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Abstract

A large number of experimental data points (7374) obtained in our laboratory as well as from the literature, covering wide ranges of reactor
geometry (reactor diameter and type, impeller diameter and gas distribution scheme), physicochemical properties (liquid and gas density and
molecular weight, liquid viscosity and surface tension, diffusivity) and operating variables (superficial gas velocity, temperature, pressure, mixing
speed, liquid height and mixtures) were used to develop empirical as well as back-propagation neural network (BPNN) correlations in order to
predict the hydrodynamic and mass transfer parameters in gas–liquid agitated reactors (ARs). The empirical and BPNN correlations developed
were incorporated in a calculation algorithm for predicting the gas holdup (εG), volumetric mass transfer coefficients (kLa), Sauter mean bubble
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iameter (dS), gas–liquid interfacial area (a) and liquid-side mass transfer coefficient (kL) in ARs, operating in surface-aeration, gas-inducing
as-sparging modes.
The algorithm was used to predict the effects of liquid viscosity and hydrogen mole fraction in the feed gas (H2 + N2) on the hydrodynami

nd mass transfer parameters for the soybean oil hydrogenation process conducted in a large-scale gas-sparging agitated reactor (70
il capacity). The predictions showed that increasing the liquid-phase viscosity, mimicking the evolution of the hydrogenation of soybe
atch reactor, decreasedεG and increaseddS, resulting in a decrease ofa. The decrease of the gas holdup with increasing the liquid-phase vis
as related to the increase of gas bubble coalescence in the reactor. Increasing liquid-phase viscosity, however, decreasedkL as well askLa values

or both H2 and N2 within the range H2 mole fraction (0–1) used. ThiskL behavior indicated that the effect of viscosity onkL is more significan
han that ofdS, sincekL was reported to be proportional todS. The predictions also showed that increasing the H2 mole fraction in the feed to th
eactor decreasedεG and increaseddS, resulting in a decrease ofa and an increase ofkL as well askLa for both H2 and N2 within the range o
iquid-phase viscosity used (0.0023–0.0047 Pa s). The decrease of the gas holdup with increasing the H2 mole fraction in the feed gas was attribu
o the decrease of the density (momentum) of the gas mixture. The increase ofkL values with increasing the H2 mole fraction in the feed gas w
elated to the increase ofdS. The predictedkLa values indicated that the mass transfer behavior in the large-scale gas-sparging reactor
or soybean oil hydrogenation was controlled by the mass transfer coefficient,kL. Also, under similar conditions,kLa values for H2 in soybean oi
hen using the gaseous mixture (H2 + N2) were lower than those obtained for H2 (as a single-component); andkL values for H2 were consistentl
reater than those of N2 within the ranges of the operating conditions used in the simulation.
2005 Elsevier B.V. All rights reserved.

eywords:Hydrodynamics; Mass transfer; Agitated reactors; Scale-up

. Introduction

Agitated reactors (ARs) are suitable for slow-reaction regime
rocesses, such as most liquid-phase oxidation, hydrogenation,
hlorination and some fermentation processes. This is because
Rs are characterized by high liquid holdup and mass/heat

ransfer, which are required to maintain the gas concentration
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E-mail address:morsi@engrng.pitt.edu (B.I. Morsi).

in the liquid bulk close to saturation, insuring high per
mances[1]. The use of one or several impellers for agita
purposes increases the contact time between the gas a
liquid phases via circulation and intensifies the heat tran
between the phases and the cooling coils or reactor w
leading to effective temperature control which is essentia
achieving optimal performance of most gas–liquid proce
ARs can be employed in series or in cascade of agi
reactors for large throughput commercial gas–liquid proce
[2,3]. Also, the flexible mode of operation of ARs as depic
in Fig. 1 (gas-sparging, gas-inducing and surface-aera

385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Nomenclature

a gas–liquid interfacial area per unit liquid of the
gas bubbles, m−1

aWave gas–liquid interfacial area per unit liquid of
gas–liquid surface, m−1

dS Sauter mean bubble diameter, m
DAB diffusivity of gas in the liquid, m2 s−1

dImp. diameter of the impeller, m
dT diameter of the tank, m
g gravitational constant, m s−2

