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Steady-State Uniqueness and Multiplicity of
Nonadiabatic Gas-Liquid CSTRs

Part |: Second-Order Reaction Model

Steady-state behavior of a non-adiabatic gas-liquid CSTR is classified applying
a second-order reaction model without any limitation on the reaction regime.
Uniqueness and multiplicity regions are determined in the parameter space of
reactivity versus liquid residence time, with the ignition and extinction points
explicitly shown. An isola with five steady states is found possible for the adiabatic
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reactor; however, even a small heat loss reduces the number of steady states to

three.

SCOPE

In the operation of gas-liquid CSTRs (continuous stirred-
tank reactors), the occurrence of multiple steady states has
been observed by Ding et al. (1974) for the chlorination of
n-decane. Hoffman et al. (1975) explored the parametric sen-
sitivity of steady state multiplicity for a second-order reaction
in an adiabatic gas-liquid CSTR. Sharma et al. (1976) further
carried out numerical simulations of the experimental results
of Ding et al. (1974) and showed the possible existence of up to
seven steady states for consecutive second-order reactions in a
nonadiabatic gas-liquid CSTR. It is thus realized that informa-
tion regarding parametric sensitivity and behavioral features,
particularly the multiplicity patterns and the maximal number
of steady state solutions, is essential for the rational design,
operation and control of gas-liquid reactors. This raises the
need for classifying the steady state behavior in terms of the
multiplicity patterns and the ignition and extinction points in
different parameter spaces.

The experimental and numerical observations of multiple
steady states in gas-liquid CSTRs have prompted development
of a priori criteria providing conditions among physico-
chemical parameters which guarantee unique and multiple
steady states. Raghuram and Shah (1977) have derived condi-
tions assuring uniqueness of the steady state and have
presented various plots to determine the number of steady

Correspondence concerning this paper should be addressed to A. Varma.
D. T.-]. Huang is presently at Brookhaven National Laboratory, Upton, New York
11973.
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states in parameter spaces for the case of pseudo-first-order
reactions (i.e., the conversion of the liquid reactant is assumed
zero) and for second-order reactions in the “fast” reaction
regime, respectively, occurring in an adiabatic gas-liquid
CSTR. Huang and Varma (1981) provide analytic necessary
and sufficient conditions for uniqueness and multiplicity and
the stability of the steady state for the case of pseudo-first-
order reactions in the “fast” reaction regime, occurring in a
non-adiabatic CSTR. However, when multiple steady states
exist, the steady state on the high temperature branch is gener-
ally in the “fast” reaction regime, and the conversion of the
liquid reactant is significant. On the other hand, the steady
state on the low temperature branch is usually in the “slow”
reaction regime. It is noted that the initial conditions deter-
mine the nature of the steady state attained, and ignition or
extinction may occur as the physico-chemical parameters are
varied. Therefore, these previously reported reaction models
with their simplifying assumptions may lead to pitfalls and so
should be discriminated.

Previous results as reported by Hoffman et al. (1975) and
Sharma et al. (1976) suggest that steady state multiplicity can
serve as an excellent tool for discriminating among rival models
and assumptions, and for the estimation of kinetic parameters.
The main goal of this work is to clarify the steady state behavior
in terms of the multiplicity patterns, and the ignition and
extinction points, by applying a fully second-order reaction
model. In Part II, the results of this work will be used to
discriminate among the various reaction models with their
simplifying assumptions as described above.
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CONCLUSIONS AND SIGNIFICANCE

A model is developed for a second-order gas-liquid reaction
in a nonadiabatic CSTR without any limitation on the reaction
regime. A priori bounds are obtained to help in the determina-
tion of the steady state solutions. Numerical simulation is car-
ried out to compare the predictions of the model with the
experimental results of Ding et al. (1974); the agreement is
shown to be good and suggests some capability of the model to
describe real systems.

