E_= ,l_ﬁ!"_'m IMathematical PMobdeling of LPHhy3ical ©ystems

Chemo-bond Graphs

e In this lecture, we shall introduce a fourth bond
graph library, the ChemBondLIb.

e |t Is very similar to the ThermoBondLib, but
designed for the purpose of modeling chemical
reaction networks.
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The Hydrogen-Bromine Reaction
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Let us look once more at the network
describing the hydrogen-bromine
reaction under i1sothermal and
Isobaric conditions.

The picture to the left is not a
program, but only a drawing, as one
of the five step reactions has been
left out to keep the bond graph
planar.

Also, the activated bonds, passing
state information to the five ChR
elements were left out in order to
keep the bond graph clean and well
readable.
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The Hydrogen-Bromine Reaction I
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E) - e The complete model is a bit messy.
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The Hydrogen-Bromine Reaction I

ChRkS5 - H2Br2.
B File Edit Simulation
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fCS
__‘ChR
- “ChRk1
~ “ChRk2

‘ChRK3
- “ChREk:

l extends ChR:

icaygunits.ChemicalPotential mudS =

"Chemical potential
parameter Modelica.STund

"Reaction frequency consdNat
Modelica.SIunits.AngularFreqd
o Real kr "Reaction factoxr"™;

[ =]} |
equation
kr = maS/ (R*T);
kS5 = kO*exp (—kr):
nu = kS*nBr2*nH/V;

ChR - H2Br2.ChR -

end ChRk5S5:

Line: 1 | & Modeling

B File Edit Simulation Plot Animation Commands Window Help
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partial model ChR "Chemical Reaction™

f rChemical
H2Br2_Main
= FromMultiBond
= ToMultiBond
- -CF
- MCF

F

T = BondCon2.e:
Sdote = BondCon2.f:
p = BondCon3.e;

ge = BondCon3.£f;
Sdote = f£+*Sdot;
qe = fr*g;
p*g = T*Sdot + mu*nu:
p*g = R*T*nu;

- Gdot = mu*nu;

- R
el & € » & ] = o

H2Br2.ChR

0y

December 6, 2012

© Prof. Dr. Francois E. Cellier

Start Presentation

(a [ x

DE =

149800.0
rFreguency k0 = 10.0°11.97

k5 "Reaction fregquency”:
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Packages - constant Modelica.SIunits.MolarEntropy R = Modelica.Constants.R
"Gas constant®;
B[JH28r2 parameter Real £ = 0 "Effective volume flow rate multiplier";
B Piecewise Modelica.s ts.ChemicalPotential mua "Chemical potential™:
.cs mol/s") "Molar flow rate”;
TR .Temperature T "Temperature":
.ThermalConductance Sdot "Entropy flow rate™;
= ‘ChRK1 .ThermalConductance Sdote "Effective entropy flow rate”;
. ‘ChRk2 .Pressure p "Pressure":
< ChRK3 lumeFlowRate g "Volume flow rate™;
- volumeFlowBate ge "Effective volume flow rate":
© ‘ChRk4 =
- | )
: ‘ChRkS equation
Thermal mu = BondConl.e:
Preumatic E nu = BondConl.f:
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The Hydrogen-Bromine Reaction IV
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Line: 1| @ Modeling | 3 Simulation
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The Multi-port Transformer

« We have already seen that we can interpret the entire

chemical reaction network as a multiport transformer:

VBry ) /[—1 1 0 0 —1\ (v
VBre 2 -2 -1 1 1 VEko
I”'Hz f— |:| D —l l D L’F;g
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vs = N - v, py = M - fig
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The Hydrogen-Bromine Reaction V

o This gives rise to a second model:

TF_H2Br2

TF

ﬂow

RF H2Elr2
bW
5

oS —Y
oS —=

5 w & w
] 0 &
— =1

CF_H2Br2

MBG_defaults

= E?‘BIIC ~
CF —= MTF ! N RF

— mix l’reac

1= TF_H2Br2 in H2Br2.H2Br2 Main2 (2| &

General | Add modifiers

Component lcon
Mame TF_H2Br2

i
Comment |(Chemical reaction network TF

Madel
|| Path MultiBondLib.Passive TF_flow

Comment multibondgraphic flow transformator

Parameters
n 5|¥  Cardinality of Bond connections
M| {-1.1.00-13{2-2-1.1.11{0.0-1.1.00.{0.01-1-13.{0.01-1.13 »  ftransformation matrix

| ok |[ mo || cancel
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The Hydrogen-Bromine Reaction Vi

Vector of bond Multi-bond t
RF_H2Br2 TF_H2Br2 CF_H2Br2 connectors ulti-pona connector
RF = TF CF-
flow

‘r ‘N MBG_defaults ]
m [na]
%mg%mg J "(38._“%r
I X
@ 0D
. Cs
nvec csHZ
— - CS,,
. Cs
. Cs

. . P '
December 6, 2012 © Prof. Dr. Frangms E. Celller Start Presentation <][>




ETH

Ciagendssische Technische Hochsthule Tdrich
Swits Federal Institute of Technology Rurich

IMathematical PMobdeling of LPHhy3ical ©ystems

The Hydrogen-Bromine Reaction VII

\
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Thermo-bonds

« Until now, we have only modeled the mass flows through
the chemical reaction network.

* Yet, the mass flows are also accompanied by volume and
heat flows.

|t would simplify the models, if we were to model all three
flows through the reaction network simultaneously. In that
case, we wouldn’t need any separate thermal and
pneumatic ports any longer.
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Chemo-bonds

 However, we have a problem. Our thermo-bonds carry the
mass flows measured in kg/s rather than in moles/sec.

