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Abstract

A generalized mathematical model has been developed to analyze steady-state behavior of non-isothermal mechanically agitated gas–liquid
reactors. The model takes into consideration gas absorption with interphase mass transfer-reaction effects on the basis of bubble sphericity; mode
of physical contact; variation of transport, hydrodynamic, and associated parameters by way of empirical correlations; and reactor and impeller
geometry. A numerical sensitivity study is presented for a standard-configuration reactor in which an exothermic general bimolecular, second-
order, reaction takes place. The analysis demonstrates that the confluence of mode of physical contact, variation of transport, hydrodynamic, and
associated parameters, can lead to remarkably different portraits of steady-state multiplicity as opposed to those reported in the literature. Important
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esults include the signal effect of the degree of agitation on the regions and patterns of multiplicity, as well as the conservative character of the
ultiplicity criteria reported in earlier studies of this reactor.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Mechanically agitated gas–liquid reactors are commonly
sed in the chemical, biochemical and fine-chemicals industries.
he non-isothermal behavior and particularly the existence of
teady-state multiplicity in this two-phase reactor were investi-
ated in several studies in the wake of the experimental study of
ing et al. [1]. Most of these studies [2–13] addressed, analyti-

ally or numerically, different aspects of the occurrence of multi-
licity using fast or general, linear and non-linear kinetics. Other
tudies addressed transients associated with non-isothermal
peration of agitated gas–liquid reactors, e.g. [14]. These pre-
ious works have led to rigorous modeling of non-isothermal
gitated gas–liquid reactors and better understanding of their
teady-state and dynamic behavior. Yet, some fundamental
ssues have not been addressed and thus are still open to question.

Numerous studies in the literature have shown that the
erformance of agitated gas–liquid reactors is not only depen-
ent on intrinsic reaction kinetics and interphase mass transfer
ut, as importantly, on physical contacting as well as vessel

and impeller geometry; see e.g. [15,16]. Physical contacting
includes factors such as degree of agitation and consequent
energy dissipation, and gas hold-up; whereas geometrical
factors include elements such as vessel length/diameter ratio,
impeller type, mode of gas input, and number and disposition
of baffles. Although there exists a tremendous amount of
research (see e.g. [17–19]) demonstrating that transport and
hydrodynamic parameters are intricately wedded to physical
contacting and vessel-impeller geometry, no attempt has appar-
ently been undertaken to explicitly integrate these elements in
the mathematical modeling of non-isothermal agitated reactors,
nor as a consequence, in the analysis of steady-state multiplicity
in this widely used contactor.

The first objective of the present investigation is to develop
a generalized model to describe the performance of non-
isothermal, non-adiabatic, gas–liquid mechanically agitated
reactor. The model is generalized in the sense that for the first
time it simultaneously takes into consideration: (a) gas absorp-
tion with general reaction kinetics that are not limited to a
particular regime; (b) mode of physical contact and consequent
variation in transport and hydrodynamic parameters; (c) reactor
and impeller geometry. The second objective is to numerically
∗ Corresponding author. Tel.: +966 3 860 2205; fax: +966 3 860 4234.
E-mail address: aashaikh@kfupm.edu.sa (A.A. Shaikh).

1 Present address: Gas Technology Institute, Des Plaines, IL 60018, USA.

simulate the behavior of this reactor using a common exothermic
reaction in order to investigate multiplicity phenomena versus
idealized models presented earlier in the literature.
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Nomenclature

a dimensionless concentration of gas reactant in
liquid phase

a- interfacial area per unit reactor volume
A concentration of gas reactant in liquid phase
B concentration of liquid reactant in liquid phase
B′ dimensionless parameter in reactor model

equations, (−�HS −�HR)AGf/ρLcpLTLf
cp specific heat
db bubble diameter
Dj diffusion coefficient of reactant j
E∗

A reaction (or enhancement) factor
F volumetric flow rate
Hag heat due to mechanical agitation and aeration

