Modeling Chemical Reaction Kinetics

Preview

In previous chapters of this text, we have considered various forms
of energy, however, we treated them mostly in isclation. Transitions
between different forms of energy were accomplished by so—called
energy transducers, but, until now, never more than two forms of
energy were involved in any such transition. Chapter 8 has shed
some light on distributed processes, and has shown how one form
of energy, namely heat, is transported by and transmitted through
matter. In this chapter, we shall discuss what happens to the to-
tal energy balance when one type of matter interacts with another,
i.e., we shall look at the thermodynamics of chemical reaction sys-
tems. Notice that, in this analysis, we are not so much interested
in the chemical properties of matter (such as color, taste, smell, or
toxicity), as we are interested in the physical properties of matter
{sach as temperaturs, pressure, volume, flow rate, or concentration).
In this discussion, it will be unavoidable to consider a multitude of
simultaneously occurring energy transitions.

2.1 Introduction

We have seen that all physical systems require two different types

of wariables for & complete description of their dynamics. In an
electrieal eirenit, we cannot usually write state equations In terms of

voltages or currents alone, but, in any circuit which contains both
capacitors and inductors, we always need a combination of the two.
This is due to the fact that, in a capacitor, voltage is integrated,
while, in an inductor, current Is integrated.
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In Chapter 8, we saw that thermodynamic systems can be de
scribed by either temperature or heat alone, i.e., the state equations
can be described either in terms of temperatures or in terms of heat
only. This is due to the fact that no thermal inertance exists. Any
system that contains only one type of storage slement can be de-
seribed in terms of one type of state varisbles. The thermodynamic
literature exploits this fact frequently. It was shown, however, that
this simplification has & very unwelcome side effect. If we concen-
trate on one form of state variable (such as the temperature), we
lose the capability of balancing the energy (power) correctly, and
therefore, it becomes very difficult to conoect the thermal subays-
tem to other subsystems. In other words, as long ss we are happy to
analyze a thermal system in isclation, we can concentrate on tem-
peratures alone, but, if we wish to connect the thermal system to
other systems, we must carry along both types of adjugate variables,
i.e., temperatures and entropy flows.

Table 7.1 shows that also chemical systems do not possess iner-
tis. The two adjugate variables, the chemical polential u and the
molar flow v can therefore be decoupled. It Is possible to describe
the dynamics of a chemical reaction in terms of nsmber of moles and
maolar flow rates alone without consideration of the chemical poten-
tial. Since chemical reactions are highly non-linear, we can't express
the number of moles in terms of molar flow rates, and the resulting
differential aquations will thus use the number of moles as state vari-
ahles rather than the molar flow rates. Frequently, the number of
moles are furthermore normalised with the reactor volume, resulting
in a set of differential equations using maolar densities/concentrations
as state varishles.

The literature on chemical reaction kinetics operates traditionally
on molar concentrations and their time derivatives exclusively, and it
ignores the energy and its conservation entirely [9.7). Many of these
references do not even introduce the chemical potential as & system
property at all.

On the other hand, the literature on chemical thermodynamics
concentrates on the overall energy balance in a chemical reaction
using terms such as the enthalpy, the entropy (differently defined
than in Chapter 8), and the Gibbs free energy [0.13]. Some of these
references introduce the chemical potential as an aoxiliary quantity
that can be derived from the Gibbs free energy, others don't [9.9].
However, all of these references discuss the eguilidrium stale thermo-
dynamics only, i.e., they ignore the dynamic behavior of the system.
Therefore, flow rates are of no concern to them.
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As in the case of the thermal systems, the disadvantage of this
dichotomy is the fact that it prevents us from connecting a chem-
ical reaction system dynamically with other subsystems. As long
as we are happy to analyse chemical reaction systems in isolation,
the decompesition into the dynamic reaction kinetics and the static
thermodynamics may be quite appropriate. However, if we wish
to analyze dynamically the interaction between chemical, thermic,
poeumatic, mechanical, and electric subsystema, this approach be-
comes inadequate. It is the goal of this chapter to derive a methodaol-
ogy that will enable us to describe the dynamic behavior of chemical
reaction systems through a set of adjugate variables, and thereby,
enable us to study the dynamic interactions of chemical reaction
systems with their environment,

8.2 Chemical Reaction Kinetics

The physics behind chemical reactions among gases or aqueous solu-
tions are very similar to those discussed in Chapter 8. As in thermo-
dynamics, we can distingnish between macroscopic and microscopic
aspects of such reactions. As in the previous chapter, we shall mostly
concentrate on the macroscopic aspects, but we need some under-
standing of the microscopic aspects in order to derive the correct
macroscopic equations.
Let us look at the chemical reaction:

CyHly + 80y = 3COy + 4H,0 (0.1)

By convention, the chemical species on the left hand side of the arrow
are called producis However, the two—sided arrow indicates that, in
reality, two different reactions take place. Eq(9.1) is an abbreviation
for the reaction system:

Cylfy + 503 — 3C0; + 4H,,0 (9.2a)
3C0; +4H,0 = Gy Hy + 80y (9.28)

The first reaction states that when one molecule of propane CyH,
meets with five molecules of axygen O;, the atoms may regroup and
form seven new molecules, namely three molecules of carbon dloxide
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C'0; and four molecules of water vapor Hy0. The second reaction
states that the reverse may also happen.

Any chemical reaction describes a trade of atoms between & num-
ber of different molecules. In this trade, the mass balance must be
preserved, i.e., the oumber of atoms of each type on both sides of
the arrow must be the same, and an integer number of molecules is
involved in the trade. The act of balancing the masses in & chem-
jeal reaction is called sioichiometry, and the integer constants that
multiply each species (i.e., the number of molecules imvolved in the
is achieved by ensuring that the total number of atoms of each type
is equal on both sides of the arrow.

It is interesting to discuss how frequently such a trade occurs. For
this purpose, we need to look at the microscopic aspects of the chem-
ical reaction. In order for the trade to take place, all the involved
partner molecules mmst meet at the same time at one place. Let us
asjume that the molecules are mixed in a completely homogeneous
manner. Consequently, the probability of any one molecule to be
at any one place is the same. hﬂhﬂﬁ,lhptﬂthlﬂlrd'l
maolecule to be in any unit volume slement of the mixture is the same
and is proportional to the concentration of the molecule in the overall
mizture (solution). We can furthermore assume that the probability
of any one molecule to be in a considered unit volume element is
statistically independent from the probability of any other molecule
to be in the same unit volume element. Thus, the joint probability
of all partner molecules to be in the same unit volume element at
the same time is proportional to the product of their concentrations.

Let us denote the concentration of & molecule M by ey. For
example, we shall denote the concentration of water vapor as ¢y 0.
Therefore, the reaction according to eq(9.2a) should occur with a
reaction rate of:

b -coum, - €b, (9.3a)
and similarly, for the second reaction:
ks - ebo, - b0 (9.38)

We denote this by placing the reaction rate constants on the arrows:

CyHy + 80y 24 3CO; + 45,0 (9.4a)
3C0; + 4H;0 2 Gy Hy + 50, (9.48)
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and thus, we are made believe that we can write the following set of
differential equations for the reaction system:

d

s:ﬂl.l =k ":‘-‘ﬂ. 5 :}ﬂ - by coum, ':.ﬂ. (9.5a)
Seor=8h o, cho~hi-cm b, (989
;fﬂcn'*h'wm.'ﬂﬁ.'ah'fau.'ﬁm (9.5<)

Semo = th-com, -ch, ~th-ddo,cho  (95d)

Notice that each reaction is driven by the concentrations of the re-
actants only, and not by the concentrations of the products. Notice
farthermore that the stoichiometric coeffidents mmitiply the reac-
tion equations. This is easily understandable since, in each trade of
the first type, only one molecule of Oy H, is consumed for every five
molecules of 0y. Consequently, the concentration of Oy decreases
five times faster than that of CyH,. Similarly, in the second reac-
tion, five molecules of Oy are produced for every one molecule of
CyH,.

And yet, the set of differential equations, eq(9.5), is certainly in-
correct. The reason is that the chances for six or seven different
molecules to meet at any one place at any one time are minuscule,
and therefore, such a reaction is very unlikely to oceur. Eq(9.1)
is not meant to be an adequate description of what really happens
In the chemical reaction, but rather, it describes an egquilibrium of
flow, Le., it describes the balance of varions atomic trades between
molecules near steady-state conditions. Whether & particular stoi-
chiometrically feasible reaction actually can take place or not, and if
yes at what reaction rate, is & difficult question to answer. We cannot
answer this question without looking in detail at the energy balance
in the trade in addition to the mass balance which is governed by
the stoichiometry. In general, if more than three or maximum four
reactant molecules are involved in & proposed chemical reaction, that
reaction will never occur In one step.

Let us look at some simpler reactions to explain this comcept.

Hydrogen gas and lodine vapor can react to form gaseous hydrogen
iodide:

Hy+ Iy = 381 (0.8)
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As before, the reaction can take place in both directions. We decom-
pose the equilibrium reaction into two separate reactions:

Hy+ I B amr (9.7a)

BT B, 4+ Iy (9.78)

which can be described by the following (correct) set of differential
equatjons:

d

g =h c-boen,a, T~
Lo =hr-chi-b-cm,-a, (9.88)
innflh'ﬂl.“h“'i“i! (8.8)

We can investigate what happens in the equilibrium, ie., after a long
time. We assume that an equilibrium of fiow is reached in the form
of & steady-state solution of our set of differential equations. In the
steady—state, all derivatives are sero, thus:

by ehy - by -cg,-e5, =00 (9.9a)
2hy - cp, - €5, = Thy - ey = 0.0 (9.96)
and therefore:
o
T consiant (9.10)

In the equilibrinm, & constant ratio exists between the concentrations
of the different species irrespective of the chosen initial conditions.
(This “constant™ may still depend on temperature since the reaction
rate constants k, and by are temperature dependent.)

Let us now look at another similar reaction:

Hy + Bry = 2H Br (9.11)
From the previous discussion, we would expect that, in the steady-
siate:

i —— (9.12)

CNy " Eley
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However, experimental laboratory results prove oq(9.12) to be incor-
rect. This indicates that, in reality, a somewhat different reaction
takes place. By experiment, it was verified that the production rate
of H Br is proportional to the concentration of H;, but it is propor-
tional to the square root of the concentration of Bry:

1/1

Senm x en, -}l (9.13)

This experimental result can be explained by the following set of
reactions:

Bry = 3Br" (9.14a)
Br* + Hy = HBr + H* (9.14b)
Bry + B* — HBr + Br* (9.042)

It turns out that H; and Bry are much too inert to engage in any
“extramarital™ relationships. However, if either a Br* atom or an
H* atom is “single”, it will rather steal the “partner™ of an existing
eouple™ than stay single. Eq{9.14a) denctes a fort equilibrism reac-
tion, Le., Bry ¥couples™ sometimes split for & while and recombine
with other “single™ Br* atoms. Eq(9.14¢) denotes & fast reaction,
L:..ﬂ' are very unhappy individuals who will reengage at

chances to meet are so small. Eq(9.14b) denotes a slow equilibrium
resction, i.¢., while most single Br* stoms will recombine again with
other single Br* atoms, some get “frustrated™ before they can find
an appropriate new “partner” and attract ome partner of an existing
H; “couple” instead. Single H* atoms are so eager to reengage that
they are sometimes able to “steal™ the H* “partner™ of an existing
H Br “couple™.
The three reactions eq(9.14) can be expanded into:

Bry 2 2B¢* (9.15q)

28r* 2 Bry (9.158)

Br* + Hy 2\ BBr+ H* (9.18¢)
HBr+ ' % Be* + Hy (9.15d)

Bry + H* X\ §Br 4 Br* (9.18¢)
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with typical reaction rate constants of by, = 25.13 sec™!, by =
LOST - 10" m® sec™! maole™, by = 4.44 - 10° m® sec~! mole!,
ky = 188.6 m*® sec™' mole=?, and k; = 1886.0 m* sec! mole-?,
at & temperature of 900° K. The molar concentrations are measured
in mole m=%. Eq(9.15) leads to the following set of differential equa-
thons:

R TSI . (9.169)
d
Fo0 = 2k ey, — by s — by cpy - Cpen

+hy-came -cge +hy-cge-cpe, (9.168)
i—el, = —ky em,  cpes + by cmme cms (9.18<)

i;.u = ky CEE, fCRee —ky-cgme -cge — by -ege EEey {i‘:“}

i""" = ky e, Coer — ke cumy cue + by ocwe -cmy, (9.18)

The overall reaction rate is dominated by the slowest reaction, i.e.,
by eq(9.16e). Since the concentration of H* atoms is very small at

all times, eq(9.16¢) is dominated by the k, term. Therefore, we can
write:

i#.’,..- e by - EH, * ERee {l.lﬂ

Since the equilibrium reaction eq(9.14a) is much faster, we can ana-
lyse this equation under steady—state conditions:

ky - cpe, — by - chye = 0.0 (9.18)
and thus:
Eges = B cepey = Ry --:1: (9.19)
Plugging #q(9.19) into «q(9.17), we find:
Semne = bkuy - ca, -l (930)

as shown in the laboratory experiments.

