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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.
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* Hydrogen-Bromine Reaction
* 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:

ak; = 1.39 - 10® - VT - (1’5_}%?;1_3_-2),-"
Bo — ol -exp(=AE0243.0,
k2 = wC
ks = 10"%3 . exp( ——3;‘?{’)1?-0)
ks = 10 °7 - exp( -—1;9.8;0.0)
ke = 0.1 - ks

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

Abs. T T K] Equilibrium Const. K [mole m™’]
300.0 7.7T446 % 10— 2°
400.0 1.9543 x 1073°
500.0 2.2182 x 107*
600.0 5.2844 x 107'?
700.0 1.3867 x 10~°
800.0 9.0782 x 10~
900.0 2.3768 % 107°

1000.0 3.2509 x 10~°
1100.0 2.7861 x 10*
1200.0 1.6788 x 10—*
1300.0 7.6913 x 107*
1400.0 2.8510 x 10~
1500.0 8.8716 x 1077
1600.0 2.4044 x 107!
1700.0 5.8344 x 107"
1800.0 1.7947

1900.0 2.6061

2000.0 4.8431

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

e Simulate the system during 5000 seconds. You need to
reduce the tolerance value for the DASSL integration
algorithm to 10 -1°,

¢ 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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» We shall need a table look-up function. We can program
it manually.
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e i g strictly local.
L gorithm i i
Bl e, 1 The algorithm instruction allows
Bz (Yt B - s, s «—users to encode sequential code.
| B ANt a1 S ' While equations are declarative,
L A i algorithms are procedural.
o=y geidld] +oggrdld 410 - grd sl - gd 'z /el "
-———rrrn Assert is a clean way to ensure
= —— proper usage of the function. If
b I Deie at i the assert clause is not met, the
simulation  dies  with  the
q JM| indicated error message.
E i ;
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e We can now create the model for the hydrogen-bromine
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‘wﬂ - . . -
425  This is an abbreviation.

a3l Whenever | write “Math,” |

<—m— mean “Modelica.Math.”

[ v

1= For convenience, | use the
nCiegy «—— Matlab notation here.

Array sizes can be parameter
<«—=}— expressions.

o} | The Modelica notation is used
T R T here to declare this two-
dimensional array. The
Matlab notation would have
worked equally well.

.| "Initial conditions for the state

=% vector.
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reaction.
= The problem is modeled entirely in the
equation window. The code is a bit
long. The declarations and eguations
12th Homework 3
shall be explained separately.
| == 1st Problem
" Reaction
| 5=
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] «—} Call of interpolation function.
<« Sart is an intrinsic Modelica
A Dt function, whereas exp is a
R function that is contained in
B oA the Modelica.Math library.
[
[ =
A IR
L o
<«—m= Comment.
gt iz |
= R4 LYy
el Vs - - . -
Matrix multiplication.
= Matrix integration.
| 3
v 18 @M | b | |
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* We are now ready to compile the model.

=R
Syt Enar | Trancistion | Distog Errer_| Simulation |

Translation of mmps_hwl2 Hul2
DAE having 28 scalar unknowns gnd 28 scalar equations.
STATISTICS

Driginal Model
Number of components: 1
Variables: 20

Constants: 0

Parameters: & (66 scalars]
Unknowns: 12 (28 scalars)
Differentiated variables: 5 scalars
Equations: 20

Mantrivial : 20

Transiated Model
Constants: 2 scalars
Free parsmeters: 64 scalars
Parameter depending: 8 scalars
Inputs: 0
Outputs: 0
Continuous time statds: 5 scalars
Time-varping variablks: 10 scalars
Alias variables: 10 so3
Assumed default initial condiions: 5
LogD : gives more

Number of mixed real/discrete systems of equations: 0
Sizes of linear systems of squations

Sizes after manipulation of the linear systems: {}
Sizes of nonlinear systems of squations

Sizes after maripulation of the ronlinear spstems: {}
Mumber of numerical J acobians: 0

Finished
2/ experiment StopTime=5000 Tolerance=1e-010
Finished
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» We require some simulation control.

Erra—
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SBoresd | Tearatiion | et | Db | Compter | Bastime |
[

T Frestuasl it st
™ Diouble precision

<~——— unmark

™ Euiisnn tme ool

on | St |

Cancal | [ ] stwemocas| _ comn |

ETH

Ligpen Sssische Teahe ische Hochechule Zuukch

Mathematical Mobdeling of Physical Sysdtems

fiwiss Bederal ins:itube sé echnolegy Busich

December 13, 2012

© Prof. Dr. Frangois E. Cellier

Start Presentation <]|:>

* We can now simulate the model.