H liquid height, m
HL liquid height above the last impeller, m
kL liquid-side mass transfer coefficient, m s−1

kLa volumetric liquid-side mass transfer coefficient,
s−1

MW molecular weight, kg kmol−1

N mixing speed, Hz
NCR critical mixing speed, Hz
NCRE critical mixing speed of gas entrainment, Hz
NCRI critical mixing speed of gas induction, Hz
nImp. number of impeller
P pressure, bar
P* /VL total (mechanical + gas) power input per unit vol-

ume, W m−3

QGI induced gas flow rate, m3 s−1

R gas constant, MPa m3 kmol−1 K−1

T temperature, K
UG superficial gas velocity, m s−1

u0,i bias of first hidden layer
ui,j weight of first hidden layer
UT terminal gas velocity, m s−1

v0,i bias of second hidden layer
vi,j weight of second hidden layer
VL volume of the liquid, m3

w0 bias of output layer
wi weight of output layer
XW concentration of the major component in a liquid

mixture, wt
yH2 mole fraction of hydrogen in the gas mixture

Greek symbols
εG gas holdup
µL viscosity, kg m−1 s−1

ρG density of the gas, kg m−3

ρL density of the liquid, kg m−3

σL surface tension of the liquid, N m−1

σ standard of deviation=√√√√ 1
n−1

n∑
1

(∣∣∣ZPred.−ZExp.
ZExp.

∣∣∣− AARE
)2 × 100%

Dimensionless numbers
Aeration number:Ae = QG

N×d3
Imp.

Aeration number modified:Ae∗ = UG
N×dImp.

Critical Froude number:FrC = d2
Imp.×N2

CR
g×HL

Euler number:Eu = PT
d2

Imp.×ρL×N2

Froude number:Fr = d2
Imp.×N2

g×HL

Froude number modified:Fr∗ = dImp.×N2

g
Re-circulation number:Ncir = dImp.N ×(

ρL
gσL(ρL−ρG)

)1/4

Power numberNP = P∗
ρLN3d5

Imp.

Reynolds number:Re = d2
Imp.×ρL×N

µL

Schmidt number:Sc = µL
ρL×DA

Sherwood number:Sh = kLa×d2
Imp.

DA

Weber number:We = d3
Imp.×ρL×N2

σL

Acronyms
AARE average absolute relative error=

1
n

n∑
1

∣∣∣ZPred.−ZExp.
ZExp.

∣∣∣× 100%

ANN artificial neural network
BPNN back-propagation neural network
DT draft tube
GIR gas-inducing reactor
GSR gas-sparging reactor
HS hollow shaft
I.V. iodine value
SAR surface-aeration reactor

Subscripts
G gas
L liquid
T total
W water
* reduced

makes them suitable for reactions requiring extremely safe
conditions.

In gas-sparging reactors (GSRs), the gas is bubbled through
the liquid at a given superficial velocity from a distributor located
at the bottom of the reactor underneath the impeller, which is
used for mixing the gas and liquid phases. In gas-inducing reac-
tors (GIRs), holes are machined on the hollow shaft of the reactor
and are located in the gas and liquid phases. Due to the angular
velocity of the impeller, a pressure drop between the top and
bottom of the shaft is created, which induces the gas into the
liquid-phase. In surface-aeration reactors (SARs), the impeller
provides the mixing and the gas absorption into the liquid-phase
takes place mainly through the gas–liquid interface. Thus, the
hydrodynamic and mass transfer parameters are expected to be
different for these three operating modes. The SARs have the
simplest design, however, the rate of gas absorption in such reac-
tors is expected to be the lowest when compared with those in



R. Lemoine, B.I. Morsi / Chemical Engineering Journal 114 (2005) 9–31 11

Fig. 1. Operation modes of agitated reactors.

GIRs and GSRs. The GIRs have higher rate of gas absorption
and gas holdup than those in the SARs without any additional
costs or the need for re-circulation loop. The GSRs enjoy the
highest gas absorption rate and gas holdup, however, the need

for a compressor to sparge the gas into these reactors could be
costly.

