Gas-Liquid Reaction Systems: A Heuristic
Model and Its Steady Solutions

To identify conditions under which gas-liquid reaction systems exhibit
natural oscillations, a model is formulated in which the time scales of
the elementary processes play a leading role. The steady solutions of
the model problem are investigated, with the finding that at most one
solution may lie in each of five temperature ranges, each range corre-

sponding to a dominant physicochemical process.
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SCOPE

We propose a model of gas-liquid chemical reaction
systems. In so doing we observe that the order of
importance of the elementary physicochemical pro-
cesses depends on the reactor temperature. This
leads to a sequence of physically based approxima-
tions at successive temperature intervals.

Evenin the simplest idealization of such a system we
must suppose that a liquid containing reactant B is fed
to a reactor, that it encounters there a gas containing
soluble reactant A and that dissolved A and B react in
the liquid phase. The processes of interest, then, are
mass transfer from the gas bubbles to the gas-liquid
interface (assumed here to be fast), reaction-enhanced
mass transfer from the interface to the bulk liquid, and
chemical reaction in the bulk liquid phase.

The model of Hoffman et al. (1975) is a good starting
point. Therein chemically enhanced absorption is rep-
resented via a reaction factor, but the estimation of this
factor is tied to the estimation of the bulk composition
of A, with the result that it is not evident how the roles
of the elementary processes can be isolated and under
what conditions each is more or less important. Simpli-
fications of this model have been proposed that permit
analysis to be carried out: uniform and excess B, fast
reaction, and others. Indeed if it is also assumed that
the concentration of B is constant at its feed value, the
model reduces to the single-phase continuous stirred-
tank reactor (CSTR) model but an important part of the
problem is lost.
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As an alternative we use the enhancement factor, ¢,
to represent the chemically enhanced rate of absorp-
tion. This leads to a liquid-side model that is simple and
more complete. First, the enhancement factor itself is
simple in the physical limits of slow, fast, and instanta-
neous reaction and these limiting regimes can be iden-
tified with three temperature intervals covering the
required temperature range. This in turn leads to the
identification of five temperature intervals in which the
reactor model itself, at least under steady state condi-
tions, takes a simple form in terms of the expressions
for the dominant elementary processes. Second, the
use of the enhancement factor permits us to make an
important addition. Indeed it is the interfacial tempera-
ture that controls the solubility and this must exceed
the bulk temperature whenever an exothermic reaction
takes place close to the interface, as occurs under fast
reaction conditions. We take this temperature rise into
account; its estimate is tied to the estimate of the
enhancement factor.

The model then takes the following form: Three
equations that establish the state of the bulk liquid,
containing terms depending on the state of the inter-
face, and three equations that establish the enhance-
ment factor, the fraction absorbed that is transferred to
the bulk, and the interfacial temperature, for assigned
bulk conditions. We identify six time constants: the bulk
and interfacial reaction times, 7, and r,; the bulk and
interfacial contact times, r and 7, the mass transfer
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time, 7, and the heat transfer time, 7,. We use these to
identify five temperature intervals wherein simple ap-

proximations obtain, reflecting the dominant elemen-
tary processes.

CONCLUSIONS AND SIGNIFICANCE

In gas-liquid reaction systems the bulk and interfa-
cial reactions take place in distinct temperature
ranges. This is fundamental and it holds under ordinary
conditions because 7 » 7, It leads to the identification
of two main operating domains: a low-temperature or
bulk domain where output via flow and bulk reaction are
the slow processes, and a high-temperature or surface
domain where input via mass transfer is the slow pro-
cess. The first domain consists of two temperature
intervals corresponding to slow and fast bulk reaction;
the second domain consists of three temperature inter-
vals corresponding to slow, fast, and instantaneous
interfacial reaction. A steady performance problem,
then, may have one or three or five solutions, but at
most one in each such interval. Indeed the data of Ding
et al. (1974) correspond to operation in the first three
intervals and this implies that the absorption step is at
most weakly enhanced and that the temperature rise is
slight.

We note that the simple approximations defined for
each temperature interval must be used carefully.
Indeed a simple model may exhibit more than one solu-
tion, but at most one (and possibly none) can be physi-
cally meaningful inasmuch as the full model exhibits at
most one solution at each temperature interval. For
instance, only solutions to the fast reaction model that
lie in the fast reaction region can be meaningful, and

the full model has at most one solution there. We add
the caveat that the fast reaction region is defined in
terms of a temperature range that can only be deduced
from the full model and that this diminishes the useful-
ness of simple models.

