IMathematical PMobdeling of LPHhy3ical ©ystems

12th Homework - Solution

* In this homework, we shall model chemical reactions
using reaction rate equations only.

« We shall program the reaction rate equations directly In
the equation window and learn to use Modelica’s matrix

notation.

December 13, 2012

© Prof. Dr. Francois E. Cellier

Start Presentation

<>



ETH

Ciagendssische Technische Hochsthule Tdrich
Swits Federal Institute of Technology Rurich

IMathematical PMobdeling of LPHhy3ical ©ystems

« Hydrogen-Bromine Reaction

e Oxy-hydrogen Gas Reaction
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Hydrogen-Bromine Reaction

« We wish to simulate the hydrogen-bromine reaction
described during the lectures. We concentrate on mass
flows only, I.e., we only model the reaction rate equations.

 We wish to plot the molar masses of the five species as
functions of time.

« We shall program the reaction rate equations in the
equation window of Dymola, making use of a matrix-
vector notation, I.e., the chemical reaction network Is
described by the corresponding N-matrix.
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e Although the reactions are occurring under isothermic
conditions, we still wish to take the Arrhenius’ law Into
account, and program the reaction rate constants as
functions of temperature:

-ﬂ»k]_
r
ko

ks
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k5=

139 10% VT . (1892430 10
— 189243 .0

= aki - exp( BT )]

ki
P— 11 .43 —32400-0
= 10 exp( " T )

11 .97 —149800.0

10 exp( 7 - T )

= 0.1 - kg

* where R is the gas constant (R = 8.314 J K-t mole 1).
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 Reaction k, contains a temperature dependence K(T) that
was experimentally found:

Abs. Temperature T [K]

Equilibrium Const. K [ﬁmule m ]

300.0
400.0
S500.0
600.0
T00.0
800.0
900.0
1000.0
11000
1200.0
1300.0
1400.0
1500.0
1600.0
1T7T00.0
1800.0
1900.0
2000.0

7.7446 » 107

1.9543 » 102°
2.2182 »x 101®
5.2844 »x 10712
1.3867 x 10~°

9.07T82 »x 10"

2.3768 x 10~°

3.2509 = 10°%

2.7861 »x 10~*

1.6788 »x 10— ?

7.6913 »x 1073

2.8510 x 1072

8.8T16 »x 102

2.4044 = 101

5.8344 » 10™*

1.7947

2.6061

4.9431

 Program K(T) using a table-lookup function.
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e The initial molar masses of Br, and H, are both equal to
0.0075. The total reaction volume is V = 0.001 m3. The
temperature is T = 800 K.

o Simulate the system during 5000 seconds. You need to
reduce the tolerance value for the DASSL integration
algorithm to 10 -19,

 Plot on one graph the molar masses of Br,, H,, and HBr
during the first 0.1 seconds.

* Plot on a second graph the molar mass of H* during the
first 0.2 seconds.

* Plot on a third graph the molar mass of Br* during the first
0.3 seconds.
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e We shall need
It manually.

a table look-up function.

We can program

ST
W Er -4 smSHBENT o

Wtk Gk Smistion Bt Ak :
FEHOS W (/00 ARL- -0
=
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Linear interpolation

S rates [ ] ]
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=) Piecewise - mmps_hw1Z.Piecewise - [Modelica T
B Bl Edit Simulation Blot Animation Commands Windaw Help
JJDEIQ%I'PHJNIOVAI-""JI'I. “Z- |-y ugHBEE
function Piecewise
Packages I;l input RBeal x "Indespendent wariahle";
T ] e input Real x_grid(:] "Independent wariable data points";
input Real rid[:] "Dependent wariable data points";
| [ ] Themal r v v F
output PBeal ¥ "Interpolated resulc";
|j]LItiIities protected
L Unnamed Integer n;
=
B [T mmps_hw12 =
i - ; algorithm
‘ B Fiecewise ‘ n := sizeix_grid, l);
5 BHW121 assertisizeix_grid, 1) == =sizel{y_grid, 1), "Zize mismatch");
— assertix == x grid[l] and x <= x grid[n], "Out of range");
L F]Hwi2_2 - -