For an adiabatic case, the possible existence of an isola with
five steady states is shown. However, it is found that a small
heat loss by heat transfer through the reactor wall or cooling
device can eliminate the possibility of the existence of five
steady states. Note that the occurrence of anisola in the adiaba-
tic case is a special characteristic of multiphase CSTRs, not
found in single-phase reactors.

Steady-state behavior is classified by means of the multiplic-
ity patterns and the ignition and extinction points in the param-
eter space of reactivity versus liquid residence time. The effect
of the activation energy is shown in this parameter space, and it
is found that as the activation energy decreases, the multiplic-
ity region shrinks with respect to both the reactivity and liquid

residence time. This feature is believed powerful enough to
discriminate among rival models and will be applied in Part I1.
It is also shown that as the heat of reaction increases, the
minimal required liquid flow rate to assure uniqueness in-
creases.

Hoffman et al. (1975) suggested that the interactions among
the rate of the chemical reaction, the transport resistances, and
the solubility cause the occurrence of multiple steady states in
gas-liquid reactors. We present various plots showing the fea-
tures of the reaction factor, the rate of gas absorption, and the
concentration of the gaseous reactant in the bulk liquid
accompanied with different multiplicity patterns; their rela-
tions with one another and with the steady state temperature
and the conversion of the liquid reactant are thus clarified. The
picture of the reaction factor (or equivalent enhancement fac-
tor) corresponding to steady state multiplicity is plotted here,
we believe, for the first time; this provides a deeper under-
standing of the reaction behavior. In addition, it is shown that
the limitation the liquid reactant imposes plays an important
role in the determination of multiple steady states and should
not be overlooked.

ANALYSIS

Second-order kinetics represent the rate of many gas-liquid
reactions, such as oxidation, hydrogenation, and chlorination of
hydrocarbons and are considered in this work:

A (gas) + B (lig) —k> Products (lig)

The following assumptions are made:

1. The liquid phase consists of nonvolatile components and
no evaporation into the gas phase takes place.
2. The physical and thermal properties of the gas and liquid,

A

the interfacial area and gas holdup, the liquid mass transfer
coefficient, the diffusion coefficients and the volumetric flow
rates of the gas and liquid are independent of temperature and
conversion.

3. The solubility of gaseous reactant A follows Henrv's law,
ie.

~AH,

A; = HA, exp[ RT. ]

(1)

where H, is the Henry’s law constant and independent of tem-
perature and conversion.

4. The gas and liquid are at the same temperature within the
reactor, and the feed temperatures are the same.

5. The gas phase resistance to mass transfer is negligible.

6. The liquid feed contains no dissolved gaseous reactant.

The steady-state material and energy balances are thus:
Fi{Ay — Ay = RyVe + FiA,
Fi(Byy — B) = R4Vy
(FopyCpy + Fip,Cp) (Ty — T) + (—AH; — AHR)R,Vy
+ (“AH)FA, — US(T—T.) =0 (4)
The rate of gas absorption can be expressed as:

k@A VgE} = R,V + FA,
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where E¥ is the reaction factor.

As described by Hoffman et al. (1975), E¥ and A; can be
computed from the following expressions, which are from the
approximate film theory solutions:

MXa’ - 1) + —;,— + M\/b; tanh (MVb;)

E¥ = MVb; 1
[Mz(a' -1+ -0—,—] tanh (MVD;) + MVb,

6)
MV,

MV, cosh (MVbB;) + [M2(a’ -+ _01—] sink (MVB;)

™

where b; is obtained from:

A
E - EY -5~
b,‘ = !
E =1 ®)
with
DBB[
E, =1+
DA, 9
VkD,B
M= L2 7a7 (10)
k,
and
' ek, kyar,
= g = 2=
aDy’ € (1)

