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Chemical Thermodynamics |

e In this lecture, we shall talk about chemical

thermodynamics, and shall attempt a bond-graphic
Interpretation thereof.

* In the previous lecture, we only considered the

mass flows assoclated with chemical reaction
systems.  However, these masses also carry
volume and heat.

Chemical reactions are different from convective
flows, because the reaction occurs In a mixture,
l.e., masses do not get moved around
macroscopically.
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Chemical Thermodynamics I

* Yet, some reactions change the overall volume (or
pressure) of the reactants, such as In explosive
materials, others occur either exothermically or
endothermically. It is obviously necessary to keep
track of these changes.

« Furthermore, we chose to represent substances in a
mixture by separate CF-elements. If we wish to
continue with this approach, volume and heat
flows Indeed do occur between these capacitive
fields.
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Causality in Chemical Bond Graphs

o Let us look once more at the generic chemical reaction
bond graph:

CF =] MTF | = RF

— m|x —reac

Since the N-matrix cannot be inverted, the causality of the
chemical MTF-element is fixed.

—

The CF-element computes the three potentials (T, p, g),
whereas the RF-element computes the three flows (S, g, M)
of each substance involved in the reaction.
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Conversion Between Mass Flow Rate
and Molar Flow Rate

 The molar flow rate Is proportional to the mass flow rate.

Thus, we are dealing here with a regular transformer.

g
£~ TF —

m M

» The transformation constant, m, depends on the substance.

For example, since 1 kg of H, correspond to 500 moles,
my;, = 0.002.

e The entropy flow and heat flow don’t change.
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The TFch-Element

e Hence It makes sense

to create the following chemical

transformation element:
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Stoichiometric Coefficients

« As we saw In the previous lecture, the generic
chemical reaction bond graph can be decomposed
Into a detailed bond graph showing individual flows
between reactants and reactions.

 In such a bond graph, the stoichiometric coefficients
are represented by transformers.

* However, since the mass flow rate truly changes in
such a transformer (this Is not merely a conversion
of units), the entropy and heat flows must change
along with it.
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e Hence 1t

The TFst-Element

makes

Sense

to

create

stoichiometric transformation element:

the following
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Periodic Table of Elements

 \We can consult the periodic table of elements:

Name: Eromine
Symbol: Br
Atomic Number: 35

Atomic Mass: 79904 amu
TilvICcrMiFelColNi Me!t.mg Pn!nt: -1:2 (2(265.95 PE,19.04 F) ﬂ
ZrNoMaTeRuRNPG Boiling Point; 56 76 St 137,604 °F )
[ O ICjRU Number of Protonsiklectrons: 35
Hf | Ta|W|RelOs| Ir [Pt Number of Neutrong: 45
Rf|Db|Sq|Bh{Hs| Mt uun Classification: HalodeT™ 7 moje = 80 g
5 Crystal Structure: Orthorhombic
CelPrINdPmBmEUGATDDYHOErTMYDLY | | pensiy @asak: 3119 g

ThiPa[ U Np

Pu

AmCmBK|CfIEsFmMdNolLr| | | color: Rec
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Br2 % 2Br

ChR K, Stoichiometry
Vk{“k
M Br, BI’ “Br 2“ Br' T‘F'1 Hg TF3
CSBQ% IF ﬁ' 0 %l 1 H TF. If 0 k> IE TCSBr
Moudded 2 4 A Br

Hi, = —Hgr,* 2Hgy
1 mole =160 g 1 mole=80g¢g

Var, = Vg T Y, ~ Y
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The Equation of State

e Chemical substances satisfy a so-called equation of state

that relates the three domains to each other.

 For ideal gases, the equation of state can be written as

follows:

 The equation of state can be written either for partial

p-V=n-R-T

R =8.314 J K1 molet!

IS the gas constant

pressures (Dalton’s law) or for partial volumes
(Avogadro’s law).
Dalton’s law Avogadro’s law
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Isothermal and Isobaric Reactions |

e If both pressure and temperature can be assumed
approximately constant, the equation of state can be

conveniently differentiated as follows (using Avogadro’s
law):

p-Vi=ni-R-T = |p-g=v-R-T

This equation can be used to compute the volume flow
from the mass flow:

R-T
P

0=V
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Isothermal and Isobaric Reactions 11

e This relationship holds for all flows in the hydrogen-
bromine reaction, thus:

Ogr, | [-1 +1 O
Usr 2 2 -1
0n, | =| O 0 -1
Oy 0 0 +1
_qHBr_ i 0 0 +1

0 -1
+1 +1
+1 0

-1 -1

-1 +l_

i,

U,
2:3 b, ] L2 0 0 0] [per,
4 P, | [*1 -2 0 0 Of |pg.
ks d || Ip, [ =] 0 -1 -1 +1 +1 |- |py,
= P, 0 +1 +1 -1 1| (pu
P | 1 +1 0 -1 +1] [Puse

describe the corresponding partial pressures.
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The Gibbs Equation

 Chemical substances also satisfy the so-called Gibbs
equation, which can be written as:

P-O;i=T -Si+u-v

* Since we already know v and g;, we can use this equation
to compute S;.

 The entropy flow accompanies the mass flow and the
volume flow.

e Due to linearity (T, p = constant = u = constant), the
entropy flow can be superposed to the mass and volume
flows.
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Isothermal and Isobaric Reactions 111

» Entropy flows for the hydrogen-bromine reaction:

Ser,| [-1 +1 O
S +2 -2 -1
S, |=| 0 0 -1
Sy 0 0 +1
Spel | 0 0 +1

Neither the partial entropies no
- & 1 | (physically extremely dubious!)

r the
partial

0 -1 .Skl temperatures” are used anywhere, except for
+1 +1 Skz defining the corresponding power flows.
3 _ _ - - -
1 1 .Sk4 Tkl -1 +2 0 0 O TBr2
1 +1 -Sk Tk2 +1 -2 0 0 O Tg,
- T.| =10-1-1 +1 +1 Ty
3 2
p— Tk4 0 +1 +1 -1 -1 Ty
-Tks- _—1 +1 0 -1 +1_ _THBr_

describe the corresponding “partial temperatures.”
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Br2 & 2Br:

ChR,
Vk{“k
MBr TF2 VBr‘ ME;.r2 2l’LBr TF1 HB TF3
csBrz% TF <1 0 A TFIf 0t~ IF IfCSBr
2 mI:I1I3 Br2 2 r mEIEI MBr
ChR,,
qk1 pk1
g, Pgr 2Pgp Pg,: Pg,-
CSer,cH 0 —Y 1 = TE = 0 > CSg
pBrz qk1 qk1 m=3 2C|k1 Ogr
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Br2 & 2Br:

ChR
Vk{“k
MBr TF2 VBr‘ ME;.r2 2l’LBr TF1 HB TF3
CSar,xot JE <2t 0 w1 TFIf 0+ IF N CS
r, “me018 BI’2 Tmez o r Tme0D0g MBr
ChR,
Sed T,
Br2 TBr2 2TBr' TF1 TBF' TBI"
CSer,t+H 0 =4 1 = TFE L= 0 = CSer
Br2 Ky K, L 2§k1 SBr'
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Br2 & 2Br:

* We are now ready to sketch the combined model:

It requires state information from
™ all reactants.

[ ChR K, ]\ This model is still to be discussed.

TF=t1 TFehZ

Eh{ﬁ 0 ‘Ff‘@"‘f‘CFBr'

m=0.0

CFBrZ‘Tﬁ‘{‘@E‘VﬂH‘ i

m=0.16

This is now the standard capacitive \ The Bus-1-Junction does not

field, as it had been introduced in propagate the state information.
the discussion of the convective

flows.
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The Chemical Reactor Model |

« We already know that the chemical reactor needs to
compute the three flows.

* We already have the equations for this model.:

Vi, = K1 N, <« reaction rate equation

Ok, = %, - (R-T)/p «——— equation of state

Skl =(p- Oy = My " Viq )IT | «<—— Gibbs equation

We still need to verify though that no balance equations
are being violated!
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Mass Balance

« The mass balance 1Is embedded In the
stoichiometric coefficients. Whatever gets
removed from one reactant, gets added back to
another. Hence the total reaction mass will not
change.

» This Is true for each step reaction separately, since
each step reaction must satisfy the stoichiometric
constraints.
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Energy Balance |

« The way the equations were set up, we already know that:

Hmix ' VYmix at_lreac' Yreac

 and due to the symmetry of the other two domains:

b} — 7 —
Bmix * 9mix = Ereac ' greac ImIX ' §m|x Treac ' §reac

* Hence the change in internal energy can be written as:

U = Imix,'_mlx .lex Omix + ngX " Vmix
=T

reac _reac Ereac greac+ L‘reac 'l/reac

c . S P [
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Energy Balance I

« The above equation holds true under all operating
conditions, I1.e., the topology of the chemical
reaction network Is independent of the conditions
under which the chemical reaction is performed.