DDD
oAn

=8

¢ » | K

for i in l:n - 1 loop

Components

ernd if;

£ s _bwe 2 Piecewize

end for;

end Piecewise;

1

| if x == x_grid[i] and x <= x_grid[i + 1] then
v oi= y_grid(i] + dy_grid[i + 1] - y grid[i])*{{x - x_grid[i])/(x_grid(
14 i+ 11 - = grid[il));

| 2]

Modeling

—_

Line:

" Simulation I y
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Piecewise - mmps_hw12.Piecewise - [Modelica Text]

EEiIe Edl: Smulation Flot &nimation Commands Window Help

[g@da v /mey

ANL- 3,

A

XX

=
L=<

=
I><

B & 1

Packages

TR
[ Theml

o s C
- nhamed

= [ rmps_ w12 I
B Piecewise <
- Ewi

Bz g

& B )

14 funetion Necewise
j i eal ¥ "I

alyorithu
e (x grid, 1i;

assert(x

nlin-1 loop

AR

4

Components

ot 12 Pieceie

end if;
end for;
end Pilecewize;

{

Mzdent variahle';

Dependent variable data points";

input Beal x_gy ndependent variashle data points";
input Real ¥ g
Beal 7'
protected >
iy

epfolated result';

assert{s\zely grid, 1) == size(y grid, 1), "ize mismatch");
P= y_qrid[l] and x <= x_grid[n], "Out of range');

if 1=y grid(i] and x <= y_grid[i 4 1] then
v o= ygridli] + iy geid(i + 10 - v_grdd[ilh* i - 2_gridlilh/ ix_gridl
i1 - o gridlil);

1t t 11

M

Modeing

Ling: 1

}f Simulation

4

We use a function.

The colon here means that the
array will adjust its dimension

— upon invocation.

Protected variables are hidden
from the outside. They are
strictly local.

-'The algorithm instruction allows

users to encode sequential code.
While equations are declarative,
algorithms are procedural.

Assert is a clean way to ensure
proper usage of the function. If
the assert clause is not met, the
simulation dies with the
Indicated error message.
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 We can now create the model for the hydrogen-bromine
reaction.

= Hw12_1 - mmps_hw12.Hw12_1 - [Diagram;
Fle Ed
==

=10l x|

it Simulation: Plot Animation Commands MWindow Help
Qs8R OCCARSL- & HL =% ¢ ) =EAE S
]

=i The problem is modeled entirely in the
i equation window. The code Is a bit
f= long. The declarations and equations
= 12th Homework .
Freees shall be explained separately.
1st Problem
R B« (x|
e Jl Hydrogen-Bromine
_ Reaction
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HwiZ_1 - mmps_hwi2Hwi2 1 -[Modelica Text] - |D|ﬂ

H File Edit Smulation Plot Anmation Commands Window Help =8| x| Thi S i S an abbreviation
5HQ6 W] /meyANL & HF| 2% ¢ =SAEEM" J

- (11 737
[, g1 Whenever | write “Math,” |
Pack i B = Modelica.Math; h (11 M d I' M th 77
= ;3988 I_l <! odelica. 8Tunits. Tewperature T=800.0 "REeaction temperature"; T mean O e ICa- a [
;--therenceLength parameter Modelica. 53Iunits.MolarHeatCapacity B = Modelica. Constants. R
g--LandauGinzburg... "Gas constant';
 FlusindQuantum parameter Modelica. 8Tunits. Volume W=0.001 "Reaction wolume";
[+ [ StatelGiraph paraweter Integer mhr_subs=b "Number of reactants';
parameter Integer nbr_reac=5 "Nuwber of reactions"; b
4 hens For convenience, | use the
[]ﬁutilities J{Beartion rate constants .
- Unnamed parameter Modelica. STunits. Temperat§re Temp wals[18]=300:100:2000; l hl— Matlab notatlon here_
parameter Real K wals[18] hunit="nol Nl bbbt sl bl s sl 8Ze-15
E|jmmps_hw12 5.284de-17,1.3867e-3,9. 0782e-8, 2. 376826, 3. 250985, 2. Ta6le-4, 1. 6780e-3,
B Piecewise 7.6913e-3,2.851e-2,8. 8716e-2, 2. 40442-1,5. 8344e-1,1.7947,2. 6061, 4. 9431} ;
Beal BT (unit="n3/mol .K"); =
(ETENNT Iephimeinywy Array sizes can be parameter

