Solution of a System of Nonlinear Algebraic Equations (NLE)
with POLYMATH and MATLAB, Parametric Studies with
MATLAB

A system of nonlinear algebraic equations is defined by:
fx)=0

where f is an n vector of functions, x is an n vector of unknowns.

Note that the number of equations is equal to the number of the

unknowns.

Typical examples belonging to this category include:

**Bubble Point, dew point and isothermal flash calculations for

non-ideal multi-component mixtures

+¢ Adiabatic flash calculations for multi-component mixtures

*»Flow distribution in pipeline networks.

¢ Complex chemical equilibrium calculations.

*»*Material and energy balance for multi-stage, multi-component

systems

Complex Chemical Equilibrium — Problem Statement

The following reactions are taking place in a constant volume,
gas-phase batch reactor:
A+ B C+ D
B+CeX+Y
A+ Xes &
A system of algebraic equations describes the equilibrium of the
preceding reactions. The nonlinear equilibrium relationships
utilize the thermodynamic equilibrium expressions, and the linear
relationships have been obtained from the stoichiometry of the

reactions.
i Celp . CxCy . Lz
Cqa= Cap—Cp-Cx Cp=Cpy—Cp—Cy

Ce=Cp=Cy Cy=CxrC;




Complex Chemical Equilibrium - Problem Statement

The equilibrium coefficients K|, K, and K;can be expressed
as function of the temperature (7) as

In 07 = —2396.301(L - lj
330 T

C1

im0 _ 2421.518(L—lj
. 330 T
n&330 —8954.7(L —lj
B 330 T

where T is the temperature (K)

Complex Chemical Equilibrium — Assignments

a. Calculate the equilibrium concentrations of all reaction
components at 7= 330 K. The initial concentrations of the
reactants are C,, = Cpy=1.5 g-mol/L.

b. Calculate and plot the equilibrium concentrations of all
reaction components at 41 temperature values, starting from T =
330 K up to T = 370 K. The initial concentrations of the
reactants are C,, = Cp,=1.5 g-mol/L.




Complex Chemical Equilibrium - POLYMATH Code

: :

File Program Edit Format Problem Exa SOlutlon algorlthm

DS EN BRI M2

fo., < b @b » ISafenewt vl

|Nun|inear Equations: 3 |,'=\uxiliﬁr)r Equatiuns:‘10|/ NOte the particular form Of the

D =CC*CD/CA*CB-KC . : .
fCX=CX*CY/(CBCCKC2 lmphClt equations

[\

- 301%(1/330-1/T)))
{ 21.518%(1/330-1T))

KC3=(T/330)/{exp(-8954.7%(1/330-1/T}})

CY=CX+CZ

CAD=15

CB0=15

CC=CD-CY

CA=CA0-CD-CZ

Initial guesses must be physically
feasible (no negative or zero values)

Complex Chemical Equilibrium - POLYMATH Solution

B e
[EF File Program Edit Format Problem Exa POLYMATH Report
D @ @ . | UVD E 0 |M Eb | Nenlinear Equations
M xe  ini- Iﬁ' Calculated values of NLE variables
F[l ] Li] E = | SR Variable Value |f(x) Mt Guess
|NunlinearEquatiun5: 3 |Auxiliary Equationz: 10 | 1CD  y |-3.042863 1_315E-uf 0.1 \
 CDI~GC D/ (CACELKE 2|g7” _ [o23008 [L1sazaffon )
fCXfCK*CY/ICB CC)KC2 é@/ 5.004243 |18735001 /)
Variable Value \
Lz~ ossuses|  Starting from
o CAD 1.5 o e
AR other initial
4 fce0 15 guesses may
5 |CC 1.101974
CBO= .. . . = “
ce=¢ Division by unknowns T e | 16ad t0 7o .
CA=( 7 |kct 0.7
cp=¢ CaUSes convergence toa 8 k2 1. convergence
00 golution with negative ke It
C,r\::[] . 10|T 330,
CZi0: concentrations




Complex Chemical Equilibrium - POLYMATH Solution
B

Nonlinear Equations.
& Fie Program Edit Format Problem Exa
Calculated values of NLE variables

D iq W E | ‘XJ E 0 | M Eb | Variable Value f(x) Initial Guess

= 1|co 0.6966934|-2.117E-08 0.1

f[’i I i ) E =3 Isafenewt 'I 2[ex 0.3324635 |-1.850E-08 0.1
3

N . o . cZ 0.2004334|1.481E-08 |0.1
|Nun||near Equations: 3 |Auxmary Equationz: 10 | =

05 Variable |value
- 1 [ca 0.6028733
- 2 |cao 15
fiCZ)2RZ-KEFCACK 5 1R BT
4 [ceo 15
30113301 |5 |cc 0.1637965
{ : (A/330-1T))) 6 |cv 0.5328968
(T/330 ) {expi-8954 X 1/330-1/T11) 7 |KCL 0.7
CY=CX=0F 8 kcz |4
CAQ=15 9 |KC3 1
CE0=15 10[T 330.