(sparging)
HA Henry’s law constant
Ho dimensionless parameter, RTGf/HA
Hp dimensionless parameter in reactor model

equations, Hag/ρLcpLFGfTLf
�HR heat of reaction, negative if heat is liberated
�HS heat of dissolution, negative if heat is liberated
�HV heat of vaporization, negative
k reaction rate constant
kG gas-side mass transfer coefficient
kL liquid-side mass transfer coefficient
M Hatta number, (kDABL)1/2/kL
N impeller speed
NA rate of gas absorption
NG molar gas flow rate
p partial pressure
p′ dimensionless parameter in reactor model

equations, (−�HR)FLfAGf/ρLcpLFGfTLf
P total reactor pressure
PT total power input
q dimensionless parameter in reactor model

equations, BLf/AGf
Q dimensionless parameter in reactor model

equations, FGf/FLf
r dimensionless parameter in reactor model

equations, ρGfcpG/ρLfcpL
RA reaction rate of species A
S reactor cooling area
T reactor temperature
U overall heat transfer coefficient
v stoichiometric coefficient
Vr reactor volume
x conversion
y mole fraction in the gas phase
y∗

B dimensionless parameter in reactor model
equations, yBo/(1 − yBo)

Greek symbols
α dimensionless parameter in reactor model

equations, (1/Q) + r

α′ dimensionless parameter in reaction factor,
εLkL/a-DA

β dimensionless parameter in reactor model
equations, US/FGfρLfcpL

β′ dimensionless parameter in reaction factor,
FL/a-kL

γ dimensionless parameter in reaction factor,
DB/vDA

δ dimensionless parameter in reactor model
equations, (−�HS)/RTLf

θ dimensionless reactor temperature, (T − TLf)/TLf
θr dimensionless ratio, TGf/TLf
λ thermal conductivity
ν dimensionless parameter in reactor model

equations, (−�HV)ρGf/ρLfcpLTLf
ρ density
τ residence time
ψ dimensionless parameter in reactor model

equations, kL/kGHA
Ω dimensionless parameter in reaction factor,

[kL(db/2)/DA] − 1

Subscripts
c coolant
f feed
G gas phase
i gas–liquid interface
L liquid phase
o outlet

2. Physical contacting and reactor-impeller geometry

The mathematical modeling of gas–liquid agitated reactors
is generally based on the development of material balances for
reacting and inert species, energy balance for the reactor, and
account of interphase reaction-transport effects. All of these
however should be complimented with correlations and data
for transport and hydrodynamic parameters in order to develop
a truly general model. The latter include: interfacial area, gas
hold-up, mass transfer coefficients in the gas and liquid sides,
and heat transfer coefficients in the tank and jacket or coil sides.
As we alluded to earlier, the literature shows that these basic
parameters are dependent (often in a complex manner) on fac-
tors such as impeller speed, power input due to agitation and
aeration (i.e. sparging), and bubble diameter. These factors in
turn depend on impeller type, vessel configuration, and mecha-
nism of gas dispersion.

A wide variety of impellers are used in practice such as
the propeller, flat-blade disc turbine, and helical-ribbon type.
Detailed discussions on various types of impellers can be found
in many references on mixing; see e.g. [20,21]. One of the most
widely used impellers for gas–liquid systems is the flat-blade
disc turbine, commonly called the Rushton turbine. Most of the
published experimental studies on hydrodynamics and heat- and
mass-transfer characteristics in agitated reactors have been per-
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Fig. 1. Schematic diagram of a standard-configuration mechanically-agitated
reactor.

formed using the standard reactor and impeller configurations. A
schematic diagram of a standard reactor is shown in Fig. 1. The
standard configuration is comprised of a cylindrical tank with a
flat bottom, liquid and gas feed and withdrawal arrangements,
Rushton turbine and a cooling/heating arrangement, which could
be either a surrounding jacket or a helical coil inserted inside
the tank. The gas is generally introduced at the bottom of the
reactor through a ring sparger placed just below the agitator.
The geometrical relationships in the standard configuration are
also given in Fig. 1. The standard configuration has been widely
used in research and often adopted in practice, although varia-
tions with regard to the aspect ratio (HL/DT) and type of impeller
exist in industry [22]. Therefore, in order to gain realistic insight
into the steady state behavior of agitated reactors, and to be able
to assess the results of different researchers, use will be made of
the standard geometry in the present analysis.