While the above formmlation is the traditionally used form of reac-
tion kinetics equations, we wish to reformulate the reaction equations
in terms of number of moles and molar flow rates.
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We first need to introduce the concept of & “mole®. Tradition-
ally, the amount of a substance was either measured in terms of
its weight (for solid materials), or in terms of its volume (for lig-
uids). In physics, it became more practical to express the amount
of any substance through its mass, since this nomenclature simpli-
fies the formulation of Newton's law. In chemistry, this approach is
not convenient, since chemical reactions trade substances in & fizxed
ratio among the involved types of molecules (or atoms). Unfortu-
nately, 1 kg of one chemical substance contains a different number
of molecules (atoms) than 1 kg of another chemical substance. Thus,
it is more convenient to express the amount of & chemical substance
by counting the number of molecules [or atoms) contained in the
measured guantity.

A pure rubstance is & substance which contains only one chemical
species, i.e., one type of molecules. The molecular mass of a chemical
species can be roughly expressed as the number of heary particles
(protons and neutroms) contained in the species mmltiplied by the
mass of a heavy particle. Consequently, the number of molecules
contained in any amount of & pure substance can be expressed as
the ratio between its mass and its molecular mass.

However, by using the molecular mass, we end up with very large
numbers at all times. Therefore, it b customary to normalise masses
in & different way. We count the number [ of stoms contained in
12 gm of earbon C". In some references, L i called Avogadro’s
number, while other texts refer to [ as Loschmidl's nember. Simi-
larly, the number of molecules contained in 2 gm of hydrogen gas Hy
is also L. In general, [ is & constant which measures the number of
molecules (atoms) contained in k gm of any pure sabstance, where k
denotes the number of heavy particles (protons and neutrons) con-
uhﬂhh-mmhnh{m}dﬁtm L has & value of
6.025 - 10%.

One “mole™ of any pure substance is the amount that contains L
molecules (atoms). The molar mass of any substance is defined as
the mass of one mole of the substance, i.e., the molar mass of any
substance is the product of [ and its molecular mass. The molar
mass of carbon C is 12 gm, while the molar mass of hydrogen gas
H, is 2 gm. We can, thus, express the amount of & pure substance
as the ratio between its mass and its molar mass, Le., by counting
the number of moles contained in the measured quantity. The mole
is the measurement unit introduced to measure the number of moles
of any pure substance.
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The molar concentration of any pure substance is defined as the
number of moles contained in the measured quantity divided by the
volume that this quantity occupies. Consequently, molar concentra-
tions are measured in mole m=%,

The molar flow rate describes the change of the number of moles
over time, i.e., it is the derivative of the number of moles with respect
to time. Consequently, molar flow rates are measured in mole sec™?,

Sometimes, it is useful to measure the amount of & mirfure of pure
substances. The number of moles of any substance is the sum of the
numhber of moles of the pure substances contained in the mixture.

It is our goal to reformulate the reaction kinetics equations in
terms of number of moles and molar flow rates, Let me explain this
concept by means of the previously used H;-Br, reaction system.
We can rewrite the set of differential equations eq(9.16) in terms of
the number of moles. Let the quantity ng,o denote the number of
moles of water vapor. The molar concentration is the number of

moles divided by the total volume, for example:

EF0 = -:—"-FE (9.21)

Therefore, q(9.16) becomes:

Sy aohy BB, (BBmp_y, 2R (a2
£ 20y g, 200 g, (RB2y g, BE 2
a0 -
R
R e S
T R s s 2TE 2
Let vg,o denote the molar flow rate of water vapor, i.e., the change

of the number of moles of water vapor with respect to time:

VR = i‘l‘.ﬂl (9.23)
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dv
=g (9.24)

With this notation, eq(9.22) can be rewritten as follows:

Ve, = —hy - mpy, + by - (D) by (BERB) (BB (g 5y

aen = 2 - mpy, - by (B2 _ (R RE

by (REECRE) gy (BB g (B2) (pasy)

va, = -k (PR kg (RERCRE) 4 g () (0280)
vige = by (DEIRE) g (REBL DAY,

by (M) 4 g (B (9.284)
vap, = by - (D) g (REELDEY

4y (L) 4 g (22 (9.28¢)

We can introduce the resction flow ratex

g = kg g T tl..lll]
g '-‘lr{:*,ﬂ? (9.268)
s = by - (R (9.38)
m=h.[“_";'_", (9.28d)
B e (9.28¢)
and therefore:
%nh--l-u+m-u|+|-[.—#'-',l (9.37a)
i-n--h-hn—m+m+m+l-{‘%} (9.37)
Srm = e+t e (O (9.37¢)
%np-m-m-ﬂl 'l'I"{'T!:} ““’ﬂ

d
3 H8 = Vs = M +l"u+l"'l!——1,."] (9.27¢)
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The equations eq(9.27) look indeed funny. Let me propose the follow-
ing experiment: We store a certain amount of resctants in a closed
container with & movable piston. We wait until aa equilibrium has
been reached, i.e., until all time derivatives have died out. At such
tire, we pull the piston further out, i.e., we apply an external force
to artificially increase the volume. The set of equations eq(9.27)
claim that the number of moles will start to grow, but we know that
this can't be true. The total number of moles can grow only if we
add more substance to the container.

Let us look a little more closely at one of the above equations, for
example the one for HBr. The flow rote balance of the substance
HBr from all the reactions ky, ky, and ky in which the subatance
H Br is mvolved can be computed from the squation:

FEBr = Mg - M+ M (9.28)

Obviously, the change in the number of moles of H Br must be equal
to the balance among the reaction flow rates:

i"‘lllr = M B [9.29)
Comparing eq(9.29) with q(9.2Te), we see that the ¢ term in

#q(9.27e) is surplus. In order to correct eq(9.27), we must modify
the original set of state equations eq(9.16) in the following way:

2 o= —hr-car, +hr-choe — by ce - cany = -y, (9.300)

i

iu.- =2y - ey — k3 - Chye — by -2, - e
+h-un+u-+h~¢l--:-.-%-rm (9.30)

i:.,:-h-:l.rclr-+h~¢llr'¢l--%‘ll. (9.30¢)

iﬂ- =hy eq, -cper — by -cume - cme — by -cme - Cpe,
-%.,,. (9.30d)

%"* =y cg, oo = by cup, - eme + by e -,
-3 cun (9.30¢)
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This correction term makes & lot of sense. Let w apply the same ex-
periment as before. If we artificially increase the volume of the reac-
tor, we know that the concentrations will start decreasing. The cor-
rection term takes care of this. The uncorrected equations eq(9.16)
did not reflect the necessary change in the concentrations. Obvi-
ously, the uncorrected equations q(9.16) are only valid for reactions
that occur under constant volume conditions where ¢ = 0.0 at all
times.

9.3 Chemical Thermodynamics

Until now, we have locked at the mass transfer (the stoichiometry)
of & chemical reaction only. If we wish to understand why chemical
reactions take place, we need to lock at the energy transfer as well

Most chemical reactions are either ezothermic or endothermic, le,,
they sither generate or absorb heat. Quite frequently, other things
happen as well. In a closed container (i.e., under constant volume),
the pressure of & gas or liquid may change during the reaction, and
in an open container (Le., under constant pressure), the volume of
the gas or liquid may change. This volume/pressure change can
sometimes assume violent dimensions, for instance in an explosion.

This indiestes that, in & chemical reaction, two different goods
are actually traded, namely mass and energy. The energy traded in
s chemical reaction must come from somewhere Consequently, we
st assume that & chemical sbstance can store energy similar to &
capacitor in an electrical circuit. Let us try to define this mechanism.

According to the first and second law of thermodynamics, the
change of the internal energy U of a chemical substance in any pro-
cess (vuch as a change of temperature or a chemical reaction]) can be
described as follows:

B=T-S-pV+I m i (9.31)
wi

where T denotes the temperature, § stands for the entropy, p is the
pressure, V denotes the volume, and n, is the number of moles of
substance i. Since, In any chemical reaction, energy is traded as well
as mass, the flow of mass across the arrow must carry some chemical
power along with it. Therefore, we must assume that an adjugate
varisble p; to the molar flow rate »; exists such that the product
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of the molar flow rate and its adjugate variable is chemical power.
The adjugate variable has been coined the chemscal potential of &
substance, and is measured in J mole='. The chemical potential of
s substance describes the amount of chemical energy stored in a mole
of that substance. When the substance is traded across the arrow
in & chemical reaction, its chemical energy is traded along with its
mass,

If & substance is separated into several components during a chem-
ical reaction, the sum of the chemical potentials of the products can
be different from the chemical potential of the reactant. It can be
either smaller or larger. If this is the case, the energy must be bal-
anced alsewhere. For instance, if the sum of the chemical potentials
of the products is smaller than the chemical potential of the reactant,
the excess energy must be converted to another form, by producing
heat, or by increasing the pressure, or by incressing the volume.
The same argument holds for several reactants being combined into
one product, or for several reactants being rearranged into several
products.

We realize that matter can store energy simmltanecusly using three
capacity), a hydrawlic/pnewmatic storage, and finally & chemical stor-
oge (a structural storage).

Notice that the variables U, §, V, and n, depend on the quan-
tity of substance that scts as a storage. These are called exiensive
variables. On the other hand, T, p, and u, are ndependent of the
quantity. They are called intensive variobles. It b sometimes use-
ful to normalise the extensive variables (ie., make them intensive
variables) by dividing through the total number of moles:

(1] 5 ¥ )
H--r-" § I:: " rl: » .‘I: t..“]

U is ealled the molar infernal energy, § Is called the molar entropy,
V is called the molar volume, and 2, is called the mole fraction
Eq.(9.31) can thus be rewrltten as follows:

d d d
G0 -T- S0 45 G0V - T glasd =00 (039

which can be evaluated as follows:
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olLd ds d¥
(G T G- S+ SU-T-S+pV- T wen) =00
. (X7
Since 4 is independent of n, the two parantheses mmst both be equal

Lo pero:

U=T-5-p-V+ E.ﬁ*lu (9.35a)
L .1

& 5 W .

?-Tri-rq—*-+§nr? {'-m]

Eq(9.35a) provides us with an explicit formmla for the internal energy
stored in a mole of any smubstance. Notice the difference to electrical
and mechanical systems. An slectrical cirenit has two separate means
to store energy. The energy stored in & capacitor is:

:.,:%r:-.:, (9.36)
and thus the power flow into and out of & capacitor ia:

Po=SE=Coug - S =g ic (9.37)

B=jid , m=Stari SEenn )

i.e., while the energy formulae look different, the power is always
e

The situation is similar for the potential and kinetic energy stored
in physical bodies. While the energy formmlse look different, the
power is always F-w for translational motions, and r-w for rotational
motions,

However, the situation is quite different with respect to the energy
that is stored in the matter itself in three different snergy storages:
a thermal, a hydraulic/pneumatic, and a chemical energy storage.
Let us analyse the internal hydraalic/pneumatic energy storage of a
liquid or gaseous substance. The energy Is stored as:

Bvpp=p-V (9.39)
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Therefore, the power can be described as:

P= GOV =B V¥ (9.40)

Only one form of internal hydranlic /pnenmatic energy exists, yet two
separate mechanisms allow power to flow into or cut of the storage.
Hydraulic/pneumatic power can flow under conditions of constant
pressure (Le., the so—called isobaric conditions) using the expression
P v, or under conditions of constant volume (Le., the so—called
umhammdm]um;lhupmhmj V. U both variables are
time dependent, both power flow mechanisms occur simultanecusly.