- EjHwi22 er_aﬂ'l_m:. e -
’E ] * | * | lvl BRal k[nbr_reac]; Vector components have different units! h_— exp reSSIOnS.

= [ v Ninbr_subs, nbr_reacl=({-L,1,0,0,-1},{z,-2,-1,1,1} (0,0, The Modelica notation is used
-1,1,04,{0,0,1,-1,-1}, {paplemmpamimpelelele e -
stance n_subs|nbr_subs]istarc={0 00V U U 0L 00VE 00U, here to deCIare th IS tWO-
Real nu_subs [nbr_subs] (unit = EOITE Tr - =
Beal mu reac[nbr_reac] unit="mol/s"}; dlmen8|onal array. The

Modelica. 8Tunits. Awount0fSubstance nBrE; M tI b t t' Id h
Modelica. 8Tunits. AwountO0fSubstance nBr; a a n 0 a I O n WO u ave
Modelica. Blunits. AwountOf5ubstance nHE;

Modelica. Blunits. wountOf5ubstance nH; WO rked eq ual Iy Wel I ]

Modelica. BTunits. AwountOfSubstance nHEr;
]

o i c Initial conditions for the state
vector.

Line: 13 Modeling 'y Simulation I y

2

Campanents

Llmmps_hwrl 2 Hwl 2 1
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Hwi1Z_1 - mmps_hwi2.HwiZ_1 - [Modelica Text] - |D|ﬂ
B File Edit Simulation Elot &nimation Commands Window Help =8|

BEQ& W[/ mey ANL 8 -Hh Z- B¢ )= DHEE

r

e o L
-

mi_subs = N*nu reac;

Lot ppre ot 4 e

mi_subs = der(n_subs);

1

£ 73 F o e

equation
Packages I;'
Jf Beaction rate constants
i Coherencelength L L i s |
- LandauGinzburg... K = Piecewisze(x=T, x_grid=Temp_vals, y_grid=FK_vals);
- FluwiodC uantum i
[]@Stateﬁraph akl = 1.39E8%=qrt (TN (189243 0*RT) ~1.37;
E[l] = ak{*Math.exp (183243, 0*RT)
& ] Themal A,
[T Utities k[3] = 10~11.43*Math.exp{-82400.0%RT};
Unnamed E[§] = 10711.39%7*Math. exp(-149800.0%RT) ;
k(4] = 0.1*k[5];
Elﬂmmps_hwﬁ
B Piecewize Jf Extract substances from substance vector
nErZ = n_subs[l];
] Hwl2 1 -
uBr = n_subs[Z];
= ] Hw12_2 j nHZ = n_subs[3];
omo nl = n_subs[4];
o | | | | _
FE' o0 ‘ * S nHEr = n_subs([5];
1 %]
I[ S Beaction rate equations
Companents
: o oy e o 02
Hnmps_hw12 Hu2_1 nu_reac(Z] = k[Z]*nBrz/V;
mi_reac([3] = k[3]*nHZ*nBr/V;
mi_reac(4] = kE[4]*nHBr*nH/V;
il i el el L L EIN B Y 7 W

-

|

S |

line: 18 | [ Modeling

"y Simulation I

B

. Call of interpolation function.