The liquid phase reactant plays a complicated role
even though its bulk concentration, Cg, ordinarily ex-
ceeds the concentration of the absorbing gas phase
reactant by orders of magnitude. This in itseif does not
produce a useful simplification unless Cg is small, i.e.,
unless the holding time is large. For then the pseudo-
first-order expression for the enhancement factor can
be used to account for the surface reaction in all
regions. Otherwise, for small holding times and large
values of Cg, large temperature rises are likely. Indeed
the transition to instantaneous reaction depends
strongly on the value of Cg, the transition temperature
falling as Cg increases. This transition is dominated by
the liquid phase reactant, and to predict it the pseudo-
first-order enhancement factor must be corrected to
account for the transport of B to the interface. We note
that under conditions of large temperature rise, more
than one value of the interfacial temperature, T, may
correspond to assigned bulk conditions, C; and T. This
multiplicity does not add solutions to a reactor problem
but it does change the conventional interpretation of
the slope condition.

The Problem and Its Background

If a reactor could control its feed, varying it in time, there
would be a physical basis for anticipating a natural oscillation in
the reactor’s performance. The elementary fact that reaction
rates and absorption rates are countervariant with temperature
suggests that gas-liquid reactors, where one reactant is fed as a
gas and the other as a liquid and where the reaction takes place
in the liquid phase, should exhibit natural oscillations. This con-
jecture is unsupported by experiment, but the experiments of
Ding et al. (1974) show that gas-liquid reactors are physically
interesting processes. We construct a simple model that provides
direction in the search for periodic states.

The problem is this: A nonvolatile liquid containing reactant
B is fed to a well-mixed reactor where it encounters a gas con-
taining the soluble reactant 4. Excess gas is bubbled through
the liquid, the reaction of dissolved 4 and B takes place in the
liquid phase, and the nonvolatile products flow out along with
unreacted B and unreacted dissolved 4. Under such conditions,
which are not unlike conditions found in typical chlorinations,
hydrogenations, etc., the gas phase is of secondary importance,
excerising its influence via the dependence of the interfacial
area on the gas phase flow rate and the dependence of the reac-
tant solubility on the reactant partial pressure.
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The early work of Schmitz and Amundson (1963) on two-
phase reaction systems is not relevant to absorption-reaction
oscillations, being limited in the way in which the heat release
can modify the rates of adsorption and chemical reaction. The
pioneering study is that of Hoffman et al. (1975). There it is pro-
posed that the experimental findings of Ding et al. (1974) can be
understood in terms of chemically enhanced gas absorption,
which is represented via the use of a reaction factor: the rate of
absorption is written E*k%aC,V. (Without compromising
Hoffman’s model in the least, we show that the absorption in
Ding’s experiments is not chemically enhanced.)

Hoffman’s model is logically sound but it presents certain
practical problems insofar as most of the physical processes of
interest are tied up in the estimation of the value of E*. This is
particularly true inasmuch as the film theory is used and the
film is taken to be a physical, not a fictitious, entity. This implies
that the values of E* and C, must be estimated simultaneously,
with the result that it is not evident how the roles of the individ-
ual physiochemical processes can be identified and under what
conditions each is more or less important.

Making a direct computational study of their model, Hoff-
man et al. draw interesting conclusions but cannot make general
claims. Raghuram and Shah (1977) investigate the special case
of Hoffman’s model, corresponding to uniform and excess B, in
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the hope of identifying uniqueness conditions on the parameters
of the problem. Their conclusions suppport, but are not unlike,
Hoffman’s inasmuch as the analysis of the model equations
remain difficult, even if the reaction is assumed to be fast under
all conditions. Huang and Varma (1981a) make one further
approximation in the fast reaction model of Raghuram and
Shah. By assuming that the concentration of B is constant at its
feed value, they deduce results for the gas-liquid reactor that
parallel in generality and completeness Poore’s (1973) results
for the corresponding single-phase problem. However, the
model is now so simple that it is equivalent to the single-phase
reactor model, whence all of the work of Uppal et al. (1974,
1976) becomes pertinent. (To establish this equivalence it is suf-
ficient to identify one half the activation energy less the heat of
solution as the apparent activation energy.) Thus, outside the
uniqueness region, this model, like Raghuram and Shah’s fast
reaction model, predicts the existence of three solutions, two sta-
ble and one unstable.

The fast reaction approximation implies that EF* =
VkCyzD/(k9)? but this can be a reasonable estimate of E* only
over a certain range of k or T. If k goes to zero or infinity, the
above implies that £* goes to zero or infinity, but in fact E*
must be bounded below and above by the physical absorption
and the instantaneous reaction limiting values. Now we cannot
presume, without examination, that the solutions of a fast reac-
tion model satisfy the fast reaction condition. To see if they do,
we must investigate the parent model of Hoffman et al., but
because of its form this information is difficult to extract. What
we find is that in the nonuniqueness region all of the stable solu-
tions of Huang and Varma (1981a) lie outside the fast reaction
region; the only meaningful prediction is unstable. What
accounts for the problem in the fast reaction model is that the
fast reaction region is most easily identified with a certain tem-
perature range, but temperature is not part of the specification
of the problem, it is part of the solution. Subsequently, Huang
and Varma (1981b), using the full model of Hoffman et al.,
reported extensive calculations that reveal a variety of remark-
able multiplicity patterns.