The same is true for the thermal storage. Thermal power can
flow under conditions of constant temperature (i.e., the so—called
wothermic conditions) using the expression T 5, or under conditions
of constant entropy (Le., the so—called isentropic condifions) wsing
the expression T - §. If both varishles are time dependent, both
power flow mechanisms occur simultansounsly.

Similarly, two power flow mechanisms exist also for the chemical
power. However, by specifying the free thermal and the free hy-
draulic/poneumatic conditions, the system is completely determined,
i.e., we cannot choose to execute & chemical resction under condi-
tions of constant chemical potential or constant molar flow rate.

Notice that all three internal energy storages describe properties
of the matter Itself. They exist irrespectively of whether the matter
is moved around or is kept in one place. If we move & liquid or & gas
arcund macroscopically, we must in addition consider its potential
and kinetic energies which are also expressed in terms of the pressure
p, the mass flow rate g, and the volume V. Yet, these energy storages
are different from the internal hydraalic/pneumatic energy storage
of the matter itself.

Notice further that the sign of the internal hydraulic/pneumatic
energy term in eq(9.35a) is opposite to the sign of the internal ther-
mic and chemical energy termu. We shall explain this fact later.

Two other energy functions are commonly used in thermod ynam-
ies:

B=U+p-V=T-5+% mn (9.41a)
L

GIE-T'S=E”I‘ (9.418)

H is called the enthalpy of the substance, and G is called the Gibbs
free energy of the substance. G measures the total amount of chem-
ical (structural) energy stored in the substance. Of course, also H
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and G are sxtensive variables which can be made intensive by nor-
malization:
H =

B
S=U+pV=T-5+ gjnn (9.42a)

@
¢=;=ﬁ-r-s-¥,i.,- (9.428)

M is called the molar enthalpy of the substance, and ¢ is called
the molar (ibbs free energy of the substance. § measures the to-
I:lhmwd:hamiul[mﬂtud}uunﬂuihlmd:nfm
s

Let me analyse this relation a lttle farther:

G=H-T-S=U4+p-V=-T.§ (9.43)
and therefore:
CG=04+p-V4+p.V-T.5-T.% (9.44)
We plug [/ into eq(9.44) from eq(9.31):
G=-T-S4p-V+Lm'n (9.45)
™
However, since:
Gngn-m (9.48)
we can also write:
G= lm+ P m-n (94T)
= =

A comparison with eg(9.45) shows that:
Y km=p-V-T.5 (9.48)
L1

Finally, we know that the total energy in & closed system is com-
stant. If we can neglect other forms of energy (ruch as mechanical
energy or electrical energy), the internal energy of the closed system
is constant:

[ = consland (9.49)
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and therefore, from eq(9.31):
ﬂ’nT-ﬁ—p-i"+Ep.-u=M (9.80)
w

Eq(9.48) and ¢q(9.50) together provide us with two separate power
balance equations:

pV=T 843 m-n (9.51a)
i

PV=T-5+3 f-n (9.518)
W

Eq(9.51b) is one form of the Gibbs-Duhem equation.

rather than the power balance. However, for our purposes, it is
more natural to concentrate on the power balance.

In a chemical reaction system, chemical energy b traded among the
various substances involved in the various reactions. However, the
trade is not always balanced. Either a surphus of chemical power or
s lack of chemical power may exist. If the chemical power balance

0.0), the excess power is converted into either thermic power, or
hydraulic /poneumatic power, or both. If the chemical power balance
results in & lack of chemical power (i.e., G > 0.0), must be
mdﬁmmmmummmmm
A chemical reaction system strives to maintain the smallest amount
of chemical energy possible. Consequently, reactions with G < 0.0
will take place spontaneously, while reaction with G > 0.0 can only
mhﬂ,h,hhﬂqmlﬂnﬂt&uﬂdlmh
example through external heating.

In & chemical reaction, the total power must be balanced. The
chemical power stored in all products minus the chemical power
stored in all reactants is the power that is available for conversion
into other forms of power. This power (which can assume either pos-
itive or ive values) will be split among thermic power (through

either uction or consumption of heat), and hydraulic/pneumatic
power (through either volume or pressure increase or reduction).
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9.4 The Equation of State

We have seen that chemical systems which are completely described
through their internal energy contain three internal storages:
s chemical storage, a thermic storage, and & hydranlic /pneumatic
storage. Thus, such systems are defined through six different types
of variables, namely T, 5, p, V, i, and n,. We need thus six types of
equations to completely describe the dynamies of the overall system.
Until now, we met the reaction equations, which are nsed to compute
the n,, and the two power balance equations, of which eq(9.51a) is
usually employed to compute the entropy 5, while eq(9.51b) is used
to determine the chemical potentials pu,.

Since the system has two ports to the environment, a thermal
port and a hydraulic/pneumatic port, one relation exists between
the two thermal variables and another exists between the two hy-
dranlic /pneumatic varisbles which are determined by the environ-
ment. We can decide to control the temperature of the reaction
system such that T stays constant during the entire reaction. In
that case, T is modeled as a temperature source, while eq(9.51a) de-
termines the resulting entropy flow. This is & very common scenario.
A chemical reaction which takes place under conditions of constant
temperature is called an wsothermic reaction. Independently, we can
choose one variable among the two hydraulic/pnenmatic variables.
If we let the reaction take place in an open container, we can assume
that the pressure p stays constant throughout the entire reaction.
This is the normal sssumption for batch reactors. A chemical re-
sction which takes place under conditions of constant pressure is
called an isobaric reaction. Eq(9.51b) shows that, under isothermic
and isobaric conditions:

Tiom=00 (9.82)
L1

We shall see that, in this case:
by = constant (9.53)

i.e., the chemical potentials of all substances i imvolved in the reaction
are constant.

Alternatively, if we let the resction take place in & closed com-
tainer which is constantly kept full, we can assume that the volume
V stays constant throughout the entire reaction. This is the normal
assumption for tubular reactors. A chemical reaction which takes
place under conditions of constant volume is called an isochoric re-
action.



384 Chapler § Modehng Chemical Reaction Kinetics

We are still missing the sirth and last equation. Yet another
additional equation erists which relates the various state variables
to each other. This is commonly referred to as the sguation of state.

For an ideal gas, the equation of state js:
pVe=n BT (9.54)

where p denotes the pneumatic pressure of the gas, V represents its
volume, R is the gas constant (R = 8.314 J *K ™" male™!), T is the
absolute temperature of the gas (messured in *K), and n denotes
the total pomber of moles.

The equation of state relates the pressare p, the volume V', and
the temperature T to each other. A real gas does not obey q(9.54)
exactly. Yet, a static relation still exists between the three variables
p, ¥V,and T'. Several approximate equations for various types of gases
have been developed, and can be found in the Lterature. Systems
which are characterised by a static relation between p, V', and T are
often called PVT sysiema

Liquids, on the other hand can be assumed incompressible. Under
%m:wm:mﬂubumth
number of moles of a liguid and its volume:

Van (9.54%)

For example, 1 mole of H,0 has & mass of 18 gr which, in the liqmid
phase, occupies a volume of 18 em®. The equation of state is used
to compute one of the hydraalic /pneumatic variahles.

Unfortunately, there is & problem with the equation of state. This
equation is actually & steady—slate equation, i.e., it is only valid in &
strict sense under equilibrium conditions. It should be replaced by &
more general equation which is true also far from equilibrium. Un-
fortunately, We haven't been able to find such a generalised equation
yet.

Let us now discuss ideal gas phase reactions in more detail. Ac-
cording to eq(9.54), if we increase the temperature of & fired amount
of gas, either its pressure or its volume must grow. The same s true
if we increass the amount of gas under constant temperature com-
ditions. The power balance equations must reflect this fact. Com-
sequently, #q(9.50) must exhibit the variables p and V' on one side
of the equal sign, whereas n and T mmst show up on the other side.

The product p- ¥ is the internal pneumatic energy content of the
gas. It would be useful if we could assign & value to the pneumatic
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snergy content of each gaseous component in & gas mixture. Tra-
ditionally, this has been sccomplished through the introduction of
the partial gas presswre of & component gas. Let us perform the
following sxperiment. We shall decompose the gas mirture into its
component gases, and store each component gas in & container of
the same size (volume) that the original container had. We measure
the pressure of the gases in each of these containers. This is called
the partial gas pressure. According to Dalion'’s law, the sum of all
partial gas pressures equals the pressure of the gas mixture. We can
thus rewrite eq(9.54) as follows:

(S m-v=_0_m)-&-T (9.55)
W L

where n, denotes the number of moles of the component gas i. We
can then decompose this equation into its individual components:

n-V=n-RT (9.56)

However, if we operate under conditions of constant temperature
T and constant pressure p, it may be more appealing to perform
a different experiment. This time, we keep all the gas molecules
together, but we sort them such that all Bry molecules are in one
corner, and all H; molecules are in another. We can then “measure”
the partial volume that esch of the component gases occupies, and
using the same argument as before, we can write:

p-¥y=w:-R:T (9.87)

where ¥; is the partial volume of component gas i, and p is the
pressure of the gas mixture. This experiment may be hard to perform
hﬂuumhtmdin;h.!wﬂo'bhmmﬂ-duidmm
under constant pressure and temperature occupies exactly the same
volume as one mole of any other ideal gas (a direct consequence of the
equation of state). At a pressure of p = 1 atm = 760 Torr = 1.0132.
10* Nm“uﬁllmﬂde:ﬂ'ﬂlmli'I,lmﬂlﬂllf
Idulguumluirﬂunrﬂl*llf-ﬂ.lhﬂﬂlﬂﬂn.
Therefore, we can compute the partial pressures (Dalton's law) and
the partial volumes (Avogadro's law) by use of the mole fractions

= %-r--«rr (9.58a)
ﬁ-%-?:-.-v (9.588)

We can use the equation of state to determine the volume:
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(9.59)

and if we assume the pressure p and the temperature T to be con-
stant, we can compute the derivative of #q(9.59) as follows:

- (9.80)
P
or for any component gas:
w-R-T
= §.81
* > (9.61)

Let us plug #q(9.61) into the reaction equations:

30, = ¥aey - (250 = (=ina 4 323 = 1) () (9:620)
R-T R:-T

B = Faee '{Tltﬂhl -hu-mi‘l'H'*Hl'."[T] (9.62b)

o, =, (50) = (e +a0)- (0 (0:62

m=u.--:¥1-t-u-m--u:-[¥: (9.62d)

lllr'Fll-'[ﬁ—lTl'{m'm+'H}'t¥ (9.62¢)

The total volume flow is the som of all component volume flows:
=38 =0 (BT) = iy - 1) - (22T (0.83)
- P ’

We can split this equation differently into reacfion terms rather than
componend terma:

m
-

=21 = (9.84a)
m-u-nm-'—f (9.048)
m=tl-ﬂ-m-¥ (9.84¢)
Be=(1-2) e o0 (9.84d)
e = (2-2) i 2T (9.646)

*|
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where the pumbers between the parantheses denote the difference of
the number of gaseous product particles minus the number of gaseous
reactant particles. In the reactions k,, k,, and by, two gaseous
mhmhmtrnﬂtﬂfmtnﬂhummﬂmwﬂﬂf
in accordance with Avogadro's law, the volume does not change,
udﬁm.pnmmukpmhmhumuﬂdmmm In
reaction k,, two Hr* atoms are produced for each Bry; molecule.
Consequently, the partial volume grows. In reaction k;, two Br"
atoms are consumed for each Br, molecule that is being generated.
Consequently, the partial volame decreases.

Let us call the balance factor between the parantheses mmltiplied
by the reaction flow rate s, the effective reaction flow rate, and
denote it with the symbol ve,,.

Molecules in their liguid and/or solid phases don't contribute to
the effective reaction low rate since the volume oceupied by liquids
and solid bodies is negligible in comparison with the volume occupied
by gases, and since they can be assumed non—compressible.