- Sgrt Is an intrinsic Modelica
function, whereas exp Is a
function that Is contained In
the Modelica.Math library.

- Comment.

- Matrix multiplication.
- Matrix integration.
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* We are now ready to compile the model.

PRT=TET

Syntax Error | Translation IDiaIDg E rror I Simulation I

Tran=zlation of mmps w12 Heel 2 f
DAE hawing 28 scalar unknowins §hd 28 scalar equations.

STATISTICS

Original Model
FMurber of components: 1
wariables: 20
Consztants: O
Parameters: 28 [BEB scalar=s]
Unknowns: 12 [28 scalars]
Differentiated wariables: 5 zcalars
E quations: 20
Montrivial : 20

Transzlated kModel
Constants: 2 scalars
Free parameters: 64 scalars
Parameter depending: 28 scalars
lrputs: O
Outputs: O
Continuaous timme stak€s: 5 scalars
Time-warping wariablgs: 10 scalars
Alias vanables: 10 scahe
Azzumed default initial conditions: 5
LogD efaultl nitialZonditions=true; gives more infarmation
Murber of miked real/dizcrete systems of equations: O
Sizes of linear systerns of equations: {
Sizes after manipulation of the linear systerms: § 3
Sizes of nonlinear systems of equations: { }
Sizes after rmanipulation of the nonlinear spsterms: { }
Murber of numerical Jacobians: O

Finizhed
A4 experiment StopTime=5000 Tolerance=1=-010
Finizhed

: : Start P |
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* We require some simulation control.

Experiment 5 7= Experiment 5 e |
General I Translation I Dlutput I Debug I LCompiler I R ealtime I General I Tranzlation | DOukput I Liebug I LCompiler I Bealtime I
E xperiment Farrnat
M ame IHw‘I 21 [T Tewmtual data format
I~ Double precision
Simulation intereal
Start tirne Store
w State wvariables
Stop tige |5000 =i o
v Derivatives
Output inkerval I+ lnput variables
= Interval length II:I ¥ Output variables
e . | v Auwiliany variables
k .
ke IEDD [~ Protected variables
Integration b
Sloani =l l [~ Equidistant time grid P . u nl I lark
Talerance |1 =-01 y ks
Fized Integrator Step |EI
Ok I Store in model Cancel I nk I Sliame fm mrecl] I Carmezl |
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We can now simulate the model.

Messages - Dymola

Syntax Errar | Tranzlation | Dialag Errar | Sirnulation |

=10l x|

Log—file of program . /dymosim
lgenerated: Wed Dec 17 14:07:47 Z00%8)

dymosim started
co- M"dEin.txt" loading (dymosim input file)

"HwlZ 1. mat" creating (simulation result file)

Integration started at T = 0 using integration method DALEEL

Integration terminated successinl
CPJT-time for integration

CPU-time for one GRID interval 3 —seconds
Mumber of result points : 4E5Z
Mumber of GRID points : 4E5Z
Mumber of (successful) steps - 451
Manber of F-ewvaluations : 1llae
Mumber of Jacobian-evaluations: &1

Mumber of (model) time events : 0O

Mumber of (U} time events - o

Mumbher of state eyvent s - o

Mumber of step etvent s ol
Minimum integration stepsizel @ L.Z7e-003
Maximum integration stepsizel :@ 401
Maximgm integration order ]

Calling terminal section
... "dsfinal _txt" creating (final states)

(DAE multi-step solwver (dasslyfdasslrt of Petzold modified by Dynasim) )
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0 =T
e Simulation results: -
5.0E-4
4.5E-4
B Plot [1%] |0l
4.0E-4 -
——rBr? ——nHZ? ——nHEr 3.5E-4 ]
0016 .
. 2.5E-4
004 - S
1.5E-4 4
0012 - 1.0E-4
5.0E-5 4
DU1D | 0.0E0 <
5.0E-5 :
0.00 0.05 010 a1s 0.20
0,008 -
= @ plokfa =]
E nBr
— TE-T
0,008 -
BE-7 -
0,004 4
SE-7 4
0.002 4 457 7
E‘ 3E-7
0,000 4
2E-7
-0.002 T T T T T T T T T T T T T T T T T T T 17 4
0.000 0.5 0.050 0075 0.100
DED —
0.00 .04 o.o0s U.‘:Z 016 .20 0.24 0.28

