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:
f(x)=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

s 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+Bes C+ D
B+CoX+Y
A+ X Z
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.
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Complex Chemical Equilibrium — Problem Statement

The equilibrium coefficients K-,, K-, and K~;can be expressed
as function of the temperature (T) as

n -2/ =—2396.301(i—£j
Ke, 330 T

|n4—'O =2421.518 1 1
330

T

C2

n {7330 _ —8954.7(1 _ 1)
. 330 T

where T is the temperature (K) the coefficients K, and K,
are dimensionless, K-, has units of L/g-mol.




Complex Chemical Equilibrium — Assignments

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




Complex Chemical Equilibrium —- POLYMATH Code

Solution algorith
File Program Edit Format Problem Exa olution a gorl m

DEEN| & 2R & #A2
Fer e i i E =5 | Isafenewt j
Monlinear Equations: 3 | Auxiliary Equatiuns:‘“llil|/ NOte the partlcular fOFm O.I: the

CD\=CC CD/(CACE-KCT PUSETRY -
FCX)=CX*CY/(CB*CC-KC2 implicit equations
(CZ)=CZ/(CA*CX]-KC3

T=

KCA1=0 THexp(-23496 301%{1/330-1/T}})

KC2=4/{exp{2421.518%{1/330-1/T}})

KC3=(T/330/{exp(-6954 7*(1/330-1/T}}]

CY=Cx+CZ

CAl=145

cB0=15

CC=CD-CY

CA=CAD-CD-CZ

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




Complex Chemical Equilibrium — POLYMATH Solution
e oo

File Program Edit Format Problem Exa POLYMATH Report
i Menlinear Eguationz
EE N % BRI M

Calculated values of NLE variables
S i ] E =5 | Isafenewt j .

Value f(x) AMitha| Guess

MNonlinear Equations: 3 |Au:-clllﬂr5r Equationsz: 10 | -3.042863 [1.315E-0¢ 0.1

-9.23908 [1.164E-1g|0.1

5.094243 |1.873E-00N0.1
S

N\

Value

FL.“I =0 7i(exp 238 301°(1/330-17T) .~ |ossi7es| - Starting from

1.5

e other initial
= guesses may
1.101974

27| lead to “no
convergence”

Hﬁ THHD
CY=CX+CZ
CAD=15

':EIIZI: - .-
cc=t Division by unknowns

u,"-'-_

‘s- Causes convergence to a
2% solution with negative

i
L |

Czio. concentrations
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Complex Chemical Equilibrium — POLYMATH Solution
Sl

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

ﬁ W E | .;II"iI:- E r’:? | ﬂ Eh | Variable |Value f(x) Initial Guess

CD 0.6966934 (-2.117E-05|0.1

Fid =g I i =5 | Isafenewt ""'I X 0.3324635 |-1.859€-08 |0.1

CcZ 0.2004334 (1.481E-08 |0.1

Monlinear Egquations: 3 |Auxiliar5r Equation=: 10 |

(CDATCD-KC1*CA*C e T

Cmonr o AR ! 33

(CAIREXCY- lf‘:f LE CAD 1.5
CICATCK i 0.2704098

1.5

cC 0.1637965

CY 0.5328968

0.7

4.

{exp(-23% 301%(1/330-1/T)}}
H':E=4-::EI,:::E-121 ATR1/330-1/T)))
KCI={T/330){exp{-8954 X 1/330-1/T} )
CY=Cx+CZ

CAD=145

CB0=145

CC=CD-CY

CA=CAD-CD-CZ

cB=CB0-CD-CY

S22 An alternative formulation (without division by the

zin=01 unknowns) enables convergence to the correct solution

L T < T Y R O (Y O A P T 86 I

1
330.

—
=




Complex Chemical Equilibrium — A MATLAB function

Generated by POLYMATH

File Edit Text <Cell Tools Debug Deskiop  window
D E 2R & #AF |
¥guess=[010101} ﬁl‘u initial gquess vec
function £fx = MMLELfun(x}
CD = x(l}
CH = =2}
CZ=x(3}
T = 220;

T Input parameters are transferred

ECi=dsexp(2421.518* (L 7 330-(1 7 TN = =

ks enpiasarea oo 1O thE fUNCEION 1IN @n array
CY¥=CX+CF

CAD =1.5;

CE0 = 1.5;

CC=CD-CT,

CL=CA0-CD-CZ;

CE=CE0-CD-CT;

(111 = CC * CD - (RC1 7 CA* CB) Output parameters are should be
Tx(E1)=CE*CY - (KC2* CBE* CC) o