Messages - Dymola

Syntax Enior | Translation | Diclog Error | Simulation |

=lolx

Log-file of program _/dymesim
fgenaraved: Wed Dec 17 14:07:47 2008)

dymesin started
... "dsin txt"' loading (dymosim input file}

on
CPU-time for integration

CIU-time for one GRID invervall “Swdddd o
Number of result points a5z
Number of GRID poincs 48z
Number of (successful) steps 451
Mumber of F-evaluacions 1126

Nuuber of Jaccbian-evaluations: S1
Nuuber of (model) time events : 0

Number of (U} time events 0
Mumber of state  event s o
Nuuber of step events

Minimun integration stepsizel 5.272-00%
Marimun integration stepsize| : 40L
Maximun integration ordsr

Calling terminal section
. "dsfinal bxt" creating {(final states)

.. "HwlZ_l.mat" cresting (simulation result file)

Integration started at T = 0 using integration method DASSL
{DAE multi-step solver (dassl/dasslrt of Petzold modified by Dynasim))
a ™
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» Simulation results:

(27 [ ous
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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
reactions:

H; + O, 23 H* + HOJ
H, + OH® 3 H* + H,0

0O, + H* X3 0H* + O*

H: + 0" %3 H* + OH"
OH" +W I3

H +W 3

o +W 3

the following set of step

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 = -8 Nop-
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» The reaction rate constants at the given temperature are as

follows:
ko, =60.0 Model the system in the Dymola equation window
k.=23.104 using a matrix-vector notation.
1= 2.

k,=4.02-10° | Simulate the system during 0.1 seconds. The initial
k,=2.82-1012| conditions are n,;, = 10 7, and N, = 0.5 - 10 ol

a, = 920.0 The reaction volume is VV = 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.

e Letus find the N-matrix:

ke ki kK ks a, a, ag

H +0, 2 u* 4 HO;
H, + OH* B H' + H,0
0, +H* 3 0H' +0°
Hy +0° % H' + O
OH'+W 3
H+W?3

0" +W 3

110 -1 0 0 o]| H
1 0-1 00 0 0| o
01 000 0 0 H,0
N=11 14104 0 H
0o 01-100-1||]o
011110 0||l on
L1 0000 0 0J]| Ho,
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» Let us find the reaction rates:

H; + 0, 3 H* + HO} v = Ky Ny, N, IV
Hy +OH* B H* 11,0 Vo =Ky Ny Ny IV

0;+H M oB 40 v =k, No,' Ny Y

H; +0° S H' +OH' Vs =Ky Ny, Noe 1V
OH' + W Vo= 3y Ny

H+w3 Vs = 8y Ny,

0'+W 3 v, = ag N

* We are now

ready to program:

algixi
i =)
UL e
enEEr= -

=

]
LIERX ]

12th Homework
2nd Problem

Oxy-Hydrogen
Reaction

@t [
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Jf Extract substances from substance vector

nHZ
noz

n_subs[117
n_sups[al
HHZ0 = n_subs[31;
ul = n_subs(4l;

ul = n_subs(S1;

nOH = n_subs(6];
nHOZ = n_subs[71;

/7 Reaction rate squations
nu_reac(l] = ROTMHZ™MO0Z/Y;
nu_reac(Z] = RI*nHZ™mOH/Y;
nu_reac(3] = KZ*n0Z*uB/V;
nu_resc(d] = k3*HZ™MO/V;

nu_resc(S] = al*n0H;
nu_reac(6] = a2*nH;
nu_reac(?] = a3*nd;

nu_subs = Nenu_reac;

/7 Integration
nu_subs = derin_subs);

end HwlZ_2;

tne: 1 | B Modsing | 7 Smudation
A

B

o
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» Translation and simulation control:

Mecsages - Dymola

Syntas Enor_| Transiation | Disiog Error

g =11

Tronclation of mmpe w12 Hwls o
STATISTICS

Originol Modsl
Murmbor of compononts: 1

Fartrivial : 16

Translatod Madol

M iraber o ool dacnbioee. 0
Finishs
Finished

having 28 seokar unkmawns ad 28 soalar cquations.

Sizes Aftar manipulafion of the nonlinear systems: {3

ed
7 experiment StopTime=01 Tolerance=1s-017

Gremnt | Towciweon | Quos | Detad | Coscle | Bestes |

i =)

S st e
i
s @l

e

Coremi |
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» Translation and simulation control:

essages - Dymola

Syntax Enor | Translation | Dielog Eror | Situlation |

=lox

Log-file of program . /dymosin
{generated: Wed Dec 17 14:31:40 20081

dymosim starced

... "dsin.txc” loading (dymosim input file]
"Hul?_2 mac" creaving {simulation resule file)

Integravion starced av T = 0 using integration usthed DASSL

Integration cerminaced successfu

CPU-time for integration
CPU-time for one GRID interva.
Mumber of result points s
Mumher of GEID

points 564
Wumber of {successful) steps : 563
Humber of F-svaluations : 1277

Humber of Jacobian-evaluations: 18

Wumber of {model) time events : O
Wumber of {U) vime events a

Number of state  events 0

Humber of step evants )

Minimum integration stepsize |: Z.Ze-00§
Haximum integration stepsize 00708
Hazimum integration order 3

"dsfinal txt" creating |final states)

Calling teruinal section

{DLE multi-step solver (dassl/dasslrt of Petzold modified by Dynasim])
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* Simulation results:
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