The design, scale-up and optimal operations of ARs require,
among others, the knowledge of the hydrodynamics, mass trans-

Table 1
Literature correlations ofdS in ARs

Authors Gas/liquid Reactors Operating conditions Correlations

Vermeulen et al.[6] – GSR Atm. dS = 0.00429× σLµ
0.25
L

N1.5dImp.ρ
0.50
L µ0.75

G

× e[1.072+0.626×ln(εG)+0.0733×(ln(εG))2]

Calderbank[7] Air/H2O, C7H8, alcohols, glycols,
CCl4, nitro-benzene, ethyl acetate

GSR Atm.N: 3.3–20 Hz;UG:
3–6× 10−3 m s−1; dT: 0.18,
0.51 m

dS = 4.15× σ0.6
L

(P∗/VL )0.4ρ0.2
C

× ε
1/2
G +

0.0009

Miller [8] CO2, air/aqueous solution GSR Atm.N: 0.4–7 Hz;UG:
8–150× 10−3 m s−1; dT:
0.15–0.67 m

dS = 4.15× σ0.6
L

(
P∗

G
VL

)0.4

ρ0.2
L ×

ε
1/2
G + 0.0009

Shridhar and Potter[9] Air/cyclohexane GSR T: 298–423 K;P: 0.1–1 MPa;
N: 8–30 Hz;UG:
<0.032 m s−1; dT: 0.13 m

dS = 4.15×
σ0.6

L

(P∗
G/VL )0.4ρ0.2

C

(
ρAIR
ρG

)0.16
(

P∗
G

ET

)
ε

1/2
G +

0.0009
Hughmark[10] – GSR – dSgρL

σL
= 5.5 ×

ε
1/2
G

(
N2d3

Imp.

dImp.gV
2/3
L

(P∗
G/P

∗)2/3

)1/2

Matsumura et al.[11] O2/water + sodium alginate SAR Atm.N: 7–16.5 Hz;dT:
0.218 m

dS = 7.67× 10−2

×
(

µ2
L

gρ2

)1/3(
N2dImp.µL

σL

)−0.10

P

F

arthasarathy et al.[12] Air/water + methyl isobutyl GSR

carbinol

illion [13] H2, N2/soybean oil GIR; GSR

a N2 is the lower impeller mixing speed.
L

×
(

N3
2d

3
Imp.ρL

µLg

)0.50(
UE

N2dImp.

)0.22
a

Atm.N: 2–13.3 Hz;UG: dS = 2.0 × σ
3/5
L

(
P∗

G
VL

)−2/5

ρ
−1/5
L

0.2–1× 10−3 m s−1; dT:
0.065 m
P: 0.1–0.5 MPa;T:
373–473 K;N: 10–23.3 Hz;
QG: 0.01–0.05 m3 s−1; dT:
0.11 m

dS-GIR =
3.00× σ0.60

L Q0.38
G

(P∗
G/VL )0.04ρ0.20

L

, dS-GSR=

0.436×M−0.01
W

σ0.60
L Q0.20

G

(P∗
G/VL )0.06ρ0.20

L
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Table 2
Literature correlations of the gas holdup in ARs

Authors Gas/liquid Reactors Operating conditions Correlations

Calderbank[7] Air/H2O, C7H8,
alcohols, glycols,
CCl4, nitro-benzene,
ethyl acetate

GSR Atm.N: 3.3–20 Hz;
UG:
3–6× 10−3 m s−1; dT:
0.18, 0.51 m

εG =
(
UGεG
UT

)1/2 + 0.000216×(
P∗
VL

)0.4
ρ0.2

C /σ0.6
L ×

(
UG
UT

)1/2

Rushton and Bimbinet[14] Air/H2O + corn syrup GSR Atm.UG:
3–30× 10−3 m s−1;
dT: 0.23–0.91 m

