |v’ Ready far salution

ditau_r)/dir) = delP/L*r

div)/dir) = if(tau=0) then (-tau/K}*{1/n)} else ([-tau/K}*{1/n)]

divavg)/d(r) = w'r2/R2

K= 1e-6

delP = 100

L=10

tau = if [r =0) then (tau_r'r) else (0)

n= 2

wvi_anal = n/(n+1)*(delP/L2ZKPUn Ry (n+1)n ) (1-(r/R)*(n+1)/n})

tau_anal=delP/L*r/2

R= 0009295

ri0)=0

tau_r(0)=0

vi(0)=1.3358812

vavg(0)=0

rify=0.009295

L4 >
Lhi | C&58-2ab.pol 8.2 akb Laminar Flow of Mon-Mewtonian Fluids in a Horizontal Pipe
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Annular Flow C&S 8.4
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& POLYMATH .10 Professional Release - [Qrdinary Differential Equations ..  — O X
Eile Program Edit Format Problem  Examples Window Help - 8 %
DEEN 4RI AL mAY =T
| dr e [ ] E =) | |RKFEE ~| [ Iable [ Graph [ Report
|
p | Differential Equations: 3 | Auxiliary Equations: 9 | Ready for zclution
Hitau_ri/dir) = delP/L*r # A
! diva)/d(r ifitau=0) then (-ftau/K}(1/n}) else ([<tau/K}*{1/n)) #
~1 i divavg)/d(r) = wr2/[R2n2-R112) #
K=001%#
;:F', delP = 100#
L= 10#
tau = if (r =0) then (tau_rr) else (0) #
n= 05%
wx_anal = (delP/L/4/K)"(R22-r2+(R242-R142)/In(R2/R1)"In{r'R2)) #
wx_avganal = (delP/L/8/K)*(R142+R242-(R2*2-R142)/In(R2/R1)) #
R1= 001905 #
R2 = 003129 #
r(0)=0.01905
tau_r(0}=-1.2582E-03
w(0)=0
vavg(0)=0
r(fj=0.03129
]
< >
Lnl | pB-4d R=0.01905pal 8 4d n=05 MNon-MNewtonian Fluid in an Annulus Pipe B1=0.01905m

Now you have to
use an if then
else statement
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@ POLYMATH 6.10 Professional Release - [Ordinary Differential Equa... — O
File Program Edit Format Problem  Examples Window Help

- & %X

*

FEN RS HL B B@A! =7

R i E =3 IF!KF45 vl [~ Iable [~ Graph [ Report

|D|fferenllal Equations: 9 ‘Auxiliaw Equationz: 21 |\/ Ready for solution

d(T2)/dt
d(T3ydit
d(T4)/dit
d(T5)/dt

) -1/(tho*Cp*4*pi*delr"2)*(q3-q1)/2/delr

|

)

)
d(T6)/dt)

|

)

)

-A/(tho*Cp*4*pi*(2*delr)*2)*(gd-q2)/2/delr
-1/(tho*Cp*4*pi*(3*delr)*2)*(g5-q3)/2/delr
-1/(tho*Cp*4*pi*(4*delr)*2)*(q6-g4 )/2/delr
-1/(tho™Cp*4"pi*(5"delr)*2)"(g7-gb)/2/delr
-1/(tho*Cp*4*pi*(6*delr}*2)*(q8-g6)/2/delr
-A/(tho*Cp*d*pi*(T*delr)*2)*(q9-q7 )/2/delr
d(T9)/dit -1/(rtho*Cp*4*pi*(8*delr)*2)*(q10-q8 )/2/delr
d(T10)/d(t) = -1/(rho*Cp*4*pi*(9*delr}"2)*(g11-g9)/2/delr
T11 = (2*delrh*Tinf+4*k*T10-k'T9)/(2*delr'h+3"k)
T1= (4T2T3)3

0

-4*pi*delr2*k*(T3-T1)/2/delr

-4*pi*(2*delr)"2*k*(T4-T2)/2/delr

-4*pi* (3 delr)"2*K*(TS-T3)/2/delr

-A*pi*(4*delr)"2*k*(T6-T4)/2/delr

-4*pi* (5 delr)"2*K*(T7-T5)/2/delr

-4*pi*(6*delr)"2*k*(T8-T6)/2/delr

-47pi*( T delr)" 27k (T9-TT)/2/delr

-4*pi*(B*delr)"2*k*(T10-T8)/2/delr
= Api*(9delrp2*k*(T11-T9)/2/delr
h*4*pi*R"2*(T11-Tinf)

d(T7)/dit
d(T8)/dit

22238 E6R2

E=l=]
S e
I

B
1

=1

[=}

rho = 8200
Cp=410

R= 005
delr=" RM0
Tinf= 20
pi= 3.14159265359
h= 220
t(0)=0
T2(0)=300
T3(0)=300
T4(0)=300
T5(0)=300
T6(0)=300
T7(0)=300
T8(0)=300
T9(0)=300
T10(0)=300
t(fl=1500