* The isothermal and isobaric conditions assumed
before only influence the CF-field, 1.e., the way In
which the three potentials are being computed, and
possibly the RF-field, 1.e., the way In which the
three flows are being computed (we shall discuss
In the next class, whether this Is indeed true or
not).
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Ok, = %, - (R-T)/p
Ok, = %, " (R-T)/p
Oky = ig - (R T)/p
Ok, = %, (R-T)/p
Ok = Vi - (R-T)/p

Volume Flow |

e Under isothermal and isobaric conditions, we can write:

P, | [FL+2 0 0 0] [par,| [+

Pk, +1 -2 0 0 O Pg,- -1
P, | =1 0 -1 -1 +1 +1(-|py,| =[ O] - N
Pk, 0 +1 +1 -1 -1 Ph- 0
P | L +1 0 -1 +1| |pug| | O

= | Breac " Greac = (Vg = ip) * (R T) = Diyi” Qi
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Volume Flow |1

 However under isobaric conditions, we can also write:

Emix,' Umix = Flj ' ones(1,5) ' Umix
= p-ones(1,5): v (R-T)/p
= ones(L,5) Yy (R T)
= ones(1,5) - N - VYreac” (R-T)

= (Vkl_ sz) ' (R ' T) - Ereac" Ureac

c . S P [
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Entropy Flow |

o Let us now discuss the entropy flow. We are certainly
allowed to apply the Gibbs equation to the substances:

Imix,' Emix .lex Aimix — Hmlx " Vmix

» Under isothermal and isobaric conditions:

! :
T ones(l 5) Sm|x P ones(l 5) gmlx_gmlx' ~Zmix

e Thus:

T ones(l 5) N - _reac =p- ones(l 5) N - Ureac — Hreac' ~reac
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 Therefore:

Entropy Flow Il

T (Skl_ Skz) =p- (QKl_ qkz) = at_lreac,' Vreac

e Thus, the Gibbs equation can also be applied to reactions.

Slkl: (P Oy, — M,
Sk, = (P O, = M,
S, = (P O, — My
Sy, = (P Oy, — M,
Sy = (P Oy — Mg

T
Vi) T
U T
Vi )T
U T

T, -1 +2 0 0 0] [Tg, +1
Ty, +1 2 0 0 0| |Ta- -1
T, | =1 0 -1 -1 +1 +1| | T | =]0| T
Ty, 0 +1 +1 -1 -1| |T. 0
Tl [F1 +1 0 -1 +1] [Tpgl [ O]

— Ireac" §reac =T (Skl_ Slkz) - Imix" §mix
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The Chemical Reactor Model 11

* We are now ready to program the chemical reactor model.

Ve, —

BHA& WRI/FrOCTARS- &N | E-
B¢ s @oAEZ 5
-

ey

Pocknges - v
i TP5encn
L] D‘-inun T
a1 [T Tables
* D‘GIMN'I'P:‘.
S [

E_.' <CHAKL ]

o -
KT
——— ( : IT
[ Cemonnents b R
={Chermical Chitk |
W ThBercdConl

= M Sate
T emp
= M Preure.

k1"