εG = a ×
(

P∗
G

VL

)b
Uc

G a and b

constants function
of dImp./dT, c = 0.6

Miller [8] CO2, air/aqueous
solution

GSR Atm.N: 0.4–7Hz;UG:
8–150× 10−3 m s−1;
dT: 0.15–0.67 m

εG =
(

UGεG
UT+UG

)1/2 + 0.000216×(
P∗

G
VL

)0.4

ρ0.2
C /σ0.6

L ×
(

UG
UT+UG

)1/2

Loiseau et al.[15] Air/water, glycol,
water + alcohols,
sodium sulfite

GSR Atm.N: 5–50 Hz;UG:
0.7–85× 10−3 m s−1;
dT: 0.22 m

εG = 0.011×
U0.360

G σ−0.360
L µ−0.056

L

×
(

P∗
VL

+ ρGQGRT
MGVL ln(PSparger/PT)

)0.270

Matsumura et al.[16] Water, alcohols GSR Atm.N: 7–16.5 Hz;
UG:
0.5–10× 10−3 m s−1;
dT: 0.218 m

εG = 6.86× 10−3Re0.180We0.250

× Ae∗−0.200Fr∗0.335

Lopes de Figueiredo and Calderbank[17] O2/water GSR Atm.N: 5–8 Hz;
P* /VL:
0.41–4.8 kW m−3; dT:
0.91 m

εG = 0.34×
(

P∗
G

VL

)1/4

U
3/4
G

Shridhar and Potter[9] Air/cyclohexane GSR P: 0.1–1 MPa;T:
298–423 K;N:
8–30 Hz;UG:
<0.032 m s−1; dT:
0.13 m

εG =
(
εGUG
UT

)1/2 + 0.000216×(
P∗

G
VL

)0.4

ρ0.2
C /σ0.6

L ×(
US
UT

)1/2( ρG
ρAIR

)0.16
(

ET
P∗

G

)
Hughmark[10] – GSR – εG = 0.74×(

QG
NVL

)0.5
(

N2d4
Imp.

dImp.gV
0.67
L

)0.5

×
(

N2d4
Imp.dS

σLV
0.67
L

)0.25

Matsumura et al.[11] O2/water + sodium
alginate

SAR Atm.N: 7–16.5 Hz;
dT: 0.218 m

εG = 2.16×(
N2dImp.µL

σL

)0.30
(

N3
2d

3
Imp.ρL

µLg

)0.30

×
(

UE
N2dImp.

)1.05
a

He et al.[18] Air/water + CMC,
water + Triton-X-114

GIR Atm.N: 3.3–33.3 Hz;
dT: 0.075 m

εG = 3.19×
10−4

(
P∗

G
VL

)1.90

εG =

5.85× 10−3
(

P∗
G

VL

)0.95
b,c

Al Taweel and Cheng[19] Air/water + PGME GIR Atm.N: 12.5–25 Hz;
dT: 0.19 m

εG =
1014.5N1.77Q0.25

G σ−10.4
L for

air/water+ additives
Heim et al.[20] Air/water-

fermentation
mixture

GIR Atm.Fr* : 0.28–1.49;
Re: 33–260× 103; dT:
0.3 m

εG = 28.96×
Fr0.968Re−0.354Ae0.644

×
(

dImp.
HL

)0.176
d

εG = 199.70×
Fr1.063Re−0.458Ae0.789

×
(

dImp.
HL

)0.316
e

εG = 25.85×
Fr0.947Re−0.336Ae0.634

×
(

dImp.
HL

)0.255
f

Wichterle[21] H2O, glycerin, CCl4,
tenside, ethylioside

SAR Atm.dT: 0.57–0.9 m εG = 0.12× (Ncir −
1.4 ×NcirE) for Ncir >

1.4NcirE,otherwiseεG = 0
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Table 2 (Continued)

Authors Gas/liquid Reactors Operating conditions Correlations

Saravanan and Joshi[22] Air/H2O GIR Atm.N: 0.3–15.5 Hz;
dT: 0.57,1,1.5 m

εG = 2.67×
10−3

(
dImp.
dT

)1.63(
N2QGρL
µLg

)0.48

Tekie[3] N2, O2/cyclohexane GIR P: 0.7–3.5 MPa;T:
330–430 K;N:
6.7–20 Hz;dT: 0.11 m