Adequate gas dispersion is essential for creating sufficient
interfacial area and gas hold-up. Many authors have explained
the phenomenon of gas dispersion in agitated tank reactors; see
e.g. [23,24]. Niewnow et al. [25] observe that if the impeller

speed is increased at a constant gas feed rate, several dispersion
regimes are possible. At very low impeller speeds, the gas is
not dispersed but passes around the turbine and flows along the
impeller shaft forming a partial bubble column (a regime called
“flooding”). By increasing the impeller speed bubbles begin to
disperse in the region above the impeller forming a full bubble
column. A further increase in impeller speed initiates circulation
of gas below the impeller until a condition of complete disper-
sion is reached. At this point the gas is just thoroughly dispersed
and further increase in the gas flow rate will not be useful since
any additional gas will bypass the impeller shaft without being
dispersed. Therefore, from the operational point of view, the
complete dispersion regime is most desirable and the flooding
regime is most undesirable and should always be avoided by
operating the reactor at an impeller speed such that complete
dispersion is achieved. It follows then that the complete gas dis-
persion regime can only be obtained if the reactor is operated
beyond a minimum impeller speed (Nm). The impeller power
consumption also is considerably reduced in case of complete
gas dispersion. Therefore, for analysis and design of agitated
reactors, prediction of these two quantities is essential since
they have significant influence on hydrodynamic parameters.
Many correlations for predicting the minimum impeller speed
and power requirement in presence of gas (the so-called aerated
state) have been proposed in the literature; see e.g. [26,27].
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. Reactor model formulation

A generalized model for a steady-state, non-adiabatic, gas-
iquid stirred reactor will be presented below. The model con-
iders general second-order kinetics (in the sense that the
bsorption-reaction regime is not fixed a priori) for the generic
as–liquid reaction: A(G) + vB(L) → Products. The reactor
odel has been developed by relaxing most of the assump-

ions of previous investigations. In contrast to all the previous
nvestigations cited in Section 1, the effect of changing reac-
or operating conditions is incorporated in the present analysis
y using empirical correlations and data for various transport,
ydrodynamic, and related parameters. Furthermore, the reac-
ion (or enhancement) factor will be used to account for the effect
f reaction on interphase mass transfer. The model development
s based on the following assumptions: (1) heats of solution,
eaction, and evaporation are independent of temperature and
onversion; (2) the feed gas is composed of reactant A and
nsoluble inert species; (3) the total pressure of the reactor is
onstant and so is the liquid volumetric flow rate; (4) the inter-
acial heat transfer resistance is negligible such that the gas and
iquid phases are at the same temperature inside the reactor; and
5) phase equilibria of the gaseous and liquid reactants follow
enry’s and Raoult’s laws, respectively.

.1. Steady-state reactor model equations

The development of reactor material and energy balances has
een discussed in earlier studies; see e.g. [9,13]. Therefore only
ntegration of new elements in the reactor model is explicated
elow.
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Table 1
Correlations for transport, hydrodynamic, and allied parameters

Parameters Correlation(s)

Liquid-side mass transfer coefficient (kL) Prasher–Wills [31]
Gas-side mass transfer coefficient (kG) Sharma–Mashelkar [32]
Tank-side heat transfer coefficient (hT) Kurpier et al. [33], Rao–Murthy [34]
Jacket-side (hj) and coil-side heat transfer coefficient (hc) Lehrer [35], Bondy–Lippa [36]
Interfacial area (a-), gas hold-up (εG), and mean bubble diameter (db) Miller [37]
Bubble terminal rise velocity (ubr) Abu El-Hassan [38]
Minimum impeller speed (Nm) Niewnow [27]
Power input due to agitation (Pag) Warmoeskerken–Smith [39], Calderbank–Moo-Young [40]
Power input due to aeration (Pg) Miller [37]
Total power input (PT) Miller [37]

• Material balances of gaseous reactant and inerts

NGfyAf −NGoyAo = RAVr + FLfAL (1)

NGf(1 − yAf) = NGo(1 − yAo − yBo) (2)

• Material balance of liquid reactant

FLf(BLf − BL) = vRAVr (3)