<
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@ POLYMATH 6.10 Professional Release - [Differential Equations Selution #1] — O ® @ POLYMATH 6.10 Professional Release - [Differential Equations Solution #1] >
@ Eile Edit Window Help - 8 x @ Eile Edit Window Help & %
OSEN % 2R 6l B@A! &7 DSEBN iR ! OCEBOE @ P! &7
Differential equations
POLYMATH Report Cooling of a Sphere in a Finite Water Bath - Rigorous Method 9.13b /A 1 d{T2)/d(t) = -1/(rho*Cp=4=pi=delr~2)*(q3-q1)/2/delr ~
Ordinary Differential Equations 13-Juk-2017 2 d(T3)/d(t) = -1/(rho*Cp™4*pi*(2=delr)"~2)*(qd-q2)/2/delr
3 d(T4)/d(t) = -1/(rho*Cp*4*pi*(3*delr)"2)*(q5-q3)/2/delr
Calculated values of DEQ variables 4 dfrs)fd[t) 1’([ X xcp:41p_:(4xd I )Az)x[q&q:ﬁfd |
Variable Initial value Minimal value |Maximal value Final value d[T )[d[)_ [[rhot p* *p;[ *delr) )*[q 4 );’2fde|r
& 6)/d(t) = -1/(rho®Cp*4*pi*(5*delr)"2 7-q3 elr
1 |Cp 410. 410. 410. 410. A d[-r}')id[t) li[ h *Cp*4*p'*[6*d I) 2)*[q8 qﬁ)izd |
=-1/(rho i elr)™ - elr
2 |delr 0.005 0.005 0.005 0.005 = dga;dg le o *Cpﬁ*p,;*d l; 2;*?19 q:r;md |
=-1/(rho i elr)™ - elr
3 |h 220. 220. 220. 220. P 9
L 8 d(T9)/d(t) = -1/(rho™*Cp™4*pi*(8*delr}~2)*(q10-q8)/2/delr
4 10. 10. 10. 10.
9 d(T10)/d(t) = -1/(rho*Cp*4*pi*(9*delr)~2)*(q11-q9)/2/delr
5 |pi 3.141593 3.141593 3.141593 3.141593
6 g1 0 0 0 0 Explicit equations
7 |qio 486.8103  [0.888160 941.4439 9.888169 1 Tinf = 20
8 |qu1 1803.001  |12.86002 1803.001 12.86002 2 T1=(4*T2-T3)/3
9 |g2 0 0 0.6031391 0.0072762 3 gl=0
10(q3 0 0 6.875081 0.1003501 4  pi = 3.14159265359
11 |q4 0 0 27.99131 0.4063394 5 k=10
12 (g5 0 0 68.06368 0.9793254 & R=0.05
13 g6 0 0 138.6019 1.925245 7 delr =Rf10
14 |q7 0 0 244,2463 3.257082 B g2 = -4*pi*delr~2*=k=(T3-T1)/2/delr
15/q8 0 0 307.0456 5.04594 9 g3 = -4*pi*(2%delr)"2%k™(T4-T2)/2/delr
1699 ] ] 619.87 7.246805 10 g4 = -4=pi=(3”delr)~27k™(T5-T3)/2/delr
17 R 0.05 0.05 0.05 0.05 11 g5 = -4™pi™(4"delr)~27k*(T6-T4)/2/delr
18 rho 8200. 8200. 8200. 8200. 12 g6 = -4™pi*(5%delr)~2k=(T7-T5)/2/delr
19t 0 0 1500. 1500. 13 h =220
20/T1 300. 22.08004 300. 22.08004 14 q7 = -47pi*(67delr)"2~k™(T8-T6)/2/delr
21(T10 300. 22.06015 300. 22.06015 15 rho = 8200
22|T11 280.8696 | 21.86067 280.8696 21.86067 16 Cp = 410
23[T2 300. 2208325 300. 22.88325 17 q8 = -47pi™(77delr)~27k*(T9-T7)/2/delr
— _AFqiEfQE AE]E =
24|13 300. 22.96588 300. 22.96588 18 9 = -47pi™(8%delr)"27k(T10-T8)/2/delr
_ = 3 | T *= | |- £ £ =
25 T4 300. 32,0034 300. 22.0034 19 T11 = (2*delr*h*Tinf+4*k*T10-k*T3)/(2*delr*h+3%k)
— A FniFlQE oy | =
26[Ts 300. 22.82217 300. 22.82217 20 q10 = -47pi7(37delr) "2k (T11-T9)/2/delr
21 q11 = h*®4*pi*R~2*(T11-Tinf)
27|76 300. 22.70857 300. 22.70857
28|77 300. 22.57704 300. 2257704
General
20|18 300. 22.42058 300. 22.42058 Total number of squations |30
30|79 300. 22.24925 300. 22.24925 Number of differential equations |9
31 |Tinf 20. 20. 20, 20, Number of explicit equations 21
Elapsed time 1.157 sec
. . . Solution method RKF_45
Differential equations Step size guess. h 0.000001
1 d(T2)/d(t) = -1/(rho*Cp*4=pi*delr~2)*(q3-q1)/2/delr v Truncation error tolerance. eps |0.000001 v
Mo File |F'DLYMATH Report Mo File |F'DLYMATH Report
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Differential-algebraic
system of equations
using the controlled
integration technique
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Determination of starting temperature of batch distillation