εG = 3.85× 10−2 ×(
N−N0
N0

)1.19(µG
µL

)−0.74

×(
ρG
ρL

)0.82( σL
σL0

)1.97
with σL0 =

0.025 N m−1, N0 = 11.6 Hz
Murugesan[23] Air/water, toluene,

glycerol
GSR Atm.N: 3.3–23.3 Hz;

UG:
1–66× 10−3 m s−1;
dT: 0.15 m

εG = 31.2 ×
U0.5

G

(
ρ2

L
σL)ρLg

)0.125(
N2dT
g

)0.45

×(
µ4g

σ3ρ

)0.08(
dW
dT

)0.85
(

dImp.
dT

)0.65

Fillion [13] H2, N2/soybean oil GIR P: 0.1–0.5 MPa;T:
373–473 K;N:
10–23.3 Hz;dT:
0.11 m

εG = 1.151×
M0.07

W (Fr − FrC)0.41Ae0.52

a N2 is the lower impeller mixing speed.
b (P∗

G/VL) < 20 kW m−3.
c (P∗

G/VL) > 20 kW m−3.
d For a 4-pipe impeller.
e For a 6-pipe impeller.
f For a disk impeller.

fer/heat transfer, and reaction kinetics under actual process con-
ditions in large-scale reactors. Literature data indicate that the
gas–liquid mass transfer is generally the rate-limiting step in
many industrial processes[4], and therefore the focus of this
study is on the determination of the hydrodynamic and mass
transfer parameters in ARs. Several studies have been devoted
to the determination of the hydrodynamics and mass transfer
parameters in ARs[5–44]. Unfortunately, the majority of these
studies have been carried out under ambient conditions using
aqueous systems, with the exception of few studies conducted
under high pressures and temperatures as detailed inTables 1–3.

In general, available literature correlations for predicting
the hydrodynamic and mass transfer are based on dimension-
less numbers, specific mixing power input, non-linear statis-
tical approach or artificial neural networks (ANNs) as can
be observed inTables 1–3. The dimensionless numbers and
specific mixing power input correlations, supposedly indepen-
dent of the gas–liquid system, often provide large deviations
when compared with experimental data[45–47]. The statistical
correlations are specific to the gas–liquid system and reactor
employed, even though they enjoy high confidence levels[43].
Also, artificial neural networks have been successfully employed
to correlate the volumetric mass transfer coefficients (kLa) in
GSRs[45,46] and in SARs as well as GIRs[47]; however, to
our knowledge no work could be found in the literature on the
use of ANNs for predicting the hydrodynamic parameters in
t

dict
i itate
r rthe
b sse

Therefore, the goal of this study is to use a large number of
experimental data points (7374) obtained in our laboratory and
from the literature, covering wide ranges of operating conditions,
agitated reactor geometries and sizes, to develop empirical and
ANNs correlations, which will be incorporated into an algorithm
for predicting systematically the hydrodynamic and mass trans-
fer parameters in ARs. The developed algorithm is then used to
predict the effect of operating variables on the hydrodynamic
and mass transfer parameters in the soybean oil hydrogenation
process.

2. Correlations of the hydrodynamic and mass transfer
parameters

Predicting the hydrodynamic and mass transfer parameters
in ARs is a difficult task, since these parameters can be affected,
among others, by: (1) geometrical variables: reactor diameter
(dT), impeller diameter (dImp.) and impeller height from the bot-
tom of the reactor (HF); (2) operating variables: reactor mode
(SAR, GIR and GSR), mixing speed (N), liquid height (H), liquid
height above the impeller (HL), temperature (T) and gas partial
pressure (P) and (3) physicochemical variables: liquid viscosity
(µL), liquid and gas densities (ρL andρG), liquid surface tension
(σL), gas diffusivity in the liquid (DAB) and impurities/mixture
composition (XW). In order to develop generalized correlations
f ers in
A bora-
t d
t ons,
w near
i

hese three types of ARs.
Thus, there is a great need to develop correlations for pre

ng the hydrodynamics and mass transfer parameters in ag
eactors, which would be system-independent and could fu
e used for proper design and scale-up of industrial proce
-
d
r
s.