• Reactor energy balance

FLfρLcpL(TLf − T ) +NGfcpGTGf −NGocpG(1 − yBo)T

+ [(−�HR) + (−�HS)]RAVr + (−�HS)FLfAL +Hag

−NGoyBo(−�HV) − US(T − Tc) = 0 (4)

• Rate of gas absorption

NA = a-kGVr(pAG−pAi) = a-kLVrAiE
∗
A = (RAVr + FLfAL)

(5)

Noteworthy and new characteristics of the model include the
parameters Hag and kG. Hag is a measure of heat addition due
to agitation and sparging; whereas kG is a measure of gas-side
resistance to mass transfer which has been ignored in all previous
models of bimolecular second-order reactions. Heat addition due
to agitation and sparging is estimated here on the basis of the
premise that the total mechanical power dissipated to the reaction
m
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the reactor simulations presented in the next section. Although
this expression is given by a set of non-linear simultaneous,
transcendental, equations, it is still numerically advantageous
compared to the relevant set of differential equations.

The reactor model equations can be recast in dimensionless
form as shown below:

• Conversion of gaseous reactant

xA= (α+ β)θ + p′qaL − βθc − r(θr − 1) + νy∗
B −Hp

B′ + (1 + θ)ryAf + νyAfy
∗
B

(6)

• Conversion of liquid reactant

xB = ν

[(
Q

q

)
xA − aL

]
(7)

• Temperature of reaction mixture

θ= [B′ + yAf(r+ νy∗
Bo)]xA − p′qaL +βθc + r(θr − 1) − νy∗

Bo +Hp

(α+β − ryAfy
∗
Bo)

(8)

• Interfacial concentration of gaseous reactant

ai = (1 − yBo)(1 − xA)Ho exp[δ/(1 + θ)]

(1 − yAfxA){1 + exp[δ/(1 + θ)]ψE∗
A} (9)

Table 2
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ixture is converted into heat.
The description of interphase diffusion-reaction effects by the

eaction (or enhancement) factor, E∗
A, in modeling gas–liquid

eactors is essential for rational analysis of reactor performance.
he reaction factor can be evaluated by coupling and solving the
ppropriate ordinary or partial differential equations (depending
n whether the film or surface-renewal theory is used) with Eqs.
1)–(5). For non-linear kinetics, it is desirable to employ closed-
orm expressions for E∗

A to reduce complexity of the numeri-
al computations. Past research has employed the approximate
xpression of Teramoto et al. [28] in the case of a non-volatile liq-
id reactant, and the expression of Shaikh–Varma [29] in the case
f a volatile liquid. Derivation of both expressions is rooted in the
ectangular simplification of the gas–liquid interfacial region. As
he model we develop in the present investigation involves an
xplicit account of bubble size (see Table 1), it becomes prudent
o account for bubble sphericity. Hence, the closed-form expres-
ion recently reported by Shaikh et al. [30] has been utilized in
eference values of key parameters used in numerical simulations

arameter Value

Gf 4.2 × 10−5 mol cm−3

Lf 5.13 × 10−3 mol cm−3

c 5.56 × 10−2 mol cm−3

c 7.139 × 10−4 cal s−1 cm−1 K−1

Gf 4.2 × 10−5 mol cm−3

Lf 5.1 × 10−3 mol cm−3

o 0.00188

pc 18.0 cal mol−1 K−1

T 30.5 cm
−�HR) 26000 cal mol−1

−�HS) 4500 cal mol−1

−�HV) 9000 cal mol−1

29000 cal mol−1

Lf 297 K

ci 293 K

co 303 K

r 4000 cm3

1.0 atm



A.A. Shaikh, A. Jamal / Chemical Engineering Journal 119 (2006) 27–36 31

• Reaction factor

E∗
A = M

√
bi

{
Ω[M1(1 +Ω) − 1] + (1 +Ω)2M

√
bi tanh[(1 + (1/Ω))M

√
bi]

Ω[M1(1 +Ω) − 1] tanh[(1 + (1/Ω))M
√
bi] + (1 + (1/Ω))2M

√
bi

}
+ 1

(1 +Ω)