« For chemical reactions, this Is not practical.
 Remember:

H 5
— TF#
m =

e Thus, we should create a new type of thermo-bonds that
measure mass flow in moles/sec.

* These are our new (green) chemo-bonds.
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Chemo-bond Connectors
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connector ChBondCon "Bi-directional chemo-bond graph connector™

Packagos
% [ Mechancal

¥ [ SysmemOymamics
'

ndLib
=) ChemBondLib
] s

Packages Py Modelica.5Iunita.Temperature T "Temperature”;

E]Mechanical Modelica.3Tunits.Pressure p "Pressure™;

. Modelica.SIunits.ChemicalPotential mu "Chemical potential"; <€—
[ ] SystemDynamics — . I " B

: Modelica.S3Iunits.ThermalConductance Sdot "Entropy flow";

E]Examples -— Modelica.S5Iunits.VolumeFlowRate g "Volume flow":

# 7] ThermoBondLib —|| Real nu( unit="mol/s") "Molar mass flow"; <
: . Modelica.53Iunits.Entropy 5 "Entropy"™;

£ (] ChemBondLib N £ e

Modelica.5Iunits.Volume V "Volume™;

., - ModTwoPon
&) &

: \ .
& Modeting | 7 Simulation GUSEFSGU'dE Modelica.3Tunits.Amount0fSubstance n "Amount of substance”; e
Elﬁlnterfaces Eeal d "Directional wariable";
..|. ChBondCon | Boolean Exist "True if substance exists"™;
- @ eChBondCon =
|
- 4 fChBondCon ¥ || end ChBondCon;

Lt = (€] % [ K |

W Simulation

Line: 1| @ Modeling

Modified units
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The Chemical Transformer
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The Stoichiometric Transformer
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The Hydrogen-Bromine Reaction VII|I

5  We are now ready to formulate a
N 2t 1 b T ke third model of the H,Br, reaction:
—— 1l The model shows once again the
N % oy, RN complete chemical reaction net-
R R TN G work.
af e However, it Is simpler than model
w5t 1 o #1, as also volume and heat flows
4 e T g, LT o are carried through the network.
— CF - TF-<H 0 - -0 tgp> TF tg CF N g
je w8  The capacitive fields are now the
=t conventional capacitive fields that
O B TR O gt 1 4 were introduced earlier.
E « The St model groups the individual
o . states together into a state vector.
L
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The Hydrogen-Bromine Reaction IX

» This gives rise to a fourth model:

MBG_defaults
] K Ereac o
15 CF —= MTF ! N RF
Y mix Yreac
RF_H2Br2 TF_H2Br2 H2Br2 .
. Z = zeros(5,5)
F;{F: 5 1N -[;E: 15 N\ (:: P T N 7 ”
M={(Z N Z
Z Z N
Z

/

protected

parameter REeal HN[:,:
parameter Real Z[:,:

final parameter EBezl M[:,:]1 = [ W,Z2,2; Z,H,Z; Z,Z,H]1:
=
=

{{-1,1,0,0,-1},4{2,-2,-1,1,1}%, {0,0,-1,1,0},{0,0,1,-1,-1},{0,0,1,-1,1}}:
=

December 6, 2012

© Prof. Dr. Francois E. Cellier Sl Riess izl L S




ETH IMathematical PMobdeling of LPHhy3ical ©ystems

Ciagendssische Technische Hochsthule Tdrich
Swits Federal Institute of Technology Rurich

The Hydrogen-Bromine Reaction X

MBG cefaus Five chemo-bond One multi-bond

15 vectors of length 3 vector of length 15
/

CF_H2Br
RF_H2Br2 TF_H2Br2 CF_H2Br2

FRF = TF = CF

St

flow

~}— St 3 CF <%
~

CFBr -
-« CF -

« CF -2
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The Hydrogen-Bromine Reaction Xi
Z = zeros(5,5)

. N Z Z
M=|Z N Z
Z Z N

7
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B File Edit Simulation Plot Animation Commands Window Help
File Edit Simulation Plot Animation Commands Window Help
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R + . TChRKk4 =
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H2B12_Mzin2 + +TChRK5 equation
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-TCF E States for i in 1:n2 loop
» +TChR | 5 5 i1
TR H2Br2_Main3 CnBondConl[1].T = MultiSondConl.e[il; \ 4
ChBondConl[i].p = MultiBondConl.e[n2+i]:

+ +TChRk2 - .
. TChRIG ‘ = FromMultiBond2 ChBondCon1[i] .mu = MultiBondConl.e[2%n2+i]; The Ol’del’ IS
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[=+ FromMultiBond2 | ‘ ChBondCon1[i].d = +1:
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The Hydrogen-Broir

Ine Reaction XII
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RF-

St
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————®»ChR,,

$ P ChR,

e
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S S

+—— PChR,»— |

»ChR,.

Ch »

RF_H2Br2

RF

TF_H2Br2

TN\ E
flow
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Simulation Efficiency

Model
Version

# original # state # algebraic

B W N R

equations variables variables
1195 8
1187 8
3507 16
2835 16

57
55
72
66
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Yet Another Approach ...

 Remember the formula for the internal energy:

U=T:-S-p-V+g:m

=

u=T:-s-p-v+g

* We can exploit this to merge the three flows back together.
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Merging the Three Flows

D TF3 \!S- p
ﬁ mTF - ——
X M
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Simulation Results
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