or predicting the hydrodynamic and mass transfer paramet
Rs, a large database (7374 data points) obtained in our la

ories and from the literature as shown inTable 4, were first use
o develop empirical correlations and then ANN correlati
hich are more powerful and can easily manipulate non-li

nput–output relationships than empirical correlations.
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Table 3
Literature correlations ofkLa in ARs

References Gas/liquid Reactor Operating conditions Correlation

Robinson and Wilke[26] N2, CO2/aqueous
solutions

GSR Atm. 303 K;N: 6.7–36.7 Hz;
UG: 1–4.6 10−3 m s−1;
P* /VL: 0.03–18 kW m−3; dT:
0.15 m

kLa = 3.89× 10−3 ×
(

P∗
G

VL

)0.74

U0.36
G

Perez and Sandall[27] CO2/carbopol
solution

GSR Atm.T: 297–308 K;N:
3–8 Hz;UG:
0.162–0.466 m s−1; dT:
0.15 m

d2
Imp.kLa

DAB
= 21.2 ×

(
NρLd

2
Imp.

µeff

)1.11(
µeff

ρLDAB

)0.5

×
(

dImp.UG
σL

)0.447(
µG
µeff

)0.694a

Bern et al.[28] H2/fat GSR P: 0.12–0.14 MPa;T: 453 K;
N: 3–12.5 Hz

kLa = c ×
(

N3.15d5.35
T

V1.41
L

)n
Um

G
b

Matsumura et al.[24] O2, air/H2O, various
alcohols

SAR Atm.N: 7–16.5 Hz;dT:
0.218 m

kLa√
DAB

= 309×
(
P∗
VL

)0.6
ε0.6

G

Joshi and Sharma[29] CO2/Na2CO3 + NaHCO3 GIR Atm.N: 3–11.7 Hz;UG:
0.0003–0.032 m s−1; P* /VL:
1–15 kW m−3; dT:
0.41–1.0 m

For UG < 0.005 : kLa = 6.8

×10−3
(
P∗

VL

)0.55

U0.5
G

For UG > 0.005 : kLa = 3.26

×10−3
(
P∗

VL

)0.55

U0.25
G

Lopes de Figueiredo and
Calderbank[17]

O2/water GSR Atm.N: 5–8 Hz;
PG:0.41–4.8 kW m−3; UG:
6–13× 10−3 m s−1; dT:
0.91 m

kLaVL
dT

= 10−3 × (P∗)0.58U0.75
G

Matsumura et al.[30] O2, CO2, CH4/sodium
sulfite, H2O

GSR Atm.N: 7–16.5 Hz;UG:
0.5–10× 10−3m s−1; dT:
0.218 m

kLa√
DAB

= 3.09× 102 ×
(

P∗
G

VL

)0.6

ε0.6
G

Kara[31] H2/tetralin SRCII GIR P: 7–13.5 MPa;T:
606–684 K;N: 0.8–6.6 Hz;
dT: 0.076 m

kLa = (3.42± 1.13)× 10−4
(
P∗
VL

)0.80±0.009(HL
DT

)−1.9±0.66

Sawant et al.[32] Air/water + sodium
sulfate

GIR Atm.N: 5–36 Hz;dT:
0.1× 0.1–0.38× 0.38 m

kLa = 0.0195×
(
P∗
VL

)0.5

Judat[33] GSR – kLa = 9.8 × 10−5(B−0.6 + 0.81× 10−0.65/B)
−1

×
(

P∗
VLρL (µLg

4)1/3

)0.4(
µL
ρLg

2

)−1/3
c

Albal et al.[25] O2/H2O, CMC SAR Atm.N: 1.7–16.76 Hz;dT:
0.1 m

Sh = 1.41× 10−2Sc0.5Re0.67We1.29

Karandikar et al.[34] CO, H2, CO2,
CH4/F-T wax + water

GIR P: 0.7–4.5 MPa;T:
423–498 K;N: 11.6–16.6 Hz;
dT: 0.13 m

kLaCO,H2 = 0.1607× (N/1000)3.42 exp
× (0.108× P) − 0.046
kLaCO2,CH4 = 0.0171× (N/1000)6.05 exp
× (0.38× P) + 0.00525