. . Start P tati
December 13, 2012 © Prof. Dr. Frangms E. Celller art Presentation <::||::>




ETH

Ciagendssische Technische Hochsthule Tdrich
Swits Federal Institute of Technology Rurich

IMathematical PMobdeling of LPHhy3ical ©ystems

Oxy-hydrogen Gas Reaction

 When oxygen and hydrogen gases are mixed In similar
proportions, a spark can bring the mixture to explosion.

The process can be described by the following set of step
reactions:

H; 4+ O3 2 H* 4+ HOS

Hi + OH®* 23 H* 4+ H,0

O, + H* *23 OH®* + O°
H, +0° 233 H* + OH"

OH' '+ W 3

H®* +W =3
o*+wW 3

W stands for the wall. At
the wall, the unstable atoms
H* and O, as well as the
unstable radical OH * can be
absorbed. The absorption
rates are proportional to the
molar masses of the
absorbed species:

Vo = -a1 " Nop:
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* The reaction rate constants at the given temperature are as

follows:
k, = 60.0 Model the system in the Dymola equation window
k.=23.101 using a matrix-vector notation.
1 - "

k,=4.02-10° | Simulate the system during 0.1 seconds. The initial

k,=2.82 1012 conditions are n,_ = 10 -/, and n,_ = 0.5 - 10 .
. 2 0 2

a, = 920.0 The reaction volume is V = 1.0 m?.

a,=80.0 You need to reduce the tolerance value of the
a3 = 920.0 DASSL integration algorithm to 10 -7.

 Plot the molar masses of H,, O,, and H,O on one plot. Plot
the molar masses of the other four species on separate plots.

: : Start P |
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e Letus find the N-matrix;

H2+0:HH'+HO;
H, + OH* 2 H* + H,0
0, +H' M 0H* + 0
H, +0' B H* + O’
OH'+W 3

H +W3
0'+W 3

(-1 -1 0 -1 0 0 0] H,
1 0 -1 0 0 0 0]] o,
0 1.0 0 0 0 0 H,0
N=11 1321 01 ofl H
0 0 1-100-1]||o
0 1 1 1 -1 0 0| oH
1 000 0 0 0] Ho,
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e Letus find the reaction rates:

H2+0:HH'+HO;
H, + OH* 2 H* + H,0
0, +H' M 0H* + 0
H, +0° 3 H* + OH’
OH'+W 3

H +W3
0'+W 3

v = Kp' Ny, No, IV
v, = Ky Ny, Nok Y
V3 =Ky No, Ny 1V
Vi=Kg Ny No IV
Vs = dp' Noy

V5 = 8, Ny

v, = a5 Ng
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* We are now ready to program:

Hw12_2 - mmps_hwi2.Hwl 1Ol x|
Eile Edit  Simulabion Plot  Animation Commands  Window  Help -|5|l|