With Eqs. 6 and 7 substituting into Eq. 8, a transcendental
expression for b; is obtained and b; can then be solved by
trial-and-error. Note that Arrhenius equation shows:

ar)
RT

The following dimensionless variables are defined:

k =k, exp <— (12)
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bound is with x, = 0 and @; = 0; i.e., no gaseous reactant enters
the liquid phase and thus no reaction occurs at all. It can then be
easily shown from Eq. 18 that the dimensionless steady state
temperature is bounded in the range:

By. B + By,

Sys
a+ B a+ B

Y = = Yun (23)
On the other hand, the conversion of the liquid reactant B, i.e.,
x; = 1 — b, should be bounded by:

Olesl

(24)

It is clear that at y = g, (i.e., no reaction occurring) x;, = 0, and
when y increases x; increases. However, even if y < yup, no
further increase of the steady state temperature is possible if all
of the liquid reactant has been exhausted. Thus, the conditions y
= yup and x; < 1 should be checked simultaneously.

From this observation, we see that the numerical trial-and-
error procedure of finding the steady state temperature is better
started from y = yp.

Numerical Procedure

For a set of physico-chemical parameters and at a prescribed
value of y, k is computed from (22). Starting from y = y;, witha
suitable step size in y, the corresponding value of @, at y = yp is
assumed and x, is computed from Eq. 19. Then, A; and B, are
obtained through Eqs. 21 and 15, respectively. E; is then com-
puted from Eq. 9 and M from Eq. 10.

_ Agf - Ag _ T - Tf
o Ao v
_E T - T
Y RT, Ye = _“T'f"
5 = (—AH,) D, = kiaVegH,
RT, F,
Fop,Cpy + FipCpy US
o = = 13
ng(Cp[ B nglCPI ( )
B = (“AHs - AHH)AQI p = (—AHR)FIAyf
pCrT; FopCpiTs
_F, _ By
Q = F 9 =2
A B,
a =20 b, = L.
! B(f ! Blf
Combining Eqs. 2 and 5 leads to, in dimensionless form:
)
x, — D,EX(1 — x,) exp ( T+ y) =0 (14)
from Egs. 2 and 3, we obtain:
bl =1+ a; — &g_ (].5)
q
and combination of Eqgs. 4 and 5 leads to:
— ay + BDEX(1 — x,) e ( 8 )
Y oLl Xg) €Xp 1+y
- pga — Bly - yo) =0 (16)
We note that combining Eqgs. 14 and 16 gives:
—ay + Bx; — pgay — By — y) = 0 17
From Eq. 17, we get
_ Bx, + By. — pqa
a+ B (18)
or
+ By + - By,
_ (a+ By + pga, — By (19)

Xg B

With Eq. 19 substituting into Eq. 16, we obtain a single equa-
tion for the dimensionless steady state temperature:

— ay + D,ES[B — (a + By — pga, + By.] exp (Tl—y)
- pga — Bly = yo) =0 (20)
Also, Eq. 1 becomes:
]
Al‘ = Ango(l - xg) exp ( 1+ ” ) (21)
and Eq. 12 becomes:
_ _ Y
k—k,,exp( 1+y) (22)
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Figure 1. Comparison of predictions of the model with experimental
results.

TABLE 1. PARAMETERS USED IN THE SIMULATION OF THE
EXPERIMENTAL RESULTS AND IN THE CLASSIFICATION OF
STEADY STATE BEHAVIOR.

A priori bounds

From physical considerations, we see that the upper tempera-
ture bound is with x, = 1 and a; = 0; i.e., all of the gaseous
reactant A dissolves into the liquid phase and is completely
consumed by reacting with the liquid reactant B there. Note
that under certain circumstances, there may not be enough B for
this total consumption of A. Similarly, the lower temperature

AIChE Journal (Vol. 27, No. 3)

a =3 em™? E = 29000 cal/gmol
D, =Dy =6 %X 107%cm?s (—AHpg) = 26000 cal/gmol
k; = 0.04 cm/s (—AH) = 4500 cal/gmol
Pos = 4.2 X 107% gmol/cm? Vg = 400 cm?