In what follows we construct a model comparable in general-
ity to that of Hoffman et al. In fact, we make an important addi-
tion. Although it is recognized that the reaction exercises an
important influence on the absorption, what we do not overlook
is that in the fast reaction region the reaction takes place close to
the interface and releases its heat there. Thus, the interfacial
temperature may be significantly higher than the bulk tempera-
ture and it is the interfacial temperature that controls the solu-
bility.

It is difficult to extend Hoffman’s model to account for this,
but it is easy to account for this if we piece together simple limit-
ing results and identify their regions of validity. We retain the
accuracy of Hoffman’s model, gain an understanding of the
physics of the process, and avoid the problems besetting Huang
and Varma (1981a). In particular, we identify five regions, find
usefu] approximations in each, and show that in each region
there can be at most one solution.

The Model

The reaction, A + B — products, takes place in the liquid
phase. Reactant A4 is nominally a gas, reactant B is the solvent,
and the products are liquids. The gas stream, supplied in excess,
is bubbled through the liquid phase, whereupon reactant A4 is
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adsorbed into the liquid; reactant B is fed directly. The liquid
phase is spatially uniform outside regions of vanishingly small
volume adjacent to the gas bubbles. The gas phase exercises its
primary influence on the process through the pressure depen-
dence of the solubility:

CH(T)’

Cy H(T)

= H(T)e@ROIM=-0TN 0 o (])

where P, is assumed to be constant. The gas stream does not
contribute to the cooling, its thermal capacity being small and
the liquids being nonvolatile, but it does establish the value of a,
the interfacial area per unit volume.

Under fairly general conditions then, the state of the liquid
phase, defined by the values of C,, Cg, and T, satisfies:

vdc,
= —4Ca — KC,GV + $kia(C — CH0 — SV ()
VdC, .
1= 4(Cyy— Ca) = kC,CaV — 9kia(Cyy = CILY (3)
daT
Vpcpgt— =gpC, (T~ T) - UA(T - T)) — Q.kC,CpV

~ Okia(Cy — CHV — Quk1a(Cyy — CHfV (4)

where Egs. 2, 3, and 4 are similar in form to the equations that
correspond to the standard CSTR. In Eq. 2 only the third term is
different. It accounts for the feed of reactant A. It expresses the
net rate of absorption of A, that is, the rate of adsorption of A,
chemically enhanced if ¢ > 1, less the rate of reaction of A in the
interfacial region giving rise to the chemical enhancement. Inso-
far as C,; depends on the state of the liquid phase, so also the
feed of reactant A. It is in this manner that the reactor controls
its feed.

To make the model equations concrete, we must establish the
dependence of ¢, f;, and T;on C,, Cp, and T. We take the values
of k7 and a to be assigned and estimate the enhancement of k¢
by the chemical reaction. To do this we use the penetration
model and assume that the contact time is randomly distributed
about an average value 7, that establishes the holding time in the
interfacial region. (The film and penetration models make prac-
tically indistinguishable predictions of the chemical enhance-
ment as long as the temperature rise is ignored, otherwise their
predictions may differ; cf. White and Johns, 1985b.)

We assume the transport resistance to be on the liquid side
and note that the rate of reaction is kC,Cy where

k = ke 58T (5)

Three special conditions satisfied in gas-liquid reactors allow the

construction of a useful approximation to ¢ and thence to f; and
T:

(i) a» D (6)

(i) Cp» Cy @)

(Astarita, 1967) (8)

(i) 7, > 7,
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Condition (i) implies that absorption occurs at a uniform tem-
perature 7;. Condition (ii) implies that absorption occurs at a
uniform concentration of B. Condition (iii) implies that C, = 0
whenever absorption is chemically enhanced and follows via a
time scale argument. The time scales listed in Table 1 scale the
elementary bulk and interfacial processes. The interfacial reac-
tion is negligible until its time scale falls to the corresponding
holding time 7, Before this happens ¢ = 1, f/; =0, T; = T,
and 7,; = 7,,. On decreasing 7,;, the condition 7,;, = 7, = 7, signals
the onset of chemically enhanced absorption, and when this is
satsified condition (iii), Eq. 8, implies that r,, » 7,,. This means
that the bulk reaction of A is fast compared to the absorption of
A and that we may set C, = O in estimating the value of ¢ for
¢ > 1. The result is

. %
p=4f1+2
Tri
and
Ti/Tri
- 10
f; 1 + Ti/Tn' ( )

where T, remains to be found.