− Ω(1 +Ω)β′a0

Ω[M1(1 +Ω) − 1] sinh[(1 + (1/Ω))M
√
bi] + (1 +Ω)2M

√
bi cosh[(1 + (1/Ω))M

√
bi]

(10)

where

bi = (1 + rq) − E∗
A − aL

rq
(11)

aL = Ω(1 +Ω)M
√
bi +Ω2β′a0 sinh[(1 + 1/Ω)M

√
bi]

Ω[M1(1 +Ω) − 1] sinh[(1 + 1/Ω)M] + (1 +Ω)2M
√
bi cosh[(1 + 1/Ω)M

√
bi]

(12)

M1 = M2[[Ω/(1 +Ω)]α′ − [1 + (1/Ω) + (1/3Ω2)] + [Ω/(1 +Ω)]β′ (13)
Fig. 2. Flowchart for numerical solut
ion of reactor model equations.
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3.2. Transport, hydrodynamic, and allied parameters

Close examination of the preceding equations shows that the
reactor model can be solved once the values of several parame-
ters are specified. Further examination shows that the parameter
values depend on specification of basically four groups of param-
eters: (a) physical, chemical, and thermodynamic properties
of the reacting reagents; (b) operating variables, such as flow
rates, concentration and temperature of the each feed stream,
and impeller speed; (c) transport parameters; (d) hydrodynamic
parameters. Group (c) includes mass and heat transfer coeffi-
cients: kG, kL, and U. Group (d) includes: interfacial area a-, gas
holdup εG, bubble diameter db, and total power input due to
agitation and aeration, PT. The computation of group (c) and
group (d) parameters in turn depends on what may be termed
allied parameters; namely: tank-side (hT) and jacket- or coil-side
heat transfer coefficients (hj or hc); bubble terminal rise veloc-
ity; minimum impeller speed; and power inputs due to agitation
and aeration. Many correlations for predicting transport, hydro-
dynamic, and allied parameters in agitated reactors have been
proposed in the literature. The correlations that we apply here are
given in Table 1. These were selected from an extensive review
of the relevant literature that included numerous correlations for
most of the parameters listed. Analysis of these correlations is
beyond the scope of the present study. Suffice it to say here that
the selection process involved range of applicability and accu-
r
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Fig. 3. (a) Effect of gas and liquid flow rates on steady state temperature (k
[50 ◦C] = 5.0 cm3 mol−1 s−1; N = 15 rps; θr = 1; yAf = 0.7; yBo = 0). (b) Effect
of gas and liquid flow rates on reaction factor (k [50 ◦C] = 5.0 cm3 mol−1 s−1;
N = 15 rps; θr = 1; yAf = 0.7; yBo = 0).

viscosity, surface tension, and thermal conductivity) has also
been accounted for. Table 2 lists values of the parameters used
in the reactor simulations presented next, except where other-
wise noted.

4.1. Effect of gas and liquid residence times

The transport and hydrodynamic parameters are strongly
dependent on the superficial gas velocity. Fig. 3(a) presents an
example of an S-shaped multiplicity pattern, showing the effect
of gas and liquid flow rates on reactor temperature. We observe
that the upper temperature branch is more sensitive to gas flow
rate, because in that region the reaction rate increases with the
increase in gas flow rate as shown in Fig. 3(b). In Fig. 3(a),
we also note that the steady state temperature corresponding
to FGf = 45.5 cm3 s−1 reaches a maximum and starts decreasing
sharply with further increase in the liquid residence time. At this
point the conversion of liquid reactant is almost complete and
the liquid reactant is exhausted; as a result the rate of reaction
decreases and so does the steady state temperature. Fig. 3(b)
also shows that on the low branch, the reaction factor decreases
with the increase in gas flow rate. This indicates that at high gas
acy of the correlation, nature of reacting species, and vessel and
mpeller geometry, among other factors.