P = 5.1 X 1073 gmol/cm? € =0.86

Cpg = 6.5 cal/gmol - °K F, = 18.5 cm¥s

Cpr = 70 cal/gmol - °K T = 297°K

H, = 0.00188 T, = 298°K

Ags = 4.2 X 107* gmol/cm* Us =0.03 cal’K * s
By =51 x 107® gmol/em® k (at 50°C)

= 0.005 cm¥gmol - s
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Figure 2a. Effect of liquid residence time on the conversion of liquid
reactant.
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Figure 2b. Effect of liquid residence time on the reaction factor.

With all these values, b; is solved from Eq. 8 as noted before
and EJ is then computed from Eq. 6 and g, from Eq. 7. If this
computed value of a;does not agree with the assumed value, itis
set to be the new assumed value and the procedure is repeated.
The convergence is found to be rather rapid for all the numerical
examples present in this work.

After the convergence of g, is achieved, the computed values
of E} and g, are substituted into Eq. 20 to check whether this
prescribed value of y is a solution or not. For the next value of y,
the last converged value of g, is set as the starting assumed value
and one proceeds as before. A half-interval method is used
within a stepsize, where a solution is detected, to exactly locate
the solution of the steady state temperature.
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In this work, the first assumed value of a; was usually set as
0.01 and it was found that any reasonable 4, value leads to rather
fast convergence. Apparently for the above procedure, the as-
sumed value affects only the first step. It should be mentioned
here thatfor very small liquid residence time (7, = 0), i.e., very
large liquid flow rate, the temperature is virtually the same as
the feed temperature and the liquid bulk concentration of the
gaseous reactant A, is virtually zero, ie., g = 0.

We note that in the work of Hoffman et al. (1975), two vari-
ables were assumed. In the same manner as described in this
work, only the variable A; needs to be assumed in that work as
well; this results in significant savings in computational effort.

NUMERICAL RESULTS AND DISCUSSION

Throughout this work, we consider the case of fixed gas feed
rate, i.e., F, fixed. To test the capability of the model to describe
real systems, numerical simulation was carried out to compare
its predictions with experimental results on the chlorination of
n-decane, reported by Ding et al. (1974) and as presented by
Sharma et al. (1976) in their Figure 1. The results are shown in
Figure 1 with all the phvsico-chemical parameters presented in
Table 1, as reported by Sharma et al. (1976) in their Table 1 and
with some physical properties reported by Hoffman et al. (1975)
for the same experiments. 1t is seen that the agreement is quite
good and thus may suggest the applicability of the model to that
experimental system.

From Figures 2a, b and also 3, an isola is predicted for this
case, where as the liquid residence time 7, increases bevond the
experimental values, the upper and middle branches meet to
form an extinction point at 7, = 139 min. However, from Figure
1 in the work of Sharma et al. (1976), where a more complex
consecutive reaction model was used and excellent agreement
was shown for the simulation of the same experimental results, it
seems that the upper and middle branches would persist to
higher values of 7,. Nevertheless, Figure 1 shows some capabil-
ity of the model to describe real systems.

Throughout this work, all the physico-chemical parameters
are as in Table 1 except when otherwise specified. These param-
eters are used simply because they represent a real system and
also closely describe many other real svstems.

An Adiabatic Case

Figure 3 presents the results of investigating the influence of
the heat transfer coefficient, i.e., cooling effect, on the steady
state multiplicity. It is shown that for an adiabatic case (US = 0),
five steady states are possible for some values of 7, while for a
corresponding nonadiabatic case only three steady states exist.
This is because in an adiabatic reactor, heat is much easier to
build up and it is thus possible to ignite a higher temperature
steady state. Thus, even a small heat loss by heat transfer

500
—Us=* 003
———Uus:=0
400t o~
/ S~
/ ~
/ o
/ AN
300 / N
5 i ! AN
[ \ o
= \ AN
‘, N
200 / o
// ~.
7 AN
e o
(\\ N
\\\\\ ~
00 T >
low branch
>~ s
o L b2l L Loiauaaald L
10 00 1000 3000

—= T, (min)

Figure 3. The influence of heat transfer coefficient on the steady state
behavior.