For small values of 7, absorption cannot occur at a uniform
concentration of B, even though condition (ii) is ordinarily satis-
fied. Indeed for instantaneous reaction the diffusion of B to the
interface places a bound on ¢ such that for 7,, — 0

[N

11
+CA; an

fi—1 (12)

The argument of van Krevelen and Hoftijzer (1948), which esti-
mates the interfacial concentration of B, leads to a formula:

|
¢=E_—(¢m—1) 1+

that turns out to be accurate for all 7,;, reducing to Eq. 9 for
large 7,;, and to Eq. 11 for small 7,. Indeed the three limiting
expressions corresponding to slow, fast, and instantaneous reac-
tions

B S PR )

¢=1 17 < 1

¢ = VT.‘/Tn' 1<Ti/1n'<¢i‘ 1

¢ = ¢. ¢l - 1<1/1, (14)
Table 1. Characteristic Times

Bulk Liquid-Phase Model

Bulk holding time T =V/q

Bulk reaction time T = 1/Kk(T3)Cgs

Absorption time T = 1/k%a

Heat transfer time = pCV/UA
Interfacial Model

Interfacial holding time 1 = D, (k9)?

Interfacial reaction time = 1/k(T)Cp
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give a reasonable representation of ¢, and the transition values
of /7, turn out to be important in reactor modeling.

Assuming, as condition (i), Eq. 6, implies, that the heat gen-
erated is released at the interface, we use the heat balance condi-
tion to estimate 7;, whence there obtains

- T__Q_ﬂ\/éqx; (15)
oC, o

Equations 10, 13, and 15 constitute the interfacial model, pre-
dicting f;, ¢, and T, for assigned values of C; and T, where we
notethat C, = 0,else f; =0,¢ = 1,and T; = T. Thus, Egs. 1,2, 3,
4, 10, 13, and 15 constitute the model problem. We investigate
its steady solutions in the next section.

The Steady Solutions: Qualitative Study of the
Model Problem

Under steady conditions x,, x5, and #, defining the state of
the liquid phase, satisfy

0~ —x,- Tix,, " Tiqsu N —xs)  (16)
rb m

T T
— Spx,— T_¢Sf/;‘(xm' - X4) (17)
and

0~ —0--(0-6)+—Bx,
Ty T

rb

+ Tiasws + Bf)(xu— x) (18)

m

where
X = e VI (19)
Tlrb = Ti’fe””“”’x,, (20)
and
! v.8i/1+6;
T_ri = T—rfe Xg 21)

and where 8, the interfacial temperature, satisfies

6;,=6+ \/E (B, + B.f)ox 4 (22)
@

The constants v,, B, v.. B,, S, and 1/7,, define the chemistry;
the time constants 7, 7,,, 7,, and 7, define the operating condi-
tions.

Equation 16 implies

—6(1—J)
Xyq = Tm . X 4 (23)
1+ —+—¢(1 - f)
Try Tm
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and, if B, = 0, Egs. 17 and 18 imply

n_1—§&+iw—m) (24)

so that Eq. 18 establishes the steady solutions of the model prob-
lem. It is important therefore to determine how the heat genera-
tion, the nonlinear terms in Eq. 18, depends on the temperature;
to do this we determine how the absorption of reactant A4
depends on temperature.

Scaling the rate of absorption by gC,; (Sherwood et al.,
1975), we introduce the relative rate of absorption:

r= =—¢|l ——
qCy Tm X 4

Vak$ ¢ (Cu — Ca) r( n)
and find, using Eq. 23, that

T T
Tm Trp

(1 +L)+i¢>(1 - 1)
T, T

ry =

b

whence 1/r = 1/ry, + 1/r, where ry, = [1 + (7/7)][1 + (7;/
)] and ry, = (7/7,,)¢.

Evidently then the relative resistance to absorption is the sum
of two resistances, the first deriving from the output processes,
flow and chemical reaction, the second deriving from the input
process, mass transport. From this point of view mass transport
is in series with the resultant of flow and chemical reaction,
where the flow and chemical reaction are in parallel.

It follows that r must be less than the lesser of r, and r;,. To
see what this means we fix the values of # and x, and investigate
o and r, as the chemical reactivity, 1/7,,, increases. We hold 7,
Tm» and 7; constant, such that r > 7, » 7,. The values + = 200 s,
7, = 8.3 s,and 7, = 0.0375 s deduced from Ding et al. (1974) are
representative values for gas-liquid systems and are used in Fig-
ure | to illustrate the variation of the relative absorption rate on
increasing chemical reactivity. We note that increasing chemi-
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Figure 1. Relative rate of absorption vs. chemical reactiv-
ity.
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cal reactivity may be caused by increasing k, or 7, or Cg,. For
bulk reaction the slow to fast transition can be identified by 7, =
7. Whereas for interfacial reaction the corresponding transition
point is 7,; = 7;.