. Results and discussion

In contrast to other models in the literature, the model pre-
ented in the previous section enables us to investigate the
nfluence of several important elements on multiplicity in agi-
ated gas–liquid reactors. To carry out detailed investigations
sing Eqs. (6)–(13), specifications of a standard-configuration
eactor (as given in Fig. 1), and the correlations given in Table 1,
ecessitated the development of a generalized, flexible, numer-
cal code. For the sake of brevity, details of the code are not
rovided here, however the strategy of the numerical solution
s outlined in Fig. 2. All previous simulation studies of second-
rder bimolecular reactions in gas–liquid agitated reactors were
erformed using constant values of physical and thermodynamic
roperties, transport, and hydrodynamic parameters. In most
ases these values were selected to be identical to those for
he chlorine–n-decane system [1]. Although reaction kinetics
f this system are more complex than the second-order case,
t has been gainfully employed as representative of exothermic
as–liquid reactions. Therefore, we have selected this system for
ur numerical simulations in order: to test the applicability of the
ew model; to compare our results with those of previous inves-
igations in regard to the existence of bifurcations; and to analyze
ffect of the new parameters introduced in the present model.
evertheless, we should emphasize that the variation of trans-
ort and hydrodynamic parameters is explicit in our model, and
hat the variation of temperature-sensitive physical, and chemi-
al properties of the system (namely, diffusivity, heat capacity,
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flow rates and low temperature conditions the rate of absorption
of gaseous reactant is very high compared to its consumption
in the liquid film. As a result all the gaseous reactant goes into
the liquid bulk. It is clear then that corresponding to the upper
temperature branch, the increase in gas flow rate causes a sharp

increase in the rate of reaction due to the change in physico-
chemical, hydrodynamic and transport parameters.

Fig. 4(a) shows the effect of change in gas and liquid flow
rates on the power input to the reactor. It can be seen that an
increase in the gas flow rate increases the total specific power

F
u
[
N
y
y

ig. 4. (a) Effect of gas and liquid flow rates on power input (k [50 ◦C] = 5.0 cm
id flow rates on interfacial area (k [50 ◦C] = 5.0 cm3 mol−1 s−1; N = 15 rps; θr = 1;
50 ◦C] = 5.0 cm3 mol−1 s−1; N = 15 rps; θr = 1; yAf = 0.7; yBo = 0). (d) Effect of gas a

= 15 rps; θr = 1; yAf = 0.7; yBo = 0). (e) Effect of gas and liquid flow rates on liquid-s

Af = 0.7; yBo = 0). (f) Effect of gas and liquid flow rates on specific gas-side mass t

Bo = 0). Specific gas-side mass transfer coefficient is kGRTGf.
3 mol−1 s−1; N = 15 rps; θr = 1; yAf = 0.7; yBo = 0). (b) Effect of gas and liq-
yAf = 0.7; yBo = 0). (c) Effect of gas and liquid flow rates on gas hold-up (k
nd liquid flow rates on mean bubble diameter (k [50 ◦C] = 5.0 cm3 mol−1 s−1;
ide mass transfer coefficient (k [50 ◦C] = 5.0 cm3 mol−1 s−1; N = 15 rps; θr = 1;

ransfer coefficient (k [50 ◦C] = 5.0 cm3 mol−1 s−1; N = 15 rps; θr = 1; yAf = 0.7;
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Fig. 5. (a) Effect of impeller speed and gas residence time on steady state temperature (k [50 ◦C] = 3.0 cm3 mol−1 s−1; θr = 1; yAf = 0.5; yBo = 0; τL = 600 s). (b) Effect
of impeller speed and liquid residence time on steady state temperature (k [50 ◦C] = 0.9 cm3 mol−1 s−1; FGf = 18.5 cm3 s−1; θr = 1; yAf = 0.7; yBo = 0).