AIChE Journa! (Vol. 27, No. 3)



10F us=0
o8 :
L (a)
osf
: i l
I od
o2t
-
o
IR | i ,

o8

061

Xq

o4r

0.2} (c)

— 7 (min)

°-°3'//”’//
-
L Us=0

002}

O— |

[ele] o
r (d
L
-

ok

N | MGy | )

0 100 1000 3000

—= T, {min}

40

us=0

LARERRLER|

rrrrrrrg

T

ol

*
A

T T

000!

0000: i [ lllll‘ i Ll L Lill i
0] 00 1000 3000

~—— T, (min)

Figure 4. Effect of liquid residence time {an adiabatic case) on: (d) the conversion of liquid reactant; (b) the reaction factor; (c) the absorption of gaseous
reactant; (d) the dimensionless liquid bulk concentration of gaseous reactant.

through the reactor wall or cooling device can have the dramatic
effect of eliminating the possible existence of five steady states.

For the adiabatic case in Figure 3, the high temperature
branch reaches a maximum and then comes down rapidly as the
liquid residence time 7; increases further, i.e., the liquid flow
rate decreases and the ratio of the liquid to gas feed rates
decreases. This is partly because the reaction rate decreases in
that region as shown below, and at the same time, heat is

AIChE Journal (Vol. 27, No. 3)

continuously taken away by the flowing gas. However, the lower
middle temperature branch, which should be unstable, comes
down only slightly as 7; increases over that range; this is related
to having sufficient liquid reactant along that branch, as shown
in Figure 4a. Thus, they finally meet each other and an extinc-
tion point is formed.

The possible existence of this type of isola with five steady
states is an interesting feature of gas-liquid reactors which has
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Figure 5. Effect of reactivity on the steady state temperature; an adiabatic
case.

not been observed before. The very existence of an isola in the
adiabatic case is itself a special feature introduced by the two-
phase nature, and is not present in single-phase CSTRs. It is
suggested that the depletion of the liquid reactant plays an
important role, as discussed below. We also note that the effect
of the gas flow rate on the heat removal term of the energy
balance Eq. 4 is important only for large values of 7, i.e., small
values of F,.

Figures 4a-d present the predictions of several related vari-
ables with respect to 7; so that at a chosen 7, their relationships
can be clarified. Figure 4a shows that for certain values of 7, the
upper branch corresponds to almost total conversion of the
liquid reactant; thus, B, is nearly zero over there. This, along
with the related decrease of temperature as 7, increases, causes
the reaction factor to decrease sharply with increasing 7, as
shown in Figure 4b, which means the reaction rate falls sharply.
Note that the reaction factor is an indication of the rate of
reaction. In turn, this causes the gas absorption rate to decrease
and so does the total absorption of the gaseous reactant as shown
in Figure 4c. However, from Figure 4d, it is seen that the
dimensionless liquid bulk concentration of the gaseous reactant
a; generally increases as 7; increases. This is mainly due to the
sharp falling of the reaction rate so that the rate of consumption
of the gaseous reactant in the “liquid film” decreases and more
gaseous reactant goes into the liquid bulk even though the
absorption rate actually decreases. Note that there are various
interactions in gas-liquid reactors, which are rather complex but
very interesting in that they lead to complicated behavior. Also
note that five steady states are not observed in Figure 4d be-
cause those corresponding to the upper three temperature
branches when five steady states exist have virtually zero ¢, and
so can not be distinguished.