£ - CZ- (G317 CA% CE) placed into a column vector

Initial guess Is put into a row vector




Template for solving an NLE System*
=10/ x|

File Edit Text Cel Tools Debug Deskiop ‘Window  Help N | A X

P H|iaBoc |8 #r @88 B RERA| -] BOBEO]

function Insert here vour £ile nawme after function (Use Llphanumberic names only) -

clear, ¢le, format short o, forwakt compact
¥guess= % Replace this line woththe xguess line(s)fromFPolyimath report.,

dispitVariablevalues at the initial estimate)
foguess=MNLEfunixguess)

displVariabhle Value FunctionValue)

for i=l:sizeixguess, 2}

dispill x int2str(i)- CnumdztriKguess(in snumdstrifoguessiilh

~> oo ~ o- o B o e B

end

—
=

options = optimsetiliagnostics foff ] TolFun,le-#1To lE, le-21;

[
=

xzolv=fzolvef@MNLEfun xguess,opt ions)

aepwves o sanac e soreiom—The MATLAB library function

fzolwv=MNLEfunixsolv) —

dispt Varishle Value FunctionValue) fsolve |S used to Solve the NLE

for i=l:size(xgusss,2)

aispl x int2ste(y) mamstreoivi gystem (1IN optimization toolbox)

end

—
e

= = = = = =
B =" T, e = )

% Feplace thisandthe following line with the functioncopied fromthe Polvymath report

el
=}

%% Do not include the xguess 1line(s)

« s

| HeatExchDer.m ><|| Urtitlec ><| |:

-

Ln 2z  Col 1 |0VR 4

*Avalilable in the HELP section of POLYMATH




Complex Chemical Equilibrium — Modifying the Template for
Parametric Runs

File Edit Text Cell Tools Debug Deskbop  Window  Help

N iR o |S(#as5 08 BRER@| e

function Examp lesE

clear, clc, format short g, format compact
¥xguess=[010101] % initial guesswvector
options = optimsetiDiagnosticer foff]TolFun, [le-2]:To LE [Le-?I
CAD =1.5;
CEO0 =1.5;

e 1ital Input T as a parameter into the function

T{i,1)=220+(i-1} T
®solv=fsolve@MNLEfun xgues:s,0pt in:lnsJ

xguess=xsolv; . L.
cmi,u::-:su:ulvm,-\ Use the current solution as initial
CE(i1l)=x=s0olwvi(i)
o204 110 1viz) guess for the next T value
CY (11)= CE (i)+ CZiik
CC(1,1) = CD{i)- C¥(i)
CA(11)=CA0-CDii)- C2(i)
CEiil)=CBO-CDii)- CY(i)
=nd

1
&
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&
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g
o
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=

—
—
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—
Leag =2
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1

= - =~ &=
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1a —k
1 - displ Complex Chemical Equilibrium Feactants Concentrations;
20 = di=pl Talbular Fesults);




Complex Chemical Equilibrium — Results of Parametric Runs

=10l x|

File Edit D[Cebug Desktop ‘Window Help
O & | & B oo o | ef | % | [coase ssEampes <] G

Shortcuts [#] Howeto Scdd  [#] Wihiatss Resw

Complex Chemical Equilibrium Reactants Concentrations :I
Tabular Fesults

CA CEB Complex Chemical Equilibrium Products Concentrations
040287 027041 Tabular Besults
059226 024935 oo Ch Cx o4 ladd
0.58381  0.248235 01638  0.4R48%  D.E3xdd  0532% 020043
057424 0246711 D14398 049732 032402 053333 020932
054447 024594 01441 049722 031557 053383 0218248
055511 024474 014411 08985 030713 053432 022724
054557 024351 014404 042905 029572 053501 0.234lE
053404 024223 014288 049957 029034 053549  0.24532
N52441 024093 D14365 070007 028206 053442 025434
05172 025959 014233 070055 027383 053722 024339
050791 025822 nis294  070l0l 028548 053804 027238
042847 025482 nis2d45  0701ldd 025743 053594 0.251:
048954 025539 014195 070186 024948 053991 020023
04805  0.25393 014135 070227 024185 054091 029904
047158  0.252d4 nis07 070285 023415 054194 030781
044277 0.25091 15298  0F0202 022457 054205 031447
045409 024934 01522 07033 02184 054418 022504
044553 02779 015838 070373 021184  0.54535 0.3335
042711 0244158 01575 070407 020472 054457 0.34154
narA%2 N FddAEE 015455 n70ad 015775 054782 0.35007




Complex Chemical Equilibrium — Results of Parametric Runs

Reactants Equilibrium Concentration
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Complex Chemical Equilibrium — Results of Parametric Runs

Products Equilibrium Concentration
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