input and decreases the power input due to agitation, as the pres-
ence of gas reduces the drag coefficient of the impeller blade by
forming gas cavities at the rear of each blade. It is also seen that
the reduction in power drawn by the impeller is higher at higher
gas flow rates. At higher gas flow rates the size of the gas cavities
is larger and thus the drag coefficient is smaller. The middle and
lower branches in each curve of Fig. 4(a) demonstrate the effect
of change in physicochemical properties, mainly the viscosity
in this case, due to the change in temperature. Fig. 4(b) and (c)
show that an increase in the gas flow rate increases the specific
interfacial area and gas hold-up; indeed a three-fold increase is
possible. This is due to the increase in superficial gas velocity and
total specific power input. Fig. 4(d) shows that the mean bubble
diameter also increases with the increase in gas flow rate despite
the fact that the total specific power input is increased, indicat-
ing that under present conditions the effect of superficial gas
velocity, to which the bubble diameter is directly proportional,
is dominating. Fig. 4(e) shows that the gas flow rate has no sig-
nificant influence on the liquid-side mass transfer coefficient kL.
However, kL rapidly increases with the increase in temperature,
because both diffusivity and viscosity are greatly affected by
the change in temperature. On the other hand, Fig. 4(f) reveals

that the gas-side mass transfer coefficient kG decreases with the
increase in gas flow rate, since at higher gas flow rates, relatively
larger-sized bubbles are formed, as shown in Fig. 4(d). At higher
temperature the value of kG is higher due to smaller bubble size
and higher gas diffusivity.

4.2. Effect of impeller speed

Fig. 5(a) and (b) show the effect of impeller speed on steady-
state multiplicity. Fig. 5(a) shows that the region of multiplicity
expands with the increase in impeller speed towards higher gas
residence times. We also note that the increase in impeller speed
has no effect on the multiplicity in case of relatively higher gas
flow rates, i.e. lower gas residence times. This can be explained
as follows. First, at higher gas residence times, an increase in
impeller speed increases the value of parameter Hag in Eq. (4),
indicating that under such conditions the contribution of heat
dissipated by agitation becomes significant in the overall heat
buildup of the system. Secondly, at low gas flow rates, the inter-
facial area, gas hold-up and mass transfer coefficients are much
higher at high impeller speeds. Therefore, a change in the degree
of agitation may change the regions and patterns of multiplicity

F ty wit
c area
ig. 6. (a) Model comparison of uniqueness and multiplicity regions; multiplici
omparison of uniqueness and multiplicity regions; multiplicity within enclosed
hin enclosed areas (variable N; θr = 1; yAf = 0.7; yBo = 0; τL = 600 s). (b) Model
s (N = 15 rps; FGf = 18.5 cm3 s−1; θr = 1; yAf = 0.9; yBo = 0).
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(e.g. from isola to S-shaped) due to the change in rate of reac-
tion caused by the combined effect of the above factors. Fig. 5(b)
shows the effect of impeller speed on reactor temperature with
variation in liquid residence time. Here again we note that the
effect of impeller speed is more pronounced in the region of
low FGf/FLf ratios due to the same reasons discussed above. We
further note that there exists a maximum impeller speed beyond
which the multiplicity region is not affected by the impeller
speed.

4.3. Comparison of reactor models

Fig. 6(a) and (b) present a comparison of the multiplicity
regions predicted by the model developed in this work and the
relatively simplified model reported in [13]. We observe that the
multiplicity region in the reactivity-residence time parameter
space, predicted by the present model, is much smaller compared
to that predicted by the simpler model. A comparison of various
multiplicity patterns predicted by the new and simplified models
also has been carried out. The new model predicts all three types
of multiplicity patterns (S-type, mushroom-type, and isola-type)
reported before, however, in all cases the regions and the patterns
of multiplicity predicted by new model are remarkably different
from those predicted by the old model. We also note that in all
the cases presented here, the upper temperature branch predicted
by new model is always lower than that predicted by simplified
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model predicts uniqueness while the simplified model predicts
multiplicity or vice versa.

The signal effect of the degree of agitation on non-isothermal
reactor behavior is analyzed here apparently for the first time.
It is interesting to observe that the impeller speed can be an
important factor in the existence of steady-state multiplicity. The
simulation results show that this effect is more important in the
case of variation in gas residence time. Our findings indicate
that simulation based on the new model is more realistic, as
our simulations demonstrate that hydrodynamic, transport, and
allied parameters are more sensitive to changes in the gas resi-
dence time compared to changes in the liquid residence time. It
appears that previous studies probably overpredicted the regions
of multiplicity. Therefore, earlier results on steady state multi-
plicity in agitated gas–liquid reactors with bimolecular reactions
can be considered conservative.
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