Figure 5 shows the effect of reactivity on the steady state
temperature. We note that the upper branch is quite insensitive
to the variation of reactivity. This is because the limitation of the
liquid reactant, instead of reactivity, dominates there. From
Figures 2a and 2b, for the nonadiabatic case, the liquid reactant
is not exhausted even on the upper branch and we see that the
reaction factor varies quite smoothly. Thus, the upper branch
leaves some room to show the effect of reactivity, as shown by
comparing with the following figures. The steady-state tempera-
ture may be an important factor but it is the limitation of the
liquid reactant which forces the reaction rate (thus temperature)
to decrease sharply with increasing 7, in the adiabatic case.

Uniqueness and Multiplicity Regions

In Figure 6, the effect of reactivity on the regions and patterns
of multiplicity is shown by means of the critical values of 7. All
the parameters are as in Table 1 except & (at 50°C) is varied to
change the value of the Damkdhler number, an indication of
reactivity, defined as:
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Figure 6. Effect of reactivity on the regions and patterns of steady state
multiplicity.

QVRH o
F,

2(-AHy) - E

Da = 2RT,

(kDB exp | | e
where the exponential term is added for convenience of
presentation. Three multiplicity patterns are identified: (b)
S-shaped, (c) isola, and (e) mushrooms. Region (a) means
uniqueness for all values of the liquid residence time 7;, while
regions (b), (¢) and (e) imply multiple steady states are possible
for some values of 7;. Note that for any value of 7 < 75 or 7, > 7§,
as indicated in Figure 6, uniqueness is guaranteed for all values
of Da. We also note that for Du values greater than Da', unique-
ness is assured for all values of 7,.

In Figure 6, it is also shown that as Da decreases, the range of
7; values for which multiple steadv states exist expands in both
regions (b} and (e) but shrinks in region (c). In other words, as Da
decreases, the left-hand-side ignition and extinction points go to
higher values of 7, while the right-hand-side points go tolower 7,
values. This is because as the reactivity decreases, the high
temperature steady state can be ignited only at relatively larger
liquid residence times (the left-hand ignition points), i.e., smal-
ler liquid flow rates, for heat to build up or at smaller liquid
residence times (the right-hand ignition points) to increase the
ratio of the liquid to gas feed rates and thus the reaction rate.
Similarly as Da increases, the high-temperature steady state
tends to extinguish at higher values of 7, (the left-hand extinction
points) because of the heat loss through the liquid flow, or at
lower 7, values (the right-hand extinction points) because of the
decrease of the ratio of the liquid to gas feed rates with increas-
ing 7; and the already lower reactivity. Note that the cause for
the occurrence of the right-hand extinction point, which makes
an isola in the adiabatic case, is in general the same for both the
adiabatic and nonadiabatic cases, although for the nonadiabatic
case the cooling effect is compounded.

Figures 7a-e show one of the mushrooms in region (e) with
respect todifferent variables. Note that their behavioral features
are quite similar to those of the corresponding Figures 3 and
4a-d of the adiabatic case, although only three steady states are
possible here. It is clear that the same descriptions of their
behavior and relationships for the adiabatic case can be applied
here as well.

Figure 8 presents one example for the S-shaped multiplicity
of region (b). The mushroom of Figure 7a is reproduced here
with the dashed line. It is shown that although the reactivity
varies so as to change the multiplicity pattern, the upper tem-
perature branch is still insensitive to the reactivity, as shown
also in Figure 5for the adiabatic case. As compared to the case in
Figures 2a and 3 (the nonadiabatic one), it may be suggested that
as long as the liquid reactant is not fully exhausted, there is room

AIChE Journal (Vol. 27, No. 3)
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Figure 7. Effect of liquid residence time (k = 0.71, i.e., Da = 0.016) on: (a) the steady state temperature; {b) the conversion of liquid reactant; (c) the
reaction factor; (d) the adsorption of gaseous reactant; (e) the dimensionless liquid bulk concentration of gaseous reactant.

for the upper temperature branch to vary with changing Da. In
other words, as soon as the liquid reactant is completely con-
sumed, the upper temperature branch will no longer be sensi-
tive to changes in reactivity.