We sketch r,, and r,, in Figure 1 using a logarithmic scale to
underscore the order-of-magnitude nature of the argument. The
corresponding variation of 7 is also shown. Because 1/7 is ordi-
narily several orders of magnitude less than 1/7;, it separates
naturally into five distinct regions, three plateau regions sepa-
rated by two regions of monotonic increase. Bulk processes con-
trol in the first two regions, the flow and bulk reaction regions;
interfacial processes control in the last three regions, the physi-
cal transport, chemical transport, and instantaneous reaction
regions. In the second and fourth regions r is proportionzal to 1/
7,5 and v1/r1,; otherwise it is independent of 1/7,, and 1/7,,. In
the first region both bulk and interfacial reaction are slow; in the
third region bulk reaction is complete and interfacial reaction is
slow; in the fifth region interfacial reaction is complete. We
summarize Figure | in Table 2.

We rewrite Egs. 18 and 24 to make the role of 7 explicit:

0+fw—M=MA&+&ﬁ (25)
]

xp=1~rxS;f
where

_ _ 7/Trl7

Sfi+ Q- fyandfo= =0 (26)

and where fis the fraction of the absorbed solute that undergoes
reaction. The righthand side of Eq. 25 is the heat generation; the
lefthand side is the heat removal, it is linear in temperature and
its intersections with the heat generation establish the steady
solutions of the problem. To understand how the heat generation
depends on the temperature we must account for the depen-
dence of r, x,;, and (B, + B, ') on 8. Now the basic structure of
the heat generation is established by the double-S structure of r
shown in Figure 1. We conclude, therefore, that the steady state
problem may possess as many as five solutions, but not more
than five, and that there can be at most one solution in each
region identified in Figure 1. To see that this is so we first

Table 2. Operating Regions

Relative
Absorption Transition
Region Rate Point
Flow 1
. T 11
Bulk reaction — =
Trb T T
. T 1 I
Physical transport — — = —
Tm Trp Tm
. T T: 1 1 H
Chemical transport — A/ —_——-_—=
Tm Tri Trp Tri T
. T 1 )
Instantaneous reaction — . —=—(¢z-1)
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observe that Figure | gives an accurate qualitative picture of
how r depends on 8 if we modify it to take into account:

1. The fact that ¢, = 1 + x5/(Syx,) depends on # via x4,
Eq. 19, so that the plateau in the fifth region of Figure 1
becomes a region of increasing r on increasing 6.

2. The fact that x,, assumed to be constant in Figure | on
increasing 1/7,, is decreasing on increasing 6, cf. Eq. 26.
Because Sy is small, the variation of x, is small (this is true
unless the coefficient of Syin Eq. 24 is large) and its most impor-
tant contribution to our picture is in translating the transition
values of 1/7,,and 1/7,;in Table 2 into the corresponding transi-
tion values of 6 and 6,.

Second, we observe that the variation of (B, + B, f ) and of x ;
do not contradict the main conclusion. Because (B, + B, f) isa
monotonic increasing, S-shaped function on increasing ¢ and
because it executes this variation on the first S-shaped segment
of r, it does not introduce features into the heat generation that
cannot be inferred from r itself.

Because x,; is a monotonic decreasing function on increasing
6, Eq. 19, regions one and three of constant r become regions of
decreasing heat generation, whereas region five of increasing r
becomes a region of constant heat generation. Regions two and
four, where r is increasing, become regions of either increasing
or decreasing heat generation depending on the increasing or
decreasing behavior of

T T
X4 =
Trb Trf

7 T; T T; _ '
— Jixy—— i O/ 2ye=v08/1+8;
Tm Tri Tm Tr_f

It follows that if the variation of x is strong enough, the heat
generation becomes a nonincreasing function of 8 and there can
be at most one solution to the problem. Thus, we conclude:

e There can be at most one solution (uniqueness) if v, < v,.

e There can be at most three solutions if 1/2 v, < ¥,, and if
there are three one must lie in each of regions one and two.

e There can be at most five solutions if 1/2 v, > +y, where at
most one solution lies in each region.
Because this time-scale picture of the absorption process is use-
ful, we translate the information in Table 2 into heat generation
terms and record it in Table 3.

Y 18/1+8

and

Table 3. Heat Generation in Each Operating Region

Region Heat Generation
Flow By x4
. /T T
Bulk reaction B, + B,—— | — x4
L+ 7/1) T

Physical transport (B, + B,) T X 4i
T,

m

T T
(B, + B,) — \/: X ai
Tm ¥ 7,

T Xg
(B, + Br)*(l + )xAi
T \YS

Chemical transport

Instantaneous reaction
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Figure 2. Heat generation and removal vs. temperature.
Data of Table 4, r = 40 min.