POLYMATH Report Bubble Point temperature calculation of a binary mixture

Monlinear Equation . [
Calculated values of NLE variables Q PP SUa = ' X Cownt L:|l L@J T ‘L@é"ﬁfﬂ- E
Variable Value [f(x) Initial Guess |

=
1T 95.58509 |1.04E-03 |110. ( 20. < T < 200. )| ,f;.,-.w 2\ o nawa

ariable Value
A : gwﬂuﬂ ot ; - kq.x‘ -_ b;__-xg_

AB 6.90565 -

AT 6.95464
BB -1211.033

waa
BT -1344.8 Cﬁt)c& 12 4o lhove @@ 50-{@1.:-.@“"1:\-6 Swal

CB 220,79

CT 215,482

1
KE 1311644 Use o ?rnpmwhwg,j cm-:‘:mnt‘.‘f‘ 4o chewse T o okl

KT 0.5325346

[T=TR - TN I (T T, B S R Ry (I

p 012, Hne pob't ¢ e

[y
[=]

=
=

PvapB 1196.219 AT

PvapT  |485.6716 - k" {: D\I':]'

xB 0.6 d" =
Ko

xT 0.4

=y
[

=y
(=)

)
Nonlinear equations k_ 1o k‘-ﬂ-ﬂ-{:’ e lees e o
1 f{T) = xT*KT4xB*KB-1= 0 e nase <

Explicit equations g | croucs Jo "-\J& .

AB = 6.90565 '
BB = -1211.033
CB = 220.79
AT = 6.95464
BT = -1344.8
CT = 219482 £ /50D et gaay = O 827 e EL
PvapB = 10~{AB+BB/(T+CB))

L]

;(- = 0.3 Atz MF
&

£e

PvapT = 10~(AT+ET/(T+CT)) L , d

-

rc

K

= [ Syt peone

(=T = B = R A

= g @rrE walk = D.ub‘-} 5.[55?,
xT =04 :

10 xB = 0.6

11 P = 1.2*760
12 KT = PvapT/P
13 KB = PvapB/P

I_ES 2y wao = O Oy '-f- 3040"

& AnX = 4}':.!“-5 .EKM

4 2wd 5 batch dishllathon

L = 140430 wo!

T = /0% 6°C

General Settings
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Determination of end point of batch distillation

POLYMATH Report Banch Distillation Solving differential algebraic equations
Ordinary Differential Egquations.

Calculated values of DEQ variables

Variable Initial value Minimal value Maximal value |Final value|
1 |AB 6.90565 6.90565 6.290565 6.20565 |
2 |AT 6.95464 6.95464 6.95464 5.95964
3 |BB -1211.033 -1211.033 -1211.033 -1211.033
4 |gT -1344.8 -1344.8 -1344.8 -1344.8 |
5 |CB 220.79 220,79 220.79 220.79 |
6 |CT 219.482 219.482 219.482 219.482 |
7 |emor -3.646E-07  -3.646E-07 3.878E-05 3.878E-05
& |KB 1.311644 1.311644 1.856669 1.856669
9 |ke L.OE+06  1.0E+06 1.0E+06 LOE+06 |
10 |KT 0.5325348 0.5325348 0.7857842 0.7857842 |
1L 100. 14.0436 100. 14.0436 |
12|p 912. 912. 912. 912. |
13 |PvapB 1196.219 1196.219 1653.282 1693.282 |
14 IPvapT 485.6718 485.6718 716.6352 716.6352 |
15T 05.5851 05.5851 108.5707 108.5707 |
16 |xB 0.6 0.2 0.6 0.2 |
17 |xT 0.4 0.4 0.8 0.8 |

Differential equations
1 d(T)d(xT) = Kc*errar

2 d(L)/d(xT) = Li{xT*KT-xT}

Explicit equations

AB = 5.,90565

BB = -1211.033

CB = 220.79

AT = 5.,95464

BT = -1344.8

CT = 219.482

PvapB = 10~(AB+BB/(T+CB))
PvapT = 10~(AT+BT/(T+CT))
P = 1.2*760

10 KT = PvapT/P

11 KB = PvapB/P

WO s o b W e



Thank you for your interest in this
workshop!