CC=CD-CY
CA=CA0-CD-CZ
CB=CB0-CD-CY
CoiD=0.1 . 5 5 2 a g

0-g1 An alternative formulation (without division by the

Czin=01 unknowns) enables convergence to the correct solution

Complex Chemical Equilibrium — A MATLAB function

Generated by POLYMATH
File Edt Text Cel Tools Debug Deskiop Window t
NEE|ie=ao 2|87 Initial . { int :
1 xguess = (010101} W Initial guess ver nitia gueSS 18 pu 1nto a row vector

function £x = MNLEfunix)

KCl =7 rexpid3fe 300"/ 330-LsTH

Input parameters are transferred
ECZ=dsexpldil. 518>l 230-Ls TN tO the function in an arra
EC2=Tr230/expap5d7 * (L 230- (L7 TN) y

CY=CX+CE;

11 Chn =15

12 CEN=L5;

13 CC=CD-CY;

14 CA=CA0-CD-CE;
15 CE=CB0-CD-CY;

1 sLn-corep-geLrcareny } Output parameters are should be
17 fxl21)=CE*CY-(EC2* CB* CC}

18 txou=Cz-®EITCATCR, placed into a column vector




Template for solving an NLE System*

=
File FEdt Text Cel Tools Debug Desktop ‘Window Help 2 x
DeH|saBcc|(asnaslapaapedF & #0080
1 function% Insert here your file name after function (Use Llphanuber ic nawes only) =i |
2 olear, cle, format short g, format compact L
E xguess= % REeplace this line wviththe xguess lines(s)fromPolymath report.
4 dispiVariable values at the initial estinate) :
5 foguess=MNLEfunixgusss) E
@ dispi Variable Value FunctionWValue!)
7 for i=l:sizeixguess,2)
8 dispil x intistrii) snumdstrixgusssiny snumstrifguessan
2 end
10 options =optimset(Diagnostics,ofi] TolFun le-2]yTo 13 le-31;
11 xz0lv=130lve@HMNLEfun Xxguess,0prions)
2 e s—esaae oo The MATLAB library function
1z fsolv=MNLEfunixsolv)
14 dispi Variable Value FunctionValue!) fsolve is used tO Solve the NLE
15 for i=l:sizeixguess,iy
1s dispil x intistrid) s numeStrixso lvii 1 1 1 1
| - system (in optimization toolbox)
13 Yommmmmm e
1% % Replace thisandthe following line with the functioncopied fromthe Polywath report
20 % Do not include the xguess line(s)

] - ull
| HeatExchperm x|Urvtmed" x| ‘:

[ ln 2z Col 1 [OVR

*Available in the HELP section of POLYMATH

Complex Chemical Equilibrium — Modifying the Template for

Parametric Runs

File Edit Text el Tools Debug Deskiop ‘Window Help

N d i@ |3arsr | aRBRE 2R -

1 function ExamplesE

i =  rclear,cle, format Short o, LOEMSC COMPARCT

3 ®guess =[010101] % initial guess vector

4 — options=optimseti{Diagnostics foff)TolFun le-?]»Tol Le-?ly

5 - Cal=1F5

| [ —— Input T as a parameter into the function
7= for i=1:41

e TUi,10=330 +(1-1) \

9

xz0lv=fsolve(@MNLEfun,Xxguess,options, @
10 Hguess=xsolv; . o o« e e
11 D Dowse v, \ Use the current solution as initial

1z CH(1l)=xs01vie)

I k2t 1-sa0 1) guess for the next 7 value
14 C¥ill= CX(il+ CElik

15 CC(i,l)= CD(i)-CY(iy

14 CAfil)=CA0-CD{i)-CZ{i}

17 CE(i,l}= CBO- CD{i)- C¥(i}

18 *\ end

1% - dispi Complex Chemical Eqquilibrium, Reactants Concentrationsdg

20 —  dispp Tabular Resultsy




Complex Chemical Equilibrium — Results of Parametric Runs

ST

\Ie Edit Debug Desktop ‘Window Help
0| b B oo o | 85| P | [cwesee sseanpes 7] L]

Shortcuts [2] Howto &dd  [2] wwhats Mew

Cotplex Chemical Equilibrium, Reactants Concentrations ;I
Tabular Results
TIE} ch CB Complex Chewical Equilibrium Produsts Concentrations
330 0.60287 027041 Tahular Results
331 059338 026935 T(ED cc oD cx [odd o7
332 058381 0.28825 330 01630 069069 033244 0.532F  0.20043
333 057424 026711 3l DL43PR 0.4PTIZ 0 032402 053333 020932
334 058467 0.255%d 312 01641 049FRZ 031557 053383 021824
335 055511 0.2447Td 3313 01441l 0.6885  0.20712 053428 023724
234 054557 0.24351 3 014404 049905 029872 053501 023428
237 053808 D.242ik 335 016388 069957 0.20034 053547 024532
238 05288l D.2409% 3ig 016365 0FO007  0.28206 053642 035434
23p 051722 025959 337 014333 070055 027383 05372 025339
40 050781 0.258%% 2338 0.162%4  0F0LOL 0.26568 053806 027238
41 04PB67  0.2548% 239 0Dlé2dE  0T0L44 025763 05384 0.28124
42 048934 025537 30 014195 070184 024985 053991 028023
43 04805 025393 21 016135 070247 0.24185  0.540%1 029904
44 047158 0.252d 42 01407 070245 023415 0541%4 030781
245 04477 0.25091 343 015888 070302  0.22657 054305 031447
4 043408 0.24934 44 01592 070338 0.21°14 054415 032504
47 044553 0.24779 35 015838 070373 021164 054535  0.3335
M5 04ITLL 0.34818 e 01575 070407 0.20472 054657 034184
oy 10 NdA3IRRI 0 3d4dER 47 015458 07044 019775 054782 035007

Complex Chemical Equilibrium — Results of Parametric Runs
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Complex Chemical Equilibrium — Results of Parametric Runs

Products Equilibrium Concentration
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