We note that the apparent activation energy for the bulk reac-
tion is (£ + @), which is greater than the apparent activation
energy for the interfacial reaction, (1/2 £ + Q,). Nonetheless it
is because 7 » 7, that the bulk reaction dominates at low temper-
atures, the interfacial reaction at high temperatures.

In Figure 2 we show a concrete heat generation function using
the physical constants deduced from Ding et al. (1974) and
recorded in Table 4. The double-S shape and the corresponding
five regions are evident. For 7 = 40 min and the data of Table 4,
we predict three solutions; for other values of  we predict one
low-temperature solution but never five solutions. This is what
Ding et al. found. The three solutions lie in regions one, two, and
three; it follows that absorption is not chemically enhanced
under the conditions of Table 4. Nonetheless the values of 7,
and/or 8, can be set so that Eq. 25 possesses five solutions, but
not more than five and not more than one in each region.

The slope of the heat generation function less that of the heat
removal function must alternate in algebraic sign over the natu-
rally ordered solutions of Eq. 25 and it must be negative at the

Table 4. Data for the Chlorination of Decane*

k, = 21x10" m’/mol-s = 2.1 x107 cm’/mol.s
E = 125x10° J/mol = 30,000 cal/mol

0, = —1.05x 10* J/mol = —25,000 cal/mol
p=Cg= 51x10° mol/m’ = 51 x107* mol/cm®
G, = 36x10® J/mol-K = 85 cal/mol - K
|4 = 344x10* m® = 344 cm’

D = 60x 107 m’/s = 6.0x 107 cm?/s

o = 77x107% m%/s 7.7 x 107* em?/s

T, - 297K

T. - 298K

UA = 126x10"' J/K-s = 003 cal/K - s
P, = 10x10° Pa = 1 atm

H(T;) = 546 x10° Pa.m’/mol = 5,465 atm - cm®/mol
0, = —19x10* J/mol = —4,500 cal/mol
k= 40x10"* m/s = 004 cm/s

a = 30x10? m = 30 cem™!

*Ding et al. (1974), Hoffman et al. (1975), Sharma et al. (1976)
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low-temperature solution. This sign is also that of the Jacobian
determinant of Egs. 16, 17, and 18, and if that determinant is
positive, the solution is unstable. This then is the slope condition.
It follows that every other solution must be unstable and, specif-
ically, that solutions in regions two and four must be unstable, if
not unique.

The condition that the slope of the heat generation function
not exceed the slope of the heat removal function for all values of
the temperature is necessary and sufficient for a unique solu-
tion. The time-scale picture shows that the slope of the heat gen-
eration function is nonpositive in regions one, three and five;
thus, uniqueness conditions can be inferred from the simple
expressions in Table 3 for the heat generation in regions two and
four (White, 1982). The results generalize the conditions vy, <
Yo and 1/2 vy, < v,.

This suggests that restricting the model problem to a certain
region can produce useful results. However, if the model prob-
lem is so simplified, only the solutions that lie in the correspond-
ing region are admissible and there can be at most one such solu-
tion because the full model problem admits at most one solution
in each region. Thus, if a simplified model problem possesses
more than one solution, at most one can satisfy the parent prob-
lem. Now Huang and Varma (1981a) propose a fast reaction
model where ¢ = +7;/7,; for all §, but this formula is correct only
in region four. Aside from the approximations xz = 1 and §, = 4,
their solutions are not generally admissible. Thus, whenever
three solutions are reported, the two stable solutions are not
admissible and the only admissible solution is unstable. The for-
mula ¢ = v7,;/7,; does not respect the bounds | < ¢ < ¢,, and
what results is shown in Figure 3.

Here the reactivity has been increased from that given in
Table 4 so that solutions exist in the enhanced mass transfer
regions. The full model exhibits five solutions, one in each
region, but only the solution in region four is predicted by the
fast reaction model. But we note that the solution in region five
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Figure 3. The fast reaction approximation.
Data of Table 4 except 1/7,,=9.0 x 107*s™", 7 = 2 min.
--- Fast reaction approximation
— Full modet
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is fairly well approximated by a solution of the fast reaction
model. We can establish conditions for this as follows: For
chemically enhanced absorption the heat generation is approxi-
mately (r/7,,) B, ¢ x,;, where for fast reaction ¢ = vr;/7,;, and
for instantaneous reaction ¢ — 1 + x5/(S;x4). Using x5 = 1 —
(1/7) Sy ¢ x4;, the corresponding high-temperature asymptotes
of the heat generation are B,/S,and (+/7,/1 + 7/7,) (B,/S)).
Thus, assuming the temperature rise is small, and we see later
that 7/7,, » 1 implies 6, = 8, we conclude that the simple pseudo-
first-order expression for ¢ can be used in a reactor model for all
values of 8 if 7/7,, » 1 and if the consistent value of x, is used.