& v [ |

=ichrk1 - Chemical.ChRk1 - [Modeli 140l x|
B File Edit Simulation PBlat Animation Commands Window Help =18l x
u = e =
A8 (R/ mey ARL & -H' Z-Bh-¢>mSAEE 0 |
ﬂ wodel ChPkl "HBEr Reaction 1"
Packages I;I Modelica. 8Iunits. Tenperature T "Tewperature";
N Modelica. BTunits. Pressure p "Pressure";
ﬁMechanical FEeal nErZ "Molar mass";
) Modelica. 8Tunits. Tenperature Tkl "Partial temperature";
@SPStemDﬁ'nam'cs Modelica. SIunits. ThermalConductance Sdotkl "Partial entropy flow rate';
ﬁE:-:ampIes Modelica. 8Iunits. Pressure pkl "Partial pressure";
. Modelica. 8Tunits. WVolumeFlowRate gkl "Partial wolume flow rate";
HﬁThermDEDndle Modelica. 8Tunits. Energy mukl "Chemical potential”;
=10| x| GUSEr'S Guide Modelica. BTunits. AngularFrequency ikl "Beaction flow rate";
k. H
BLE ﬁlnterfaces paramseter Modelica. SIunits. AngularFrecuency kl=1 "Reaction rate";
constant Modelica. 3Tunits. SpecificHeatCapacicy R=2.314 "Gas constant";
B[] Bonds
. =]
ﬁdunctmns =
[TJPassive 2quation
T = Tewp;
ESBI‘]SD[S p = Pressure;
ESDUICES nBr# = State[3];
Tkl = ThEondConl.T;
t#] [T Tables Sdotkl = ThEondConl.Sdot:
Frramurn i
[ ] Substances pkl = ThBEondConl.p;
gkl = ThEBondConl.qg;
EE:-:EIITINES mukl = ThEondConl. g;
I'_—'Iﬁﬁhemical rukl = ThEBondConl.Mdot;
irw ikl = kl1*nBrZ;
b7 chRK | . :
prgkl = nukl*RB*T;
- Fragment P p*gkl = T*3dotkl + mukl*nukl;
M= ooo -
= uEnlﬁl*l‘ end ChBkl;
Chemical. ChRk1 Line: 28| &) Modeling | "y Simulation I 4
< — 2
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The Chemical Reactor Model |11

e Consequently:

TFchi TF=t1 TFchZ

CFar,~ot- h'|n'1|63vr| 0 ¥ 1 S TE S 0 3> TF 4> CFg,.
IR -

| I
Effort State The activated bonds are awkward. They were necessary

SENSor SENSor because stuff got separated into different and no longer
neighboring models that are in reality different aspects of
the same physical phenomenon.
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The Multi-Bus-Bond

» A clean solution is to create a new bond graph library, the
ChemBondLib, which operates on multi-bus-bonds, I.e.
vectors of bus-bonds that group all of the flows together.

o Special “blue” multi-bus-0-junctions will be needed that
have on the one side a group of red bus-bond connectors,
on the other side one blue multi-bus-bond connector.

 The individual CF-elements can be connected to the red
side, whereas the MTF-element is connected to the blue
side.
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The MTF-Element

« The MTF-element Is specific to each reaction, since it
contains the N-matrix, which is used six times inside the

MTF-element:

Vreac — N - Ynix
Hrix = N”- Hreac
Ureac = N - Umix
Qmix: N Qreac
§reac =N §mix

Toix=N"- T

—MiX —reac
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The RF-Element

« The RF-element Is also specific to each reaction, and it
may furthermore be specific to the operating conditions,
e.g. Isobaric and isothermal.

 In the isobaric and 1sothermal case, It could contain the
vector equations:

n=[ng.,; N 4V Ny *Ngp V5 Ng ™ Ny V5 0y * g V]
Vieac=K > 1,

x* — * J o
p greac_l/reac R T ’

= — = 2 .
p greac_ T §reac+ Hreac . l/reac ’
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Conclusions |

* In my Continuous System Modeling book, | had
concentrated on the modeling the reaction rates,
l.e., on the mass flow equations. | treated the
volume and heat flows as global properties,
disassociating them from the individual flows.

* In this new presentation, | recognized that mass
flows cannot occur without simultaneous volume
and heat flows, which led to an improved and
thermodynamically more appealing treatment.

c . S P [
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Conclusions 11

o Although | had already recognized in my book the N-
matrix, relating reaction flow rates and substance flow
rates to each other, and although | had seen already then
that the relationship between the substance chemical
potentials and the reaction chemical potentials was the
transposed matrix, M = N’, | had not yet recognized the
chemical reaction network as a bond-graphic Multi-port
Transformer (the MTF-element).

« Although | had recognized the CS-element as a capacitive
storage element, | had not recognized the ChR-element as
a reactive element.
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Conclusions 111

 When | wrote my modeling book, | started out with the
known reaction rate equations and tried to come up with a
consistent bond-graphic interpretation thereof.

| took the known equations, and fit them into boxes,
wherever they fit best ... and in all honesty, | didn’t goof
up very much doing so, because there aren’t many ways,
using the bond-graphic technique, that would lead to a
complete and consistent (i.e., contradiction-free) set of
equations, and yet be incorrect.
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Conclusions 1V

However, the bond-graphic approach to modeling
physical systems Is much more powerful than that.
In this lecture, | showed you how this approach
can lead to a clean and consistent thermo-
dynamically appealing description of chemical
reaction systemes.

« We shall continue with this approach during one
more class, where | shall teach you a yet improved
way of looking at these equations.
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