The effect of activation energy on the multiplicity regions is
shown in Figure 9, where the region for E = 29 000 cal/gmol is’

the same as that in Figure 6 but with k (50°C) explicitly shown. It
is clear that as the activation energy decreases, the multiplicity
region shrinks with respect to both the reactivity and the liquid
residence time.

AIChE Journal (Vol. 27, No. 3)

As shown before (Figure 6), 7, < 7jx assures a unique steady
state with low temperature and low conversion of the liquid
reactant for all values of Da. Noting that F), = V,/ 7%, Figure 10
presents a curve of these critical points as afunction of the heat of
reaction. Note that as the heat of reaction increases, the
minimum liquid flow rate to guarantee uniqueness increases;
this is because more heat needs to be removed from the reactor
to avoid the formation of the high temperature steady state.
Note that in Figure 10, a very small region of guaranteed
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Figure 8. Effect of reactivity on the steady state temperature.

uniqueness exists under the multiplicity region (very close to
the F, = 0 Line) with the critical liquid flow rate corresponding
to 7#. However, that region is too small to be distinguished in
Figure 10, and is therefore not shown.

CONCLUDING REMARKS

Itisfound that b; is usually very close tounity, i.e., Bjisnearly
equal to B,, and the concentration profile of the liquid reactant is
almost flat in the “liquid film.” Note that the “liquid film” is
theoretically proposed only to find the reaction factor E} and the
liquid bulk concentration of the gaseous reactant A, where EJ is
used to describe the rate of gas absorption. A nearly unity b; is
observed because the ratio B,/ A; is usually very high for any real
system, and from very low to very high temperatures, noting
that solubility decreases as temperature rises. Thus, the pseudo
first order kinetics (i.e., B; = B;) can usually be applied to find E¥
and A,, and very accurate results can be obtained (for E} and A,
only). Although not used in this work, the applicability of pseudo
first order kinetics will mean considerable saving of numerical
effort and computer time, and so should be quite useful in the
design of gas-liquid reactors. Note that the previously men-
tioned pseudo-first-order reaction model assumes B, = By, and
has nothing to do with the pseudo first order kinetics described
above.

It is evident that assuming a nonvolatile liquid phase affects
the adiabatic case much more than the nonadiabatic case, be-
cause the temperature is higher in the former. Since evapora-
tion is not considered, the temperature on some portion of the
high conversion branches may exceed the boiling point of the
liquid phase. However, since our main interest is in the multi-
plicity region, and the ignition and extinction point temperatures
are well below the boiling point, it is justifiable that the multi-
plicity region will not be affected to any significant extent by
inclusion of evaporation. This is not, of course, true for actual
temperature on the high conversion branches. One way to
account for heat loss by evaporation of the liquid phase is to
estimate the corresponding heat transfer coefficient, but some
inaccuracy will result in the material balance of the model,
which we found has onlv a small effect on the multiplicity region.

Finally, the possible existence of an isola with five steady
states in an adiabatic reactor is an interesting prediction of the
model. However, it is shown that even a small heat loss by heat
transfer through the reactor wall or cooling device can eliminate
the possibility of the existence of five steady states.
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Figure 10. Effect of the heat of reaction on the critical liquid flow rates.

NOTATION
Those not listed here are defined bv Eq. 13 in the text.