The Steady Solutions: Quantitative Study of the
Model Problem

Using the values of the physical constants in Table 4, we illus-
trate the 7 dependence of the solutions of the model problem in
Figure 4. The predictions are reasonable estimates of the experi-
mental results of Ding et al. (1974). Because the reactivity is low
the problem possesses at most three solutions for each value of 7,
i.c., only the first S of the heat generation function comes into
play. The solutions exhibit a standard CSTR multiplicity pat-
tern called an isola, although Ding’s results do not confirm the
isola. If we increase 1 /7,, by a factor of 100 we get an isola with
an S-shaped boundary and hence we see intervals of one, three,
five, three, and one solutions, Figure 5. We label the jump points
I or E or I/E to signify ignition or extinction or indeterminate
points. In Figure 6 we summarize the results of calculations
based on the data of Table 4; we show the locus of the ignition
(1), extinction (£), and indeterminate (I/E) points on a graph
of 1/7,vs. 7.

The ignition and extinction loci enclose the region of multiple
solutions, namely, three or five; the indeterminate locus encloses
the region of five solutions. For each value of 1/7,,the multiplic-
ity pattern is revealed by the number of ignition and extinction
points: one of each implies an S-shaped multiplicity pattern, two
of each implies a mushroom, and two extinction points imply an
isola. The results of an extensive set of calculations based on the
full model equations of Hoffman et al. (1975) are given by
Huang and Varma (1981b). The difference between the two
models, i.e., the interfacial temperature rise, does not manifest
itself in this example. For this reason we report only the main

200

TCO

20 40 60 80 100
T (MIN)

Figure 4. Steady state temperature vs. holding time.
Data of Table 4.
® Experimental values from Ding et al. (1974)
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Figure 5. 1-3-5-3-1 multiplicity with an isola.
1/7,=9.0 x 1075~
E, Extinction points; I, Ignition points

conclusion of our calculations. Itis this: 1 /7,, < 1 /7, implies x =
1 provided that S, (7/7,,) x4 < 1 so that the holding time is not
extraordinarily large, and 1/7,, > 1/7,, implies x, = 0. Thus, the
full three-state variable model reduces to two two-state variable
models in overlapping domains, the first in regions one to three
where x; = 1, and the other in regions three to five where x, = 0.
This is true of the steady model problem; it remains to be seen if
it is true of the dynamic model problem where it would be of
much greater significance.

Having introduced the interfacial temperature rise into gas-
liquid reactor modeling, we are interested in establishing condi-
tions under which it is important. For the experiments of Ding et
al. (1974) an instantaneous reaction calculation based on the
feed leads to an estimated 100 K temperature rise. Notwith-
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Figure 6. Multiplicity regions and patterns.
Parallel lining shows regions of three and five solutions.
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standing this, the actual temperature rise is slight inasmuch as
the absorption step turns out not to be chemically enhanced
under the conditions of the experiments. Higher values of the
chemical reactivity result in solutions in which the absorption
step is enhanced, but the temperature rise remains small. The
reason is this: For the data of Table 4, xy is small in the
enhanced transport regions so that the corresponding values of ¢
cannot be large. Now x; is bounded below by its large 6 asymp-
tote; indeed in the instantaneous reaction region we find that

T
1 —-T—Sfx,.,- 4) 1
m
Xg=—""""—"—" = T
b T 1 +—
1 + — Tm
Tm
Evidently small values of r/7,, imply large values of x5, which in
turn encourage large values of ¢ and hence 8, — 6. In fact the
temperature rise in the instantaneous reaction region, where it

achieves its maximal value, is

0.-—0=\/§(B:+B,) (xA,-(e,»)Jr%)
[2% f,
1+ S,x,
- [Py L LS
a S 1+ =

Trm

so that the smaller 7/7,,, the larger 6, — 6.

In Figure 7 we illustrate the influence of the interfacial tem-
perature rise on the solutions of a reactor problem. For a certain
small value of 7/7,,, we show two graphs of the heat generation
function vs. the bulk temperature, one based on Eq. 22, one
based on #;, = 8. Evidently including the temperature rise
increases the likelihood of solutions in regions four and five. For
the heat removal line shown, the corresponding temperature
rises are 90 and 155 K. Now the large 8 asymptote of the heat
generation is independent of the temperature rise inasmuch as
¢ x4 — (xu(6) + 1/Sp)/(1 + 7/7,). Thus, the temperature
rise does not have much bearing on solutions well into the instan-
taneous reaction region, although the temperature rise may be
very large there. It exercises its major influence in the fast reac-
tion region in driving the heat generation to its asymptote
quickly on increasing # as 6, runs ahead of . Its importance then
is this: a larger temperature rise establishes instantaneous reac-
tion conditions at a smaller value of 4.