9.6 Chemical Reaction Bond Graphs

The six types of dynamic equations relating the six types of variables
to each other can be represented in & bond graph. Fig.9.1 shows the

bond graph for the (slightly simplified) hydrogen/bromine reaction

system:
Bry ™ 28+ (9.85a)
2B+* X Br, (9.658)
Br* 4+ Hy X EBr 4+ B* (9.85¢)
Bry+ B* 2 §Br + Br* (9.85d)

where the least important reaction k, was left out in order to keep

the bond graph a planar graph. The bond graph has been drawn
ander the assumptions of Wothermic and iscbaric conditions.
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Figure 9.1. Bond graph of the isothermic and isobaric Hy-Br; reaction
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In the bond graph, each of the five specis Bry, Br*, H;, H*, and
H Br is represented by a O—junction. Attached to sach of these 0~
junctions is & new element, the CS element. The CS element rep-
resents a capacifive souwrce. In the capacitive source, mass is accu-
mulated. The molar flow into (out of) the capacitive source is the
balance of the flows into (out of) the various resctions in which the
species is involved, for example:

VBr, = M1 = M1 = s (9.06)

The species Br; is involved in the reactions k;, k;, and k;. The
chemical power pgy,, - i flows into the reaction ky, and so does the
chemical power g, - ¥as fow into the reaction k. The reaction
k; delivers the chemical power ug,, « ¥4y back to the species Bry.
These powers are balanced by the chemical power uy., - vy,, which
flows into (out of) the capacitive source. In the capacitive source,
the (constant) chemical potential uy., Is computed using a formula
which we haven't discussed yet.

Each chemical reaction is represented by & 1-junction. The 1-
junction balances the chemical powers into (out of) the reaction
with the other types of power, namely thermic power and hy-
draulic/pneumatic power. For example, the reaction ky receives
chemical power from the species Br* and H;, and delivers chemi-
cal power to the species H* and HEr. The balance among these
chemical powers gy - ¥ is the power which, in the chemical reac-
tion, will be converted into other types of power. uy, can thus be
computed from the formmla:

Baa = pEe + BEEe ~ BB ~ B, (9.87)

Attached to each of the 1-junctions is another new bond graph ele-
ment, the ChR element which describes the chemical reaction. The
chemical reactor CAR converts power between its chemical, thermie,
and hydraulic /pneumatic forms. Assuming that the temperature T
is constant (i.e., we operate under isothermic conditions) and that
the hydraunlic/pneumatic pressure p is constant (ie., we operate un-
der isobaric conditions), the chemical reactor computes the three
flow rates, namely the partial entropy flow $,, of the reaction (from
q(9.51a)), the partial volume flow g, of the reaction (from eq(9.64)),
and the partial molar flow »,, of the reaction (from eq(9.26)).
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The ChR element is very similar to the previonsly encountered RS
element. As the ES element, the ChR element is basically an ideal
energy transducer which balances the power of its ports. No energy
is stored inside the ChR element.

The equation for the molar flow rate is modulated by the umber of
moles of all the reactant species. The modulating signal paths have
been omitted from the bond graph of Fig.9.1 to avoid overcrowding.

The stoichiometric coefficients are represented by transformers.
Reaction k, delivers twice the flow rate #y; to the species Br*. Since
the chemical potential of this species is pig,., and since the flow rate
cut of the 1-junction must be »y;, we have to assume a chemical
potential of 2ug,- at the 1-junction to balance the power along this
power path.

Let us look a little more closely at the relations between the flow
rates and chemical potentials of the component gases on the one
hand wversus those of the chemical reactions om the other. We can
write these relations in & matrix form as follows:

¥By, =1 1 g o0 -1 LA
(T 2 -2 -1 1 1 .,
v, =] 0 0 =1 1 0]:|n (9.68a)
g P 0 1 -1 -1 ",
TR ® 0 1 -1 1 ", /
[ =1 F | (1] 0 o 'h"ll
Ha, 1 -2 ¢ 0 @ AR
By, | = 4 =1 =1 1 1§- BE, {I.‘“:l
, ® 1 1 =1 =1 B
By =1 1 ® =1 1 PEns/
which can be written in & more compact way:
h=N-& , G=M-j (v.89)
where:
M=N (9.70)

Notice that, in this example, the matrices N and M are singular. In
fact, these two matrices don't even have to be square. Consequently,
we can compute the vector of the substance flow rates #, from the
vector of the reaction flow rates 7, but not vice versa, and we can
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compute the vector of the reaction potentials i, from the vector of
the substance potentials J,, but not vice versa

Let us analyse the chemical power balance for the hydrogen |
bromine reaction under isothermic and isobaric conditions.

G=73 (m-w)

= BB, VB, + BEVEe + BE,VE, + BEVE + BEBVE By
= pae, (=4 + g — b

+ poe (B = Dag - g + 0y + )

+ o,y (= + o)

+ par(vaa = e = M)

+ i me (M — g + ba)

= (—pme, + Jipe o

+ (Bees — Juge Jona

+(—pee — pE, + g + BED

+(moe + pm, — By — BEse g
+(—poe, + Boe — BE + BEB s

= paibad F eabag F Rk + B+ B

=2 (o, 1) (9.71)

or using the more compact matriz notation:

G =,7, = @ (N&) = §-(M'-3) = (i, M')-5, = (M-4,)' 5, 1%13
Eq(9.72) shows that we can decompose the total chemical power
either in terms of component substances or in terms of component
resctions,

Let us look once more at the power balance equation eq(9.51a).
thuwﬂhtﬂjquﬁuhtmipﬂmdmmm&
partial entropy fows as follows:

Pra=T -3 5+ m-w (9.73)
i i i

which ean also be written in terms of individual reactions rather
thinhdhﬁlllmmmt‘u-:
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P =T-3 5+3 m, n, (9.74)
¥ ¥, Wi,
which can be written separately for reaction k, as:

P, =T S +m, - m, (9.75)

Eq(9.75) can be used to compute the contribution of the reaction k
to the overall entropy flow.

The above discussion allows us to create a DYMOLA model for
each chemical reactor. Below, the code for the chemical reactor ky
is given.

model type OhRE)
maln eut chem{muk3/—nukl]
cal ﬂ-rr-lﬂrn‘:i-lﬁﬂi}. preumkdp/ghd)
N

terminal n 3,

parumeter K = L1144

local k3, nuckd
Hﬂ“-ﬂl.ﬂ}--q{—ﬂﬂlﬂl- Temp))
mueh] = 0.0

poqhkd = Temps Sdotkd 4 mukd s aukl
perghd = nuahds Re Temp
nukd = ks aHY e nBr/V

and

The reaction rate constant k, depends explicitly on the ature
T. The experimentally determined k, characteristic was from
Moore and Pearson [9.10]. The effective reaction flow rate wey, is
sero. In addition, the model contains three equations describing (i)
the power balance across the reaction, (ii) the equation of state for
the reaction, and (lii) the reaction rate equation.

Due to the rather complex modulstion (the number of terms in
the reaction rate equation is variable), we need to create one such
model for each reaction in the system.

The CS model type can be coded in DYMOLA as follows:

model types CF
maln ent chem|msau)
terminal n, mwd
me = mul
der{n) = nn

emd
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The C5 model is sufficiently simple to allow the creation of a generic
model type that can be reused for all 5 elements. The chemical po-
tential ju; of any substance is constant under isothermic and isobaric
conditions. We still need to discuss how we determine the chemical

potential u .

Finally, we need to sum up all the partial volumes (pressures) and
entropies in & pneumatic and a thermic model.

model type Preumatic
maln cut prewtot(p/y)
cut prewkl(p/—ghl), prewkid(p/-gk2)
cal prewkd(p/ghd), pueubi(p/-gkd)
cat preskS(p/—gks)
terminal ¥

= gkl + gk2 + gk3 + ghd 4 ghd
Vimg
end

model Lype Thermic
maln eut thermiot{Temp /= Sdot)
eul tharmk]l(Temp/Sdotkl), thermbd{Temp/Sdothl)
ent thermbk{Temp/Sdotkd), thermbd{Temp/Sdothd)
eut thermbS{Temp/Sdotks)
terminal §

Sdot = Sdothk] + Sdothd + Sdoth) + Sdothd + Sdotks
 ——

‘We also still need to discuss how we can determine the initial condi-
tion for the entropy 5.

If we operate under conditions of constant wolume rather than
constant pressure, i.e., we operate under isochoric conditions instead
of the previously assumed isobaric conditions, the partial pressure
approach is more adequate.

Now, we need both power balance equations:

00=T -5+ m-n (9.76a)
i

BV=3 ke (9.78)
i
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We know that we can decompose eq(9.76a) either into component
substances or into component reactions. Let us check whether we
can do the same with eq(9.76b). As a consequence of eq(9.69), we
CAn write:

o, =N:n, +mp , ;=H£ (9.77)
where ny is the integration constant. Unfortunately, due to the sin-
gularity of N, we cannot determine initial conditions for n, which are
consistent with the given initial conditions of n,, and consequently,
ng cannot be normalized to gero. One possible assignment would be

to normalize all initial conditions of n, to sero, and let the constant
vector ng equal the vector of initial conditions of n,:

B(t=00)=00 , mg=n,(t=08) (9.78)
As a consequence, eq(9.72) now becomes:
CG=i Butih Be=d-Btin Dethy me  (0.79)
and therefore:
FRETE T (9.80)
Unfortunately, we cannot decompose the second power balance equa-
tion into component reactions.

0.0=T- S, +m, 1, (9.81a)
BV=g [8.818)

We use eq(9.81a) to determine the partial entropy flow 5., of the
reaction k, and we use eq(9.81b) to determine the pressure change
#; induced by the chemical substance .

We replace eq(9.59) with:

n-R-T
=" (9.50°%)
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and therefore, eq(9.61) becomes:

A= = 3 {9.61%)
We can plug &q(9.81b) into eq(9.61*"), and obtain:

=B . gpal p
= 2-R-T=2.R.T (9.82)

We shall use eq(9.82) to compute the chemical potentials. However,
& small problem remains to be solved. Notice that eq(9.82) exhibits
s singularity at n, = 0.0, ie., il we start out with an unezisting
product which is to be generated during the chemical reaction, we
run into numerical problems. Physically, this singularity signifies a
discontinuity in the chemical potential. No matter has no chemi-
cal potential, but already the first molecule that is being generated
comes with its own free energy of formation, thus, the chemical po-
tential jumps from an arbitrarily set value of sero to its value of
formation. Since we shall the free energy of formation as an
initial condition to the chemical potential of the product species even
before the first molecule of that species has been generated, we can
ignore this discontinuity. Numerically, this is best done by adding
& small pumber ¢ to the denominator. ¢ should be at least three to
four orders of magnitude smaller than the expected number of moles

of the product species.

In the isochoric case, the chemical potentials p, are no longer
constant. Therefore, the chemical power will now be computed as
follows:

Pirnm = G = s b+ s g (9.83)

F..... is the power that Sows into the 5 element of the component
gas i. The CF element is therefore now a two—port element.

Fig.9.2 shows the bond graph of the isothermic and isochoric hy-
drogen /bromine reaction:
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Figure 9.3. Boad graph of the isothermic and isochoric Hy-Bry reaction



L.F Chemical Reaction Bond Graphs 37T

Notice that the isochoric bond graph contains two separate ChR el-
ements per reaction. The ChR] element represents the first power
balance equation eq(9.51a), and the CARZ? element represents the
second power balance equation eq(9.51b). The isothermic and iso-
baric reaction was obviously a very special case. Sinee all i, = 0.0,
the second power bond into the C5 element was eliminated, and the
n, were computed directly inside the O element,

The chemical reactor model CARY for the isothermic and isochorie
hydrogen /bromine reaction ky can be coded as follows:

model iype CAR1kY
mals eut chemi{mukld/-nukl),
eut thermbd{Temp/- Sdothl)
terminal a1, nBr, ¥
parsmaetar B = 5.314
local b3
k3 = (10« #11.43) » exp{ — 81400 /(R & Temp))
0.0 =Ts Sdoikd 4+ mukd » aukl
ankl = k) s nF3 e nBr ¥V
wnd

The chemical reactor model CAR2 for substance Bry can be coded
as follows:

model type CALRIBr1
maln eut chem(mudotBrl/-nBr1)
eut prenBri{pdotBri/V)
terminal muBri
pdetBrl o ¥ = mudot Br] « nBrd
“:rr[nlﬂ}.u.nlrl

The second chemical reactor imports the flow rate vg,, a3 8 modula-
tion signal. The corresponding CF5 element can be coded as follows:

model typs CF
ent chemi{mu/an]), chemdmudol/n)
terminal Temp
parameter B = 8,314, #ps = 1L.0E-15
ﬂiﬁli{-i m] - i,.'l-'r'q’-
der{mun) = mudot

end

Again, the model is sufficiently simple, so that we can create a generie
model type that will work for all OS5 elements.