A = concentration of gaseous reactant, gmol/cm?®

a = interfacial area per unit reactor volume, 1/cm

B = concentration of liquid reactant, gmol/em?®

b; = dimensionless concentration, B;/B;

Cp = molar heat capacity, cal/gmol - °K

D,, Dy = diffusion coefficients of species A and B respectively

Da = Damkohler number, defined by Eq. 25

E = activation energy, cal/gmol

E¥ = reaction factor

E; = instantaneous enhancement factor, defined by Eq. 9

F = volumetric flow rate, cm¥s

H, = Henry’s law constant

AHg = heat of reaction, negative if heat is liberated with
reaction, cal/gmol

AH, = heat of solution, negative if heat is liberated with
dissolution, cal/gmol

k = second-order rate constant, cm®gmol - s
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k, = second-order Arrhenius frequency factor, cm¥gmol
s

k, = liquid mass transfer coefficient, cm/s

M = Thiele modulus or Hatta number, defined by Eq. 10

R = universal gas constant, cal/gmol - °K

R, = reaction rate, gmol/cm® - s

i

5 reactor cooling area, cm?

T temperature, °K

U = overall heat transfer coefficient, cal/’K cm? - s
\% volume of liquid phase, Vg, cm®

Vi = reactor volume, cm®

1 = conversion of liquid reactant, (B;; — B/)/By

Y. Yo = dimensionless temperature bounds, defined by Eq.
23

Greek Letters ‘

a = dimensionless parameter, defined by Eq. 11

6’ ='dimensionless parameter, defined by Eq. 11

p = molar density, gmol/cm®

€ = fractional liquid holdup in the reactor

T = liquid residence time, V/F,, s

Subscripts

c = cooling medium

f = feed

g = gas phase
gas-liquid interface
= liquid phase

I
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Il: Discrimination among Rival Reaction Models

The discrimination of the fast second-order, pseudo-first-order and fast
pseudo-first-order reaction models on the basis of the second-order reaction
model justifies the use of the pseudo-first-order model in the prediction of the
multiplicity regions. The use of the fast second-order reaction model leads to a
certain pitfall regarding uniqueness and multiplicity. Finally, the use of the fast
pseudo-first-order reaction model is justifiable not only because of the fair agree-
ment between the multiplicity regions predicted by this model and the second-
order model but also because of the analyticity of the uniqueness and multiplicity

regions obtained by this model.

SCOPE

In the operation of gas-liquid CSTRs (continuous stirred tank
reactors), the occurrence of multiple steady states has been
observed by Ding et al. (1974) for the chlorination of n-decane.
Hoffman et al. (1975) and Sharma et al. (1976) have shown
numerically the possible existence of five and seven steady
states for single and consecutive second-order reactions re-
spectively occurring in gas-liquid CSTRs. These have prompt-
ed development of a priori criteria providing conditions among
physico-chemical parameters which assure unique and multi-
ple steady states.

Raghuram and Shah (1977) derived analytic criteria, which
they claimed to represent conditions assuring uniqueness of the
steady state, and also presented various plots to determine the
number of steady states in parameter space for the case of
pseudo-first-order reactions (i.e., the conversion of the liquid
reactant is assumed zero) and for the case of second-order
reactions in the “fast” reaction regime, respectively. However,
types of multiplicity patterns were not analyzed for either case.
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We nave recently (Huang and Varma 1981a) given analytic
necessary and sufficient conditions for uniqueness, multiplicity
and stability of the steady state, and also full view of the
multiplicity regions and patterns under various operating con-
ditions for the specific case of pseudo-first-order reactions in
the “fast” reaction regime.

When multiple steady states exist, the steady state on the
high temperature branch is generally in the “fast” reaction
regime and the conversion of the liquid reactant is significant.
On the other hand, the steady state on the low temperature
branch is usually in the “slow” reaction regime. Therefore,
applying any of the reaction models with the simplifying as-
sumptions as mentioned above cannot cover the entire range of
the multiplicity phenomenon and may lead to pitfalls. This
raises the need to discriminate among various reaction models.

The main goal of this communication is to compare previ-
ously reported reaction models in a hope to justify some of the
information obtained from these simplified models. The results
of a fully second-order reaction model from Part I of this work
(Huang and Varma, 1981b) are applied for this purpose. Types
of multiplicity patterns for the cases of pseudo-first-order re-
actions and fast second-order reactions are also analyzed.
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