It is worth noting that the foregoing illustrates the value of
simple approximate models defined within restricted tempera-
ture intervals. In this connection we see that conditions that
favor a large temperature rise do not favor extension of the fast
reaction model and vice versa.

An interesting variation of Figure 7 obtains when Eq. 22
defines three values of 8, for each value of § at some interval.
White and Johns (1985a) estimate the bulk temperature inter-
val in which this takes place. Surprisingly, the multiplicity of
Eq. 22 does not increase the multiplicity of a reactor problem.
To see this (for which credit is due Ashutosh Sharma, 1984) we
observe that whenever x, = O (otherwise f; = 0 and hence §; = 6)
Egs. 18 and 22 imply that

T
6+—(0-6,)
Th

>

-0
Dja”  1/r,

5
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Figure 7. An example in which temperature rise is cru-
cial.

This can be used in place of Eq. 22 so that the multiplicity of a
reactor problem remains that predicted by graphs of heat
removal and heat generation vs. bulk temperature. What hap-
pens when Eq. 22 has multiple solutions is that the heat genera-
tion function takes a heretofore unanticipated shape. We illus-
trate this in Figure 8, where it becomes obvious that multiple
solutions of Eq. 22 cannot increase the multiplicity of the prob-
lem itself. The heat generation now exhibits a hysteresis; for val-
ues of 4 such that three values of 8; exist, the heat generation is a
multiple-valued function of #. For such a multiple-valued heat
generation function the slope of the difference, heat removal less
heat generation, need not alternate in sign over successive solu-
tions.

Conclusion

In gas-liquid reactors, bulk and interfacial reactions take
place in distinct temperature ranges, low temperatures favoring
bulk reaction. This is implied by the condition 7 >» 7, and leads to
a double-S shaped heat generation function, the first S lying in
the temperature range where 7,, = 7, the second in the range
where 7,; = r.. Thus we may identify five temperature intervals
in each of which a certain elementary process is dominant, and
this invites the construction of simple approximations. The sim-
ple models so constructed may exhibit more than one solution,
but at most one can be physically meaningful as the full model
exhibits at most one solution in each interval. This decomposi-
tion leads to a preliminary conclusion that sustained oscillations
are not likely to be a high-temperature phenomenon. Indeed, in
the instantaneous reaction region, the rate of adsorption is inde-
pendent of temperature, as increasing enhancement just offsets
decreasing solubility.

AIChE Journal

2,0

| I

Legend
T= 120 s
= 100 s
;= 06s
T, = 298 s
Ureg = 7,49 x 107V 1
= 1017
= 0,106

1.8

HEAT GENERATION

1.6
A
“

1

1.4
SN
"

B e

]

1.2

HEAY GENERATION
1GNORING THE

Heat TemperaTURE RISE

RemovAL

]

0.8

HEAT GENERATION AND REMOVAL
1.0
1

0.6
!

0.4

0.2
1

o
(=]

T T T T 1
0.5 0.6 0.7 0.8 0.9 1.0
THETA

Figure 8. A multiple-valued heat generation function.

Notation

a — interfacial area per unit volume
B, B, = dimensionless heat of reaction and solution, —Q,C,,/
17(271}9 - (25(:4U/l)(;77}
C - concentration in the liquid phase
C, = heat capacity of the liquid
D = diffusivity
E = activation energy
J; = fraction of gas absorbed that reacts near the interface
H = Henry’s law coefficient
k = second-order rate constant
ky, ki = mass transfer coefficient with and without reaction
P, — partial pressure of gas A
Q.. O, = heat of reaction and solution
q = volumetric flow rate of the liquid
S, = ratio of the concentration of 4 to B at feed conditions, Cyl
Cyr
T = temperature
UA ~ overall heat transfer coefficient
V = volume of the liquid phase
X4, x5 = dimensionless concentration of 4 and B, C,/Cy. Cg/Cyy

Greek letters

a = thermal diffusivity
¥, ¥s = dimensionless activation energy for reaction and solubility,
E/RT,, -Q,/RT,
p = liquid density
8 = dimensionless temperature, (T — Ty) /T,
7, 7; = holding time for the bulk and the interface
T, T = characteristic times for heat transfer, mass transfer
T, Tip» Tri = Characteristic times for reaction at feed, bulk, and interfa-
cial conditions, 1/k(T) Ca, 1/k(T) Cy, 1/k(T;) Cp
¢ = enhancement factor

Subscripts

A = gas phase reactant
B - liquid phase reactant
b = bulk
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¢ = cooling water
f = feed
i = interfacial
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