The preumatic model is replaced by:
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model type Pasamabic

male ol prestedpdat V)

cut prewBrl{pdetBrl/-), prewBripdotBr/-)

col pnes B3 (pdet H1/-), prewH{pdoiH /-]

ent paes H Br(pdat B Br /=)

terminal p

pdot = pdot Br} 4 pdot Br 4 pdot H1 + pdot H + pdot H Br
-

The thermic model remains the same as before.

Let us discuss next what happens if we operate under the assump-
tion of constant total entropy rather than constant temperature,
Le., if we operate under iseniropic conditions rather than tsothermic
mnﬂitm Let us discuss the combination of isentropic and wobanc
conditions. This time, it is more practical to operate on partial tem-
perature flows rather than the previously used partial entropy flows.
“Partial temperatures” do not exactly represent a physical concept,
but they work mathematically just fine. The power balance equa-
tions now turn into:

P, = e,y (9.84a)
0.0 =T, 5+ i -m (9.848)

In this case, the equation of state turns into:
’-‘:l’*.ﬂlﬂi‘"l'i‘i (9.85)

where n denotes the total number of moles, and u denotes the total
molar ow rate, or plugging in from eq(9.84a) this time expressed in
terms of component substances:

mow=v-R-Ti+n-R-T; {9.88)
Expanding ¢q(9.86) with §, and plugging in eq{9.84b), we find:
fyng-n-R=w-R-Ti-S—ps-m-§ (9.87)

Fig.9.3. illustrates such reactions by means of the bond graph of the
isentropic and isobaric hydrogen /bromine reaction.
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Figure 0.3, Bond graph of the isentropic and isobaric Hy-Bry reaction
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The bond graph locks very similar to the previous one. Only the
thermic and hydraulic /pneumatic ports have swapped positions. Let
me write down the appropriate DYMOLA model types. The isobaric
and isentropic CAR/ reactor for k, is now coded as follows:

-n:s iype ChR1k3
o enl cheml{mukd-nukl)
cut preskdp/qkl)
terminal a3, alfr, ¥, Temp
paraznster B = 0314
local k3
kY m (10 ¢ #11.43) » gxp{ - 83400/ K *» Temp))
prghl = mukd s nukl
nuhl = ke nHlenbr/V
end

and the ChR2 reactor for Bry is coded as follows:

modsl type CAR1Br1
maln eut chemi{mudotBr1/-nfri)

parumaetber = L.OE-15
0.0 ITIH.I:F 5 4 epa) + mudolBr3 « nBrl
|

The C5 model type computes ji; from eq(9.8T):

n-i-llrn#-l
liﬂ,hﬂl

tar B = 8,314, &ps = 1.0E-18
w!ﬂﬂl-hﬂ

mudots [+ epa)ontote B=nutot e ReTempe F—muenue §
dar{ms) = mudat
end

mmmmmwﬂm- the isothermie
isochoric case. The pneumatic model type is the same as for
isothermic and iscbaric case. The thermic model looks now as
lows:

14

model type Thermic

maln eut thermiotTdst/-5)

cut dotH3/85), thermH(TdotH|S5)

eot thermH dot H Br | §)

terminal Temp

Tdot = TdotBrl + TdotBr + TdeotH1 4 TdetH 4 TdotlF Br
“:rr{!"rnr] = Tdot
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This time, we need an additional global model that computes the
total number of moles and the totsl molar Bow:
model type Chemical
terminal asB8rl, asBr, an1, anl, sudBr
terminal stot, nutot
nuiet = nuBrl + nulr + nuHl 4 anl 4 anl Br
dev(ntot) = autot
end

The chemscal model is not connected to the bond graph by means
of power bonds, only by means of modulating signal paths.

The isentropic and isochoric case is more difficalt. The first power
balance equation turns into:

Yomew=00 (9.884)
L]

which eannot be decomposed into individual components. Since the
¥, are computed from the reaction rate equations, st least one of
the u, must be computed from eq(9.88a). However, since the other
power balance equation now turns into:

AoV =T Stien (0.888)

which references all i, the set of equations is stracturally singular.

Finally, if we assume that the reactions operate under complete
thermic insulation, i.e., that the total thermic power adds up to sero,
we call this an adisbatic reaction system. In an adiabatic reaction
system, neither the temperature nor the entropy are constant. In-
stead, the external condition can be written sa:

gtﬂ‘-m:ﬁ-m:u (9.89)

Let us look at the adiabatic and isobaric reaction system. We de-

eide to operate on partial entropy flows again. The power balance
equations are thus written as:

Pow=T Si4mn (9.90a)
0.0=T. 5+ wn (9.908)
and the equation of state is written as:

P& n‘;-ﬂ-f-}ﬂ*.*f [l.‘fu
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Eq[i.!-ﬂ]mhnnltnmf‘, £q(9.90a) bs used to compute
4., ¢q(9.90b) is used to determine ji,, and eq(9.91) is used to find g,.
Unfortunately, this equation system contains & nasty algebraic loop
which goes right across all the equations.

Let us discuss some additional properties of chemical reaction net-
works as they are exposed by the bond graph. Looking at the defi-
nitions for the reaction flow rates according to eq(9.26), it is obvious
that the reaction flow rates can never be negative, and that they
are sero only if one of the reactant populations has been exhansted.
It is also clear that the Gibbs free energy (and therefore the chem-
ieal potential) of any chemical species is always positive except for
T = (* K. Consequently, the chemical bonds in the chemical reaction
bond graph describe correctly the direction of power flow through
the network.

According to eq(9.67), the chemical potential of & reaction is de-
fined as the balance between the sum of the chemical potentinls of all
products minus the sum of the chemical potentials of all reactants.
Consequently, the chemical potential of & resction can ba sither pos-
itive or negative. The chemical bonds that commect the chemical
network with the two reactors do nol necessarily represent the direc.
tion of power flow. A sponiansows reaction requires that &y, < 0.0,
and therefore, p,, < 0.0. Consequently, spontansons reactions occur
“downhill®, i.e., they take place if the sum of the chemical potentiale
of all products is smaller than the sum of the chemical potentials of
all reactants.

According to eq(9.66), the Aow rate of a chemical species is defined
as the balance between the sum of the flow rates of all reactions that
produce that species minus the yum of the flow rates of all reactions
that consume the species. Consequently, also the chemical bonds
that connect the chemical network with the capacitive source do not

represent the direction of power flow. Chemical energy
is being stored in the CS element of & given speces whenever more
mmhmhudlhumlmﬂﬂlkib&‘ﬂm

9.8 Energies of Formation

Before we can solve our set of differential equations, we still need to
discuss what the correct initial conditions are. The ny, Vi, pi, a0d T
are ensily measurable. The T; from the isentropic and iscbaric case
can be easily determined from the squation:
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AHuw =3 By +4-Bj o - BL 5, (9.97)

It is common to work with the normalised quantities, i.e. with molar
enthalpies of formation:

My =3 Mg, +4-Mh o - ML g (9.98)

The molar enthalpy of formation of any pure substance depends on
the temperature. The molar enthalpy of formation of a non—ideal
gas depends farthermore on the gas pressure:

H! =n(T.p) (9.99)

Since M/ (T,p) is & state function, Le., it is independent of how the
compound is being produced, we can “mannfacture™ the compound
under “normal™ conditions (ruch T = T, = 5°C, and p = oy =
760 Torr), and then modify the temperature and the pressure of the
already “manufactured™ compound separately:

i Fu
ﬂm.m-rtfm.nn?ﬁ%ﬂeqﬂ‘ig‘—*ﬂ# (9.100)
T e

The constant term MJ(T;,po) is called the standerd molar enthalpy
of formation of the pure substance i. For most pure chemical sub-
stances, the standard molar enthalpies of formation have been tabu-
lated and can be found in the litersture, for example in Perry ef al.
[9.12] (Table 3-206).

The temperature correction term can be computed from the heat
capacify of the substance since:

!
L) 2o (n) (0:101)
i.e., the partial derivative of the molar enthalpy with respect to tem-
perature is the heat capacity ¢ of the pure substance i measured
under the assumption of constant pressure. The heat capacity of
pure substances depends on the temperature. In the vicinity of at-
mospheric pressure conditions, we ean approximate the heat capacity
through a quadratic polynomial:

(T =ai+8 - T+ -1 (9.102)
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The a,, 5, and 4, coefficients have also been tabulated, at least for
most pure gases. ¢ (T) changes abruptly at the transition from one
phase to another, for example when going from the liquid phase to
the gas phase. Therefore, ¢q(9.102) should not be used to integrate
mcross a phase transition.

The pressure correction is only necessary for non-ideal gases. Cor-
rection terms have also been tabulated.

We are now able to compute the enthalpy of formation H/(T,p)
for most pure substances at arbitrary values of temperature and
arbitrary values of pressure, and therefore, we can compute the re-
sction enthalpy for an arbitrary reaction. Notice that the reaction
enthalpy doss not appear explicitly in the reaction kinetics equa-
tions. However, it enters the reaction kinetics equations implicitly
through the temperature dependence of the reaction rate constants.
The enthalpy of formation will prove useful for the computation of
the chemical potential The chemical potential of the involved sub-
stances is needed to determine the chemical potential of the reaction.
This in turn enables w to compute the excess lacking chemical power
needed to balance the total power of the reaction. This power, to-
gether with the equation of state, will determine the change in the
thermic and hydraulic/pneumatic variables which finally influence
the reaction rate constants.

I had mentioned before that, since chemical systems contain only
one sort of chemical energy storage, the molar flow rate equations
(the reaction kinetics equations) are decoupled from the equations
that determine the chemical potential (the thermedynamics equa-
tions). However, this is only true as long as the chemical energy is
considered in isolation. As soon as we couple the chemical model
with the thermic and hydranlic/pneumnatic models, additional en-
ergy storage elements enter the system, and this fact will create an
indirect coupling between the equations that determine the flow rate
and those that determine the potential

A second property that we need to consider is the entropy of the
system. We shall again use the normalised molar entropy. The
entropy is another state function, thus we ean use the same approach
as for the enthalpy:

o1t sty [ LR [ o0
e
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The entropy of any pure substance has been arbitrarily normalised
to sero for T = 0°K. Therefore, if we take T to be sero, we can
cancel the constant term S/ (T;, py) from eq(9.103). The second term
can again be computed from the heat capacity since:

’r"-"]=';;,r. (9.104)
Aguin, we have to be a little careful with phase transitions. Let us
denote the melting temperature of & substance i with T,,,, and the
boiling temperature of that substance with T},. In that case, we can

compute the molar enirepy of formation (which is sometimes called
the absolute entropy) of gas i as follows:

sl = }-'%.Lﬂ'+iﬁl+ ??-ﬂwi;ﬂuj%_lﬂ‘ (9.108)
® o i,

where AM. denotes the abrupt change of the molar enthalpy of
formation from the solid to the liquid phase, and A% denctes the
abrupt change of the molar enthalpy of formation from the liquid to
the gas phase.

We still need to discuss the third term. One of the Mazwell rela-
tsons shows that:

o5 = _w (9.108)

& T

Let me prove the correctness of this relation. We hare seen before
that:

C=-T-S4pV+ P m-m (9.45)
.1

However, since we realise that G = G(T,p,n,,...,n,), we can eval-
uate & also from the complete differential:

= . L
4G = or T+ 5 ‘”};{h dn;)

==5-dT+V dp+ 3 (m-dn) (9.107)
L]

A comparison of coefficients shows that:
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&G
E = -5 =¥ {l.l"}
and therefore:
F. ] &
[Fj = E I:l'.l“}

a8 claimed above.

For an ideal gas, we can compute V' from the equation of state
eq(9.54), and thus:

has" "lm "ll »
'[_dﬂh - _!_ﬁ!‘!lq.. -.i.:-!;u,- ~n-Rilog( ) (9.110)

The normalized version of eq(9.110) locks as follows:
A/ (p) =~ R-log() (s.111)

As in the case of the enthalpy, molar entropies of formation have
been tabulated and can be found in the literature, usually for reom
temperature (T = 25°C). The tabulated values contain only the
temperature term, and not the pressure term.

Finally, let us lock at the third energy fanction:

G/ =8/-T-5 (9.112)

G! is the Gibbs free energy of formation of the pure substance i
which is a measure of the chemical energy stored in the substance.