lZBQA&E W /yrOo0C ARL- B~ | =Z-

% ¢ > /@A E &[0 -

|

Packages I : l

.
§ B [JMedia

[l (] Slunits

£} @ StatelGraph
) ﬁ Thermal

s 12th Homework

i-Unnamed
=] ﬁ mmps_hw12

- B Piecewise

otz 2nd Problem
B2z 5
EEAKIELY

= Oxy-Hydrogen
Components

TN Reaction

| B oselng [ 2 Smlation |

VA |
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ElHw12_2 - mmps_hwi2Hw12_2 - [Modelica Text] ng ng ﬂ
B Fie Edt Simulation Elot Anmation Commands Window Help 8% B Fle Edt Smoation Plot Animation Commands Window Help ;Iil |
&7 & [0 —
| o 2 B-¢snQREE ™ o EHQE R mey ANL &-HF, Z-
——— Al|nodel HulZ 2 o —
m paraweter Modelica. BIunits. Volume V=1.0 "Beaction volume"; JJ% ¥ * * = E E = I.]E":I‘ZP ﬂ
= paraueter Integer nbr subs=? "Humber of reactants"; :ﬂ Bguation ﬂ
[]ﬂMedia paraueter Integer nbr reac=? "Humber of reactions";
‘ Packages I;l
[]ﬂS\un\ts //leartion rate constancs = Jf Extract substances from substance wector
[]@Staleﬁraph paraueter Real k0{wit="n3/ual.s"} = £0; @Slaleﬁraph HHZ = n_subs[l];
paraueter Real kliunit="n3/mol.s") = 2.3ell; nlE = n_subs[Z];
[]ﬂTh&rmal paraueter Real kZ{wit="ud/uwol.s") = 4.02e9; ﬁThE[I‘I‘IEﬂ nHZ0 = n subs[3];
[]ﬂUtilities parameter Beal k3 (wit="ud/mol.s") = 2.82al%; ﬁUtilities nH = n_subs[4];
Unnamed parameter Beal al{unit="1/s") = 920; ni = n_su.bs [5];
paraweter Rezl a?{wnit="1/s") = 80; ~Unnamed niH = n subs[6];
Elﬂmmps_hwu paraueter Resl adlumit="1/s") = 920; =] @mmps_hw'lz nHOZ = ; cubs [.?]r i
- B Piecenise ) . - ’
"EHMN [) faasion v enaniae B Plecsuwss £ Reaction rate equations
- paraueter Integer Nnbr subs, nbr reac]={{-l,-1,0,-1,0,0,0},-1,0,-1,0,0.0, E Hwl2 1 qu
"v 0},10,1,0,0,0,0,0},41,1,-1,1,0,-1,0,10,0,1,-1,0,0,-1,{0,-1,1,1,-1,0, : - tu reac[l] = EO0*nHZ*n0Z/V;
r = X 0},{1,0,0,0,0,0,04}; o EHME i tu reac[Z] = k1*nHZ*n0H/V;
i Modelica. 3Tunits. nownt0fSubstance n_subs[nbr_subs]{start={l.0e-7,0.5-7,0,0,0,0,0}); 5om nu reac[3] = kZ2*n0Z*nl/V;
Real nu subs[nbr_subs] (mit="nol/s"); ooo * | ’ | ‘ | nu_reac[4] = k3 *nHE*n0/V;
Real nu reac[nbr reac] (mit="mol/s"); mu reac[5] = al*n0H;
Congarerls Modelica. STunits. Auownt 0 fiubstance nHE; 4 e reac[€] = aftnd;
3--|'ﬂ|'ﬂp8_h'N12.HW12_2 ﬂojei%ca-gim%zs-ﬁongigﬁszmce Ezé Eompnnentg nu:reac['?] - 9.3*110;
ndelica. $Tunits. Auou stance ; :
Modelica. STunits. Inount DfSubstance nH; 'I|mmps‘hW12'HW12'2 mu_subs = N*mu_reac;
Modelica. STunits. Inount DfSubstance nl;
Modelica. $Twnits. AuowntDiSubstance nOH; £/ Integration
Hodelica. STunits. huownt0iSubstance wH0Z; mu_subs = der(n_subs); )
= end Hylz Z; -
aquation j 1 I | Ll_
tre: 1| () Hodelng "\ Siation Lime: 1 Modeling | "y® Simulation
/ 4

. . Start P tati
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e Translation and simulation control:

Sunrtax= Errar | T ran=slation I Dhialog Error

Translation of mmps  bwved 2 Hel 2

STATISTICS

Original Model
Humber of compornents: 1
Yariables: 21
Constants: O
Farameters: 11 [59 scalars)
Unknowns: 10 [28 scalars]
Drifferentiated variables: ¥ scalars
Equation=: 16
MHontrivial : 16

Transzslated HModel

Constants: 2 scalars

Frese parameters: 57 zcalars
Farameter depending: O
Ilrnputs: O
COutput=: O
Continuous time stajffss: 7 scalars
Time-warying wariablegs: 14 scalars

Alias wariables: 14 s0glars
Azzumed default initia Nt 1A=
LogD efaultl nitialConditions=trues; gives more information
FHumber of mixed real/dizcrete system= of equations: O
Sizes of linear systems of equations: { }

Sizes after manipulation of the linear systems: {3

Sizes of nonlinear systems of equation=: { }

Sizes after rmanipulation of the honlinear systers: {3
Fumber of numerical Jacobians: 0O

Finizshed
A4 emperimment StopTime=0.1 Tolerance=1=-017
Finizshed

FT=T =i

Sirnulation I

DA E hawing 28 scalar unknowns afgd 28 scalar equations.

General Ilranslation Igutput Igebug Igompiler Iﬂealtime I

E speriment
Mame [Hwl2_2

Simnulation inkerval

Start time |0

Stop frne Iﬁ

Output intersal

= lnterval length ID

i+ Mumber of intervals |5EIEI

Integration

Algorithim D a=zl -
ﬂ —I
Taolerance le-017 )

Fizxed Integrator Step |0

Ok I Store in model Cancel

c . S P [
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e Translation and simulation control:

=Y

Suntax Error | Translatian | Dialag Errar Simulation |

Log—file of program ., /dymosim
lgenerated: Wed Dec 17 14:31:40 zZO003)

dymo=sim started
"dein.txt" loading (dymosim input f£ile)
"HwlZ Z.mat" creating i(simalation result file)

Integration started at T = 0 using integration method DASEL
(DAE mualti-step solwer (dassl/dasslrt of Petzold modified by Dynasim))

Integration terminated successfu
CPU-time for integration

CPI-time for one GRID interwval!: Seconds
Mumbher of result points : EEd
Muaumher of GRID points= : bgd
Mumbheyr of (successful) steps Y
Munbher of F-ewvaluations : 1ETT?
Munbheyry of Jacobian-evaluations: 18
Munber of (model) time ewvents :@ 0O

Munber of (T time events :

Munbher of state evant s

Munbher of step evant s

Minimum integration stepsize : . Ze—-00%
Maximum integration stepsize : . ooov70s

Maximum integration order
Calling terminal section
"definal txt" creating (final states)
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e Simulation results:

nH2

ioix

no2

nH2o

1E-7

gE-&

GE-&

[mol]

4E-5

2E-5

0En

0.000

T T T T T T T T T T T T T
0.023 0.030 0.073 0.100
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2 Plot [1*] =10l = 2 Plot [1*] =10 =
nH no
4E-3 1.2E-9
7] 1.0E-9
SE-5 4
S.0E-10 4
2E-8 &.0E-10
= =
E E
1 4.0E-10
1E-5 4
2.0B-10 -
DEQ 0.0E0
-— 77T -2.0E-10 4——————1—— ——— .
0.000 0.025 0.050 0.075 0100 0.000 0025 0.050 0.075 0:100
= Plot [1*+] =101l = Plot [1%] =0
noH nHC2
25E-9 20E14
2.0E-9 1.5E-14
1.5E-89 4
1.0E-14
g 10ESo g
5.0B-15
5.0E-10
A0ED 0.0E0
-5.0E-10 —T—T—T—T— T — T T T T T -5.0E-15 —— T — T T T T T
0.000 0.025 0050 0075 0.100 0.000 0.025 0.050 0.075 0100
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e Tiller, M.M. (2001), Introduction to Physical Modeling
with Modelica, Kluwer Academic Publishers, Chapter 6.5:

References
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