The normalised version of eg(9.112) can be written aa:

o/ =nf -T.8/ (9.113)

Of course, there is no need to tabulate G/ if we have tables for M/
mms}.mmwm«m two of the three
variables. Usually, the "enthalpy of formation™ M is tabulated, but
while some references tabulate the “absolute entropy™ S/, others
tabulate the “free energy” /.

The chemical potential of the pure substance i Is just another name
for its molar Gibbs free energy of formation. Using the above defini-
tions, we find that:
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wl (T,p) = 9/ (T) 42 R-Tlog( ) = [ (T) - T8/ ()20 R-T-log( )

{9.114)
whmﬂ;'[T}umtﬂmthhhlﬂdmﬂutnhuﬂuihm
perature correction which is & function of the heat capacity. The
logarithmic term stems from the pressure correction of the entropy.
Notice that eq(9.114) is not in conflict with the second power balance
equation for isothermic and isobaric reactions. Although p is time
varying (with 2,), the sum over all i’ is still constant. However, if
we choose the reference pressure py to be identical with the operati
pm:p,thethnudtpuduﬂhrmhp“tdq{tllﬂ.uﬂ
is indeed constant.

At this point, we have learned how to determine the chemical po-
tential of any substance for arbitrary values of temperature and for
arbitrary values of pressure. Under isothermic and isobaric condi-
tions, the chemical potential u; is a constant.

The literature on chemnical thermodynamies is anfortunately full
of myths. The majority of references include in ther formmula for the
chemical potential & term which is logarithmic in the mole fraction.
This is justified for ideal gas reactions under isothermic and isochoric
conditions where it is possible to integrate the differential equations

for the p; explicitly. According to eq(9.82):

. iy

p,,,l'—‘-l-!" (9.82)
which can be integrated into:

wo=ul +(R-T) log(=) (9.115)

However, this is a very special case. Most references suppress the
information that eq(9.115) is only valid for isothermic and isochoric
reactions among ideal gases. In our approach, we don't need to use
eq(9.115), since we treat the thermal system dynamically, and can
simply integrate the differential equations for p,. Our approach ks
thus much more general.

Most references derive eq(9.115) from one of the Maxwell rela-
tions, and therefore elaim that it holds troe for all ideal gases under
arbitrary operation conditions. However, they use a partial deriva-
tive with respect to the pressure p in the derivation which doesn't
make sense under isobaric conditlons.
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Notice that all the equations shown in this section are strictly
steady-state equations. They should not be used as part of a dy-
namie simulation study, and indeed, we won't use them for such &
purpose. However, we use them to determine initial conditions for
the chemical potentials of the component species, and sometimes to
determine initial conditions for their entropies. This is justified if
we assume that the reaction to be simulated starts out from steady-
state conditions. Onee we have established the initial state, we don't

use these equations any longer.

8.T Continuous Reactors

Until now, we have discussed closed (antonomous) reaction systems.
However, many chemical reactors are operated under conditions
of constant inflow of reactants, and constant cutflow of products,
whereby the total volume inside the reactor remains constant.

The simplest continuous reactor is the conimuounsly stirred lank
reacior which is frequently abbreviated as CSTE. The CSTR can

be modeled easily by adding flow sources to all 0—junctions in the
reaction system. The flow sources represent the balance between
inflow and outflow. Let us look at the simple reaction:

AMB+C (s.118)

which is to describe an Isothermie and isobaric reaction among three
liquids. Since neither the pressure nor the volume will change, the
hydraulic /pneumatic port of the reactor can be eliminated. We as-
sume that a constant fow rate of liquid A is added to the system:

¥y, = ¢ = conslani (9.117)

Under the sssumption of an ideal mixture of the three Liquids, we
can model the cutflow through modulated flow sources. The amount

of liquid of type i is proportional to its own male fraction:
ey
n

H....q.“".i' {‘.lll}

Therefore, the three flow sources can be modeled as follows:



390 Chapler §: Modeling Chemical Reaction Kinetica

va, = [—2)

(9.119a)
.,,:ﬂ..:‘—_!; (9.1195)

r=.=-¢'{'—::] (8.118¢)

Fig.9.4 shows the bond graph of the isothermic and isobaric CSTE.

sn—%‘ e
—{Hu—?-w.—‘f—mr

E;'Tt*P

Figure 9.4. Bosd graph of » simple CSTR resction

to
sbove. In addition, we need to model the heat flow through the
tube wsing a diffusion model as presented in Chapter 8. The hy-
draulic /pneumatic system is modeled through wave squations with
an additional friction term as shown in the research portion of Chap-
ter 8. It is important to model each component fluid separately,
lhummuﬂlmrmihkﬂumﬂu-thwhdﬂm
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in some of the common separation techniques, such as thin layer
chromatography or colemn chromatography. These separation tech-
niques sort the molecules either according to their affinity or to their
molecular sizes. Both are dissipative phenomena. The thermic and
hydraulic /pneumatic models are coupled through the CAR elements
within each compartment. The volume flow can be used to compute
the molar flow between the compartments. These molar flows will
modulate flow sources which are attached to the 0-junctions, just as
in the case of the CSTR. The modulated flow sources are now two-
ports since the molar flow out of one compartment flows directly
into the next, i.e., modulated flow sources are placed between each
b-junction of one compartment and the corresponding 0-junction of
the next compartment,

Let us assume that a reactant A in an aqueons solution travels
through the tubular reactor. The reactant A is decomposed in the
reactor into the components B and . Thus, further down the tube
A, B, and C are mized in the solution. Each of these components
travels with & different speed. We have seen in Chapter 8, that the
flow of & fluid through & tube can be deseribed by the wave equation:

%-:‘-:‘;’; (9.120)
Eq(9.120) asyumes that the friction of the fluid is negligible, while

its compressibility is not negligible. Fig.9.5 shows & bond graph of
the transport of a liquid through a tube.

W 4Ry

l'n.l I_thl_‘ L]
PR

C

Figure 9.5. Bond graph of Bquid transport through » fube

The wave equation assumes that friction effects are negligible. For
our purposes, we don't want to make this assumption, since it is



391 Chapler #: Modehng Chemicel Reaction Kinetics

precisely the friction which is responsible for the varying speed. The
K elements in the bond graph model the friction (affinity) effects.
We notice that this model contains two different energy storages.
This seems to be in contradiction with our previous statement that
the hydrauvlic/pneumatic energy is stored in a single (capacitive)
container of the type p- V. In the past, we assumed that the fluid
was slationary. p- ¥ is & structural energy storage which is part
of the internal energy of the maiter. However, now our fluid moves
around. Therefore, the mechanical properties of the matter become
important, i.e., the fluid carries both potential energy and kinetic
energy. The C elements in the above bond graph store the potential
energy 4« C - p* of the fluid, whereas the I elements store the kinetic
uu-n!af-"ul'thluid.

How does the fluid transport equation interact with the chemical
reaction model?! Fig9.6 shows an excerpt of the isothermic and
isochoric bond graph of the above described reaction. Only two
compartments, and only the A species are depicted.

rhez— ”jt?:"ﬂ—ﬁ-‘ CSepEAo
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Figure 9.8, Excerpt of & bond graph of & tubular resctor
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The RS element produces friction heat which is combined with the
reaction heat in the thermic model. Also, we need a diffusion equa-
tion (not shown in the graph) which models the flow of heat through
the system. The total heat produced in one compariment is split
into a portion which is lost from the system (diffasion through the
tubular walls), and another portion which ks transported down to
the next compartment.

The C element is now & OF element, since the change in the partial
pressure of component A in the compartment i is now simultaneously
caused by the potential energy of the fluid, and by the chemical
reaction in the compartment:

P ‘l:-nv., + reaction ferm (9.121)

The partial pressure which is computed in the CS element of the
transport model modulates the equation for the computation of i,
in the CS element of the reaction model.

The I element computes the volume flow rate g, from which the
molar flow rate Av,, can be derived. Thus, the [ element of the
transport model modulates the SF element of the reaction model.

If we model the flow of & pure liquid sach as H,0 through a tube
under isothermic conditions, we find that & fixed ratio exists between
the volume of the liquid, and the pumber of moles, or between the
volume flow rate and the molar Sow rate:

a=r-¥ |, wmr-g (9.122)

However, from eq(9.81b), we find that:

= E =r (9.123)

z=|m

and therefore:
p=r-p+ consland (9.124)

where the integration constant can be normalised to sero. Conse-
quently, the chemical variables p and v are related to the hydraulic
variables p and V through a transformer. Therefore, we can write
ﬁt|ﬂqﬂlﬂmhlﬂhﬂh}'ﬂl‘ﬂﬂtﬂ¢hﬂlﬂlmlm
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Since water flows from a point of high pressure to a point of low
pressure, and since, in the equilibrium state, all pressures are iden-
tical, the same holds true for the chemical variables. Molar flows
within one species occur from a point of high chemical potential to
a point of low chemical potential, and, in the equilibrium state, the
chemical potentials of all molecules of the same species are equal.

Notice s possible point of confusion here. The term “molar flow™
has now been used in two quite different contexts. On the one hand,
it denotes the physical transport of matter from one point in space
and time to another, while on the other hand, it also describes the
transformation of one chemical species into another during a chem-
ical reaction. For [Mlustration purposes: The change per time unit
in the number of plumbers in & community can be computed as the
difference between the number of plumbers who move into the com-
munity minus those whe move away (transport), plus the difference
between the number of young adults who finish their education as
plumbers minus the number of plumbers who die or decide to go for
& career change (transformation).

The concept of matter flowing from a point of high chemical poten-
tial to & point of low chemical potential applies to both phenomena,
i.e., matter “flows™ (in both senses) “downhill™ from points of high
chemical potential to points of low chemical potential In a true
equilibrium, all chemical potentials would thus have to be constant
and equal. However, the term “equilibrium® has been slightly gener-
alized in the context of chemical reaction systems. We talk about a
chemical equilibrium state when all molar flow rates », into and out
of the C5 elements have died out, and when all chemical reaction
potentials j, are gero, but this does not imply that the molar flow
rates inside the chemical network (i.e., the reaction flow rates »y,)
hﬂ“nlnnﬂ,mdﬂiﬁhﬂ]lhﬂiﬂ&hﬂtﬂ?ﬂﬂﬁﬂlﬂ
the species p, are equal. 'We call this generalized type of equillbrium
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9.8 Photochemistry, Electrochemistry

We have seen that we can determine one thermal variable and one
controlling the reaction temperature, and by operating under at-
mospheric pressure conditions. In this way, we can manipulate the
chemical potential and thereby the chemical energy, but we seem not
to influence the flow rate equations at all The fow rate equations
were described as autonomous except for the volume influence men-
tioned earlier in this chapter. However, this is & simplification. It
turns out that the reaction rate constants are strongly temperature
dependent. Fig.9.7 shows the b, parameter of the hydrogen /bromine
reaction plotted over temperature.
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Figure 9.7. Temperatare dependence of reaction rate constants

How can this be explained? Most reactions require an sctivation
energy to occur, Le., they need to pick up some energy before they
ean take place, even if they release more energy during the reaction
than what they needed to pick up in the first place. Thus a reaction
of the type:

AMLB+C (9.118)

will usually require activation energy since, otherwise, A4 would be
a highly unstable species (unless it is being regenerated by another
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simultansously occurring reaction). Where does this activation en-
ergy come from? It stems from a collision with another molecule,
i.e., the reaction of eq(9.116) should probably be rewritten as:

A+ MBBIC+ M (9.118%%)

where M is a catalyst that is not further involved in the reaction

except by shedding some of its own energy. Consequently, the k,
reaction of the hydrogen bromine system should be rewritten as:

Bry+ M %28 4 M (9.126)

where M can be anything, even another Hr; molecule. The energy
that can be shed most easily is the microscopic thermally induced
kinetic energy of the molecules which increases with temperature.
speed. It is then essy for & molecule to steal some of the kinetic
energy of the colliding partner and transform it into the required
activation energy. Thus, reaction rate constants always grow with
increasing temperature.

Let us replot Fig.9.7 using a double logarithmic scale:

. Ha—Bry Rasaction

Temperature T["K]
Figure 9.7, Temperature dependence of resclion rate constants
We notice the almost linear relation between log(k, ) and log(T). On

the basis of this experimental observation, Arrhenins formulated the
following law for reaction rate constants:

b= Aexp(- ) (9.027)
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where A is the frequency factor (denoting the frequency of collisions
between molecules), and E, is the activation snergy. The collision
frequency is also temperature dependent. More modern treatises
have refined the Arrhenivs [ow in the following way:

k= kg - T™ - exp(~ ;." ) (9.127*)

where m is & real number anywhere between 0.0 and 4.0, often m =
0.5.

By changing the reaction temperature, we can therefore influence
the reaction kinetics. At higher temperatures, all reactions are ac-
celerated, reactions that were not possible at low temperature can
suddenly take place if the collision among molecnles has become suf-
ficiently violent so that it can deliver the required activation energy.
Since the temperature dependence of the reaction rate constants is
different for the warious k;, coefficients in & reaction system, even
the equilibrium state can be influenced by a change in the reaction
temperature. Detailed information on reaction rate coefficients and
their temperature dependence can be found in Kerr and Moss [9.6).

Is temperature the only mechanism that we have at our disposal
for influencing the reaction dynamica? It is logical that the collision
frequency among gas molecules depends also om the gas pressure.
However, since the exponential factor in the Arrhenius equation is
the dominant factor, the pressure dependence is not usually explored.

However, other mechanisms ean also provide the required activa-
tion energy. One such mechanism is light From Fig.9.7, we see that
Br; does not spontaneously decompose into Br* at room tempera-
ture, but without any Br* radicals, the other reactions cannot take
place. This is what we observe when we keep the hydrogen bromine
mirture at room temperature in a dark closet. Yet, if we expose the
gas mixture to the influence of light, a reaction takes place.

The energy content of one photon is A - », where A is the Planck
constant h = 6.625 - 10~™ J sec, and v is the frequency (color) of
the light. Thus, optical power can be expressed as:

P = (W) - 1 (9.138)

where hy is the optical across variable, and I is the optical through
variable. [ denotes the number of photons per time unit, ie., the
light intensity. Now, what happens physically when photons ar-
rive at the hydrogen/bromine mixture! Two things happen: (i) the
light is absorbed, and is eventually transformed into heat (radiation),
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and (ii) the photons collide with the Br, molecules and provide the
(small) activation energy necessary to separate the Br, molecule
into two Br® radicals. The energy balance cccurs inside the ChRJ
reactor, i.e., eg(9.51a) is now modified to:
prat(he)-I=T-5+F m-n (9.129)
L.

and the k, reaction is modified to:

Bry+ M M 218s" 4+ M (9.130a)
Bry + ho 2 28, (9.1308)

and therefore:
m.:m-{ﬂ“‘;i]q-n;-:-nht.. (9.131)

At room temperature, k; is almost sero, but k, is not sero.

Another mechanism through which chemical reactions can some-
times be influenced is an elecirical field Salts dissolve in aqueous
solutions into individual ions, for example:

B30 + HCl — HyO* 4+ CI” (9.132)

Ions are electrically charged, and they can therefore be separated
through the application of an electrical field. If two metal plates are
dipped into an lonised solution, and if an electrical field is created by
connecting a voltage source to the two plates, we can observe that
the positively charged lons migrate towards the cathode, while the
negatively charged ions migrate towards the anode. This works even
with pure water (but better with a drop of sulphoric acid H,50, or
potash lye KOH added to it). In the water, an equilibrium exists
between H;0 molecules on the one hand, and HO~ and H,0* jona
on the other. The acid or alkali will drastically enhance the number
of jons in the solution. In the electrolysis, the following reactions
take place:

AH, 0% + 4e~ 2\ 2K, 4 4H,0 (9.133a)
08" A 2H,0 + 0y + 4~ (9.1338)
1H;0 % §,0* + OH~ (9.133¢)

H,0* + 0~ ® 10,0 (9.133d)
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Reactions ky and ky are fast equilibrinm reactions. The surplus
electrons of eq(9.133b) wander from the anode through the voltage
source back to the cathode where they are available for eq(9.133a).
The acid or alkali acts as a catalyst, i.e., it does pot participate itself
in the reaction.

The energy balance occurs again inside the CAR] reacior, ie.,
¢q(9.51a) is now modified to:

p-g:Tra§'+Emrn+--i (9.124)
i

The difference in the electrical potential between the two electrodes
creates an electrical field. Since the jons are charged components, the
field generates an electromotorical force which pulls the jons towards
the electrodes. However, since the ions are dipoles, they themselves
create & small electrical field which mmst first be overcome by
external field. Therefore, up to a given buill in vollage, the applied
voltage will only be able to polarizse the ions. Omly if & voltage
applied which is larger than the built in voltage, an sctual trans-
port of ions starts to occur. Due to varions friction an

phenomena,
opposing force builds up during the transport which is proportional

4

&

surplus electrons are absorbed by the anode, and ean travel through
the voltage source to the so—called cathods where they are available
for a reduction reaction in accordance with q(9.133a). (Notice that
the cathode is not necessarily the negative pole. By definition, the
cathode is the electrode at which the reduction takes place, while
the anode is the electrode at which the oxidation takes place.)

The electrically induced k, reaction flow rate can thus be com-
puted as follows:

va =k (v —wg) ngg- (9.135)

Eq(9.135) assumes a model of homogeneonsdy disiribuled lons. In the
electrolysis of water, this assumption is justified since new jon pairs
are constantly produced in accordance with eqg9.133¢). In other
types of electrolysis, this assumption may be incorrect. Since the
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electrical field is constant everywhere, all jons travel simultaneously
with the same speed towards their attractor, and the region far away
from the attracting electrode is soon depleted of one type of jons.
Consequently, we may want to replace the currend number of moles
of donor jons in #q(9.135) by the miiial sumber of moles of donor
ions, and build in a discontinmity which resets », to zero as soon as
the donor ions have been exhansted.

9.2 Summary

In this chapter, we have demonstrated how the previously introduced
modeling concepts can be employed to describe chemical reaction
systems. [t became clear that the bond graph approach to model-
ing supports the process of understanding the underlying physical
phenomens significantly. DYMOLA proved to be a valuable toal for
hierarchical and modular modeling of chemical reaction systems, far
superior in flexibility and generality to previoualy used tools such as
DYNSYL [9.11), LARKIN [9.4], or MACKSIM [8.2]. For the first
time, we can hope to create s chemical model Ebrary from which
modules can be picked more or less arbitrarily which can then be
combined to make up complexr systems, but a lot of ressarch still
needs to be done.

quently unexisting. Impurities are the canse of large fluctuations in
the behavior of real chemical reaction systems. These are just some
of the problems that the chemical engineer is faced with in his or her
everyday work. Yet, we are confident that this treatise presents a
significant step forward in the mathematical description of chemical
reaction kineties.

Notice that our methodology avoided the distinetion between re-
chotomy had to be introduced in earlier treatises because of the
fact that these discussions all centered around the thermodynamic
steady-state exclusively. In a steady-state analysis, it is important
to distingnish between conservative (reversible) and dissipative (ir-
reversible) phenomena, and the steady—state valves do not preserve
this information automatically. Therefore, it became Important to
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separate between them manually. However, this dichotomy is an ar-
tifact. If we describe the non-equilibrium thermodynamics through
& bunch of differential equations, as we did in this chapter, the prob-
lem vanishes.

It can be noticed that our thermodynamic equations are quite a
bit simpler and more compact than those found in most texts on
thermodynamics. Again, this is a consequence of the dynamic w
the static approach. On a first glance, this seems counter-intuitive.
Why should an approach which provides more information about the
system result in simpler equations? This pussle cannot be resclved
without an understanding of the mechanisms of complesity. Let me,
therefore, postpone an answer to this pussle to the next chapter in
which complexity will play a pertinent role.

1 wish to acknowledge my gratitude to Peter Breedveld, Dean
Karnopp, and Jean Thoma for their constructive criticisms of Chap-
ters T to O of this text. Their comments were highly appreciated.
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Homework Problems

[H9.1) Hydrogen Bromine Reaction

Por the hydrogen bromise resction described im this chapter, derive & et
of differential equations which describe the dymamic behavior of the five
species Bry, Br*, Hy, HBr and " over time. Assume iscthermic and
wochorie conditions.

Moore and Pearson [9.10] gave the following experimental temperature
characteristics for the five reaction rate constants:

by = 139 10° - T - {":";."j‘ (H9.1a)
b = ahy exp( D) (H9.1)
b ﬁ (H9.3¢)
by 00 TRE00) (H9.14)
b= 10 e 00 (H9.1¢)
hyo=00- My (Hv.1f)

where R = 8.314 J *K~" mole~" is the gas constant, and T = 800°K s
the sbaolute tempersture messured in degrees Kelvin. The tempersturs
dependence of the by coeflicients of the hydrogen bromine resction wers
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[H9.3] Oxyhydrogen Gas Reaction
When axygen and hydrogen gases are mired in similar proportions, & spark
can bring the mixture to explosion. We wish to describe this process. From
the literature [9.5], it can be found that this process can be described by
the following set of individual resctions:

Hy+0y 2 F* 4 HOS (H9.34)
Hy+ 08" Y B* 4 B0 (H9.28)
O, + H* 2 0F* 4+ 0" (H9.3¢)
Hy +0" 2 B* 4 08" (H9.34)
OH' + W 3 (H9.3¢)
B +w23 (He.3)
o' +W (H9.39)

where W stands for the wall At the wall the anstable stoms H* snd
O*, and the unstable radical OF" can be absorbed. The absorption rates
at the wall are strictly proportional to the concentrations of the absarbed
speciea themselves, for example:

%Ig.n-. = =iy - g (H9.3k)

The reaction rate constants given were as follows: ks = 60.0, by = 2.3.10"1,
ky = 402 10°, ky = 282 10", o = $30.0, a5 = 80.0, and a, = 930.0.
The initial conditions are: Hy = 10-7, and Oy = 0.5 10~". The reference
fails 4o specify for which temperatnre the gives reaction rate constants are
walid,

Generate a set of differential equations describing this system. Program
your model in ACSL. Simulate the sysiem over 0.1 sec. During the fizst
0.2 maee, use & communication interval of 10 psec, thereafler nse & com-
munication interval of | msec. Becanse of the inherent stiffness of the
equations, use Gear's integration algorithm (ialy = 2) with meip = 1001.
Becanse of the small sumerical values of the concentrations, specify the
sbsclute error (XERROR) for all state variables as 10™9,

[H8.3] lsothermic and Isobaric Hydrogen/Bromine Reaction

Create s DYMOLA model that describes the total dynamics of the hydro-
gen/bromine reaction under the sasumption of isothermic (T = 500*K)
and isobaric (p = 1 atm) conditions. The initial resction wolume ean
be determined from the squation of state. The initisl values of the total
entropy and of the total free energy are arbitrarily set to sero (since we
are only interesied in the relative values: AS and AG of the resction).
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The constant u; values can be found from the hterature. Por this exam-
ple, we find: pg,, = 2044030, up,. = —53TTLE, sy, = =119023.0,
pEe = +108TTL0, nnd pyy. = —TI8I.0.

Use the model types as described in this chapler, aad connect the overall
model according to the bond graph of Fig.9.1.

Simulate the system, and compare your results with those of hwi{H9.1).

[H$.4] Isothermic and Isochoric Hydrogen/Bromine Reaction

Create 8 DYMOLA model that deseribes the total dynamics of the hydro-
gen/bromine resction under the asumption of isothermic (T = B00*K)
and isochoric (V = 107" m?) conditions. The initial presaure can be de-
termined from the equation of state. The initinl values of the total entropy
and of the total free energy are arbitrarily set to sero (since we are caly in-
teresied in the relative values: AS and AG of the resction). The previcusly
constant u values are now used s initial conditions.

Replace the model types according to the description gives in this chap-
ter, enbance the bond graph by sdding the missing chemical bonds for the
i+ My Lerms.

Simulste the system, and compare your results with those of hw{H9.3).

[H9.5] Model Validation

We wish to validate the models of hw(H9.3) and hw{H9.4). For this pur-

pose, we shall perform a pumber of experimenta.

(1) Mass flow balance: Since we operate under closed conditions, the total
sumber of Br stoms and § atoms must remain constast st all times.
Add equations to the models of hw{H9.3) aad hw{H9.4) which compute
(stoichiometrically) the total sumbers of moles of the twe types: nag
and map,. Verify that these sumbers remain indeed constant during
the simulstion. This test belps you gais confidence in the accuracy of
the numerical integration.

(2) Energy flow balance: Since we opersie under closed conditions, the
total internal energy 7 of the resction system musi remain constant
st all times. Add equations to the models of hw{H9.3) and hw(H9.4)
which compute the internal emergy U of the resction systems, and
verify that the internal energy remains indeed constant over time. This
test is even betler than the previons ome, since the numerical value of I
is more sensitive to sumerical integration errors than the mass balance
valoes mag and nag,.

(3) Steady-state conditions: The steady-state numbers of moles of the five
species can be analytically determined. We start ont with the set of
equations:
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%-.., = =g + Mg - (H9.5a)
%m-lm-lm-m-rm{-n- (H9.54)
LM = = + (H9.5¢)
%w-m-m—m (H9.54d)
i:nv- = M = P 4 P [ E9.5e)

and set wll derivatives squal to sere. Sisee the N matriz of this re-
sction is singular, we cannot determine the sleady—state (equilibriam
of fow) valoes of all resction Sow retes. We obtain thres squations
for five nnknowns. We replace the flow rates in thess squations by
their definition equations, eq(9.24), and obtain three highly non-linear
equations in the five variables ng,,, ng.s, ng,, ng-, and nge,. How-
ever, we can oblain the missing two equations from the knowledge that
ibe final sumbers of stoms of both types mast be sgual to the initial
pumbers of sioms of the two types. By solving thin sei of squations,
we oblain & umique solution determining the stesdy-siste numbers of
maoles of the five species. Verifly that the sleady-state values obtained
from the simulations of hw(H9.3) and hw{H9.4) are in accordance with
the theoretically found values. This test caa warave potential bug in
your resction rate equations real fast.

(8) Total reaction emergy: Since we kmow Lhe sleady-state mass disid-
bution, we can compute the enthalpies and free energion of formation
before nnd afier the resction. 'We cas then compute the total resction
energy AG produced or consumed during the resction. Add equations
to the two models of hw{H9.3) and hw(H9.4) which compute the re
action energy G as & function of time. Subtract the initial value of G
(which was arbitrarily set equal 1o sero in the model) from the final
value of G. This number should be the same as the theoretically found

wvaloe of AG. This Lest detects potestial bugs in your thermod ynamics
equalions.

[H9.8] Boiling Water

‘Take 1 hiter of water, and pot it on your stove which you hawve previoualy
beated up waing the highest stove position. Start from room temperaiure,
and messure the time Chat it takes to reach the bolling point. Continue Lo
bail your water, and messure the time that it takes untdl no waler is left
in the pol.
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Creste & model that reproduces this experiment. Assume isentropic and
isobaric conditions. Adjust the heat source in yowr model such that the
time constants match those of the experiment. Notice that you have to take
into sccount that you don't operate in & closed system. The evaporating
water casries heat away which will keep the temperatare from rising beyond
the boiling point. What is the highest temperature that you will observe?

Repeat your modeling effort for & pressure cocker. This time, we assume
isochoric conditions op Lo & pressure of p = 2.5 aim. Al this point, &
pressure release valve will release some of the water wapor until the pressure
is below & value of p = 2 afm. Thereafter, the pressure starts building up
AgRin.

Solve manually the resulting structural singularity nsing one of the tech-

[H9.7T]* Rechargeable Battery

Rechargeable car batleries operate on the following principle: Two lead
plates are dipped into & solution of sulphoric scid. ing the electrolysis
(i.e., the recharging process), the following resctions occur:

PISO, + 3¢~ — Ph+ 502  (cathods) (H9.7a)
PASO, + 8H;0 = PAOy + 507" + 4H,0* + 3¢~ (amode) (H9.7H)

During the utilisation phase, the same reactions occur in opposite direction.
When the baitery is charged, metallic lead P builds up at the cathode,
and brown lead dicode PLOy builds up st the anode. When the battery is
utiised, PRS0, goes into solution. If no lend dicaide i lefi on the anode,
the batlery is empty.

Unfortunabely, this iype of battery does mot bold its charge very well
over an extended period of time. Even withou! drawing current, the lead
dioxide PO, gets dissolved through u reaction with the lead of the plate
itnelf:

Pb+ PYOy + 15,50, — 1PASO, + 15,0 (H9.7¢)

Anoctber problem with this sort of battery is the following. A certain per-
centage of the lead sulphate PRS0y erystallises cut, and can no longer be
used for the addation/reduction process. If all sulpboric scid H3;50, has
been converted to erystalline lead sulphate PSSOy, the battery is dead.
The built in voltage of the rechargenble battery i g = 2.02 V. Place
siz such elements in series o get & 12 V battery. Creste & DYMOLA
model that represents the dynamics of the rechargeabls battery. Simualate



s complete recharging/uiilisation cycle. If the battery is initially empiy,
bow lopg does it take to recharge it? Assume that you forgot o switch off
your lights. How long does it take until the batiery is empiy?

Projects

[P9.1] Mining the Asteroids

The following description is extracted from the AESOP report [9.14]. It ia
due to Andy Cutles.

In fotlure decades, it may be sdvaniagrous to exirset oxygen from ex-
irsterresirial sources such as lunar ilmenite or sstercidal chondnie. In
ihis way, we may be able to produce propellant for interplanciary missions
much more cheaply than by Efting it op from the gravity well of planet
Earth.

Candidates for axygen production in & low gravily environment are lunar
or sstercidal rock. On the moon, s high concentiation of ilmenite FeTW0y
exists, in particulsr in the mares. The Mare Trasguilitatis consists of
almost 50% of surface lmenite that conld be mined. The following reaction
describes an oxygen reduction process in which flmenite is reduced Lo iron
Fe, to rutile Ty, and to waler wpor:

FeTiOy + Hy — Fe + TiOy + H O {P9.1a)

The hydrogen gas must be imported from Earth sinee the moon is very
poor in hydrogea. However, in & second electrolysis stage, the water vapor
can be reduced to cxygen gas and to hydrogen gua:

15,0 - 10 + Oy (P9.18)

Thus, the hydrogen gas can be recovered, and can be recycled for rense in
the first stage. Therefore, the hydrogen import may not be as expensive
as we might believe on first sight.

Similarly, many near Earih astercids are likely Lo be rich in carbonaceons
chondritic material, Water vapor can be extracied from such material in
& pyrolysis stage. The water content of sateroidal chondrites is believed Lo
be between E% and 10%. Fig.P9.1 shows & chemical process which counld
be used for cxygen production from asteroidal chondritle material
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Flgure Pi.1. Process flow disgram for chondritic mate. — . rolyms

While such & fow disgram is fairly cany to gencrate, it does nol provide us
with precise quantitative information sa to ihe rendition of cxygen, and &
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to the total amount of energy that is being used up by the process. However,
thess two parameters will altimately decide the economic sttractiveness of
the operation. Morcover, cmergy is & scarce resource in Space, and we
peed to plan ahead in order to determine what type of cnergy gencrstion
plast we must have if we wish to cosure the availability of the required
amount of energy st all times. It is thereby not sufficient Lo be able to
analyse the energy requirements ander steady—state conditions, since we
must install energy st the peak walue, Consequently, we should be able
to guantitatively mode and smulate such & mining operation before it is
ever boilt and deployed. The model shonld simultaneowsly exploce the mass
fBow and the energy Sow under dynamic conditions. Thas, the methodology
that was introduced in this chapter seems to be the most suitable approach
to tackling this problem.

Let me briefly explain how the process works thal was depicted in
Fig.F8.1. The sirer consists of & crusher which decompoaes the rock me-
chanically, snd & sieve which leta sufficiently small materinl pass, snd
reroutes Inrger pieces to the crusber for farther decompomition, The ma-
terinl s then forwarded to ma inlet Jock hopper which sccepts the presised
material under vacuum, and forwards it fo the prebeater under pressure.
The preheater brings the entire charge to a fixed temperature shightly below
ihat ai which prrolysis begins to occur. The prebeater is also responsible
for controlling the gas presure which may rise due lo beginning evapors-
tion of the charge. The pyrolyser devolatilises the prebested feed by the
sddition of microwsve heat, Rapid pressure control is important in order
to keep the gas pressure inside the pyrolyser withis scceptable bounds st
all times. The heat recovery stage is & beat exchanger which recovers a
high percentage of the heal of the spent feed afler pyrolysia. The tem-
peratare and pressure must be controlled carefully in order to recover aa
much heat s possible withont condensing water wapor which would in the
consequence be throws out with the spent feed, and which would thereby
be lost. The outlet lock hopper accepis the speat feed, and discharges it to
the wacoum with little loss of the pressurised gas inside the sysiem. This
completes the description of the top row of Fig Pi.1.

The second row copiaing & condenser which pre—cools the pyrolysate
vapor. A vapor lguid separalor sends the remaining gases to the third row
for furiber processing, and bets the Bquid procesd to sa oul water
Mpﬂdlﬁhd‘lhnﬂ!ﬂunﬂnﬁlmpﬂnﬂdhﬂlﬂuﬁl“ﬂl
row. This completes the description of the second row,

The third row contains three columns (tubular reactors). The distillation
column accepls the remaining gases and the impure water from the second
row. It separates the material further. The heavy material ends up st the
bottom, while the lightest material is st the top. The bottom will contain
hydrocarbons which are fed to the simipping column for farther processing.
The top will contain gases which can either be disposed of or recycled for
production of hydrogen. The mediom portion of the distillation colomn
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contains pre—purified water which is passed on Lo the rendering column for
farther purification. The siripping colums is used to dewaier the heavy
bydrocarboms. The rendering column removes remaining heavy organic
material from the pre—purified water. Its top prodeect is pure water which is
passed on to Lthe waler sforage to awail farther processing. This compleies
the description of the third row,

The fourth and final row mizes the pure waler with an elecirolyte (such
as potash lye KOH) for processing by the electrofyser. The electrolyte will
invarisbly get contaminated by impurities in the wates, and must therefore
be periodically recyeled to an elecirolyle makenp chamber where the quality
of the electrolyte s controlled and improved when needed. The electrolyser
produces hydroges which cas cither be burned off o recycled, and axygen.
In order te preveat losses of the oxygen product due to leakage, an orpgen
liguefier is used which will converi the axygen to & borm that can more
easily be stored in the capgen sforage. Oxygen which boils off is captared
and rerouted fo the oxygen liquefier. The heat which is produced in both
the elecirolysis and the oxygen refrigeration stage is also rerouted to the
top columa where it can be remsed.

Create separate DYMOLA models for each of the boxes of Fig.P9.1.
Conneci the entire model, and simulate the mining operstion. What is the
peak value of energy that you musi make avnilable during the operation?
What is the rendition of axygen?

Research

[R9.1] Hierarchical Modular Model Library for Chemical Process
Simulation

Build a Ebrary of DYMOLA model types for chemical reaction kinetics.
The library should contain modules for all common reactor types, aad it

should be possible to solve problems smch as pr{P9.1) by dmply connecting
the modules of the libtary with each other.

[R9.3] Electrophoretic Transport of Solutes in Aqueocus Two—
Phase Systems

Levine and Bier [9.8] reported recently s phenomenoa relating to the trans-
port of proteins across & phase barrier under the inflwence of electrical flelds
in an electrophoretic setting. Proteins partition in squecus two—-phase sys-
tems as & result of differential affinities for the polymers. It turns out that
proteins are readily transporied across the phase barrier from low to high
affinity, but they accumulate below the interface when electrically driven in
the opposite direction. Surprisingly, the electrical Seld is not & sufficiently
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strong force Lo overcome the thermodynamics of sclute partitioning. The
fact that electrophoretic transport as well as diffusion [9.3] can be influenced
by the partitioning bebavior of solute is of significance for the undervtand-
ing of affinity, and it has direct relevance to biological systems with (heir
many semipermeable and elecirically charged membranes.

Levine and Bier believe that a full explanstion of their experimental
resulis will require an integration of kinetic terms governing electrophoretic
transport with thermodynamic lerms governing partitioning. It is hoped
thﬁﬂﬂhmmrwmﬂtn-ﬂhnﬁl

Model the transport of proteins within individusl phases, and compars
the simulstion results with experimentally found resulis. Thereafier, model
the phuse barrier in an squeons fwo—phase system, and simulate the trans-
port of proteine scross this barrier. Include chemical, ibermic, hydrmalic,
and elecirical texms in the model. Compare your mimulstion resulis with
the experimental resulis reporied in Levine and Bier [9.5].