Versteeg et al.[35] CO2, N2O/H2O, aq.
alkanol-amine

SAR P: 0.1–1.0 MPa;T:
291–356 K;Re:
0.2–1.2× 104; Sc:
0.1–1.3× 104

Sh = 0.064× Sc0.5Re0.72

Chang[36] H2,CO2,CH4/n-C6, n-
C10, n-C14

GIR Eu: 0.5–1× 104; Sc: 8–500;
Re: 0.3–3× 105,Fr* : 1–3;We:
1–7× 104

ShH2 = 2.74× 10−18Re3.00Sc2.21Eu−0.42We1.29

ShCO,CH4 = 5.114× 10−12Re2.18Sc1.63Eu0.28Fr∗1.73

Hichri et al.[37] H2/2-propanol,
o-cresol

GIR Sh: 0.1–5× 105; VG/VL: 1–2;
Re: 0.7–13× 104; Sc:
5–9× 103; We: 2–6× 103

Sh = 0.123× Re0.44Sc0.5We1.27
(
VG
VL

)1.1

Dietrich et al.[38] H2/H2O, ethanol,
hydrogenation
mixture

GIR Atm.N: 14–33 Hz;dT: 0.07 m ForH/DT = 1 : Sh = 3 × 10−4Re1.45Sc0.5We0.5

For H/DT = 1.4 : Sh = 1.5 × 10−4Re1.45Sc0.5We0.5

Koneripalli et al.[39] H2, CO,
CO2/methanol,
ethanol

GIR Eu: 0.3–10× 103; We:
0.2–2× 104; Sc: 7–200,Re:
0.6–4× 105

Sh = 4.88× 106Re−3.81Sc0.23We4.48Eu0.09
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Table 3 (Continued)

References Gas/liquid Reactor Operating conditions Correlation

Mizan et al.[40] H2, C2H4/C3H6 SAR Fr* : 0.9–2.0;Re:
2–4.5× 105; We: 741–31060

Sh = 55.2 × Fr∗2.07Re1.20We−1.34

Heim et al.[20] Air/water-
fermentation
mixture

GIR Atm.Fr: 0.28–1.49;Re:
33–260× 103; dT: 0.3 m

Sh∗

9.5 × 10−5
= 1 − e−19.64Re−0.216Fr1.336

Sh∗

1.06× 10−4
= 1 − e−21.63Re−0.234Fr1.207

Sh∗

1.04× 10−4
= 1 − e−1331.20Re−0.557Fr2.498

d,e,f

Wu [41] Air/H2O + Na2SO3 +
CoSO4

SAR Atm.P* /VL: 1.2–8.5 kW m−3 kLa = 6.34× 10−2
(
P∗
VL

)0.65

Yoshida et al.[42] Air/water GSR Atm.N: 2.5–6.7 Hz;UG:
0.004–0.06 m s−1

kLa = 2.5N1.5(1.7×10−7)
UG1.06nImp.

U1.29
G n0.10

Imp.

Tekie[3] N2, O2/cyclohexane SAR; GIR SAR;x1: 6.67–20.0 Hz;x2:
0.7–3.5 MPa;x3: 330–430 K;
x4: 0.171–0.268 m; GIR;x1:
6.67–20.0 Hz;x2:
0.7–3.5 MPa;x3: 330–430 K;
x4: 0.171–0.268 m

ShSAR = 4.51× 103We−0.21Fr0.92

ln(kLaSAR-N2) = −2.90+ 0.36x1 + 0.07x2

+0.28x3 − 0.18x4 − 0.39x2
1 − 0.06x2

2 + 0.04x2
3

+0.063x2
4 − 2.90e(−0.2(x1−0.204)2)

+0.04e(0.1(x1+3)(4−x4))

ln(kLaSAR-O2) = −2.93+ 0.11x1 + 0.10x2

+0.23x3 − 0.12x4 − 0.38x2
1 − 0.05x2

2 − 0.03x2
3

+0.07x2
4 − 2.90e(−0.173(x1)2)

+0.11e(0.1(x1+3)(4−x4))

ln(kLaGIR-N2) = 0.01− 1.92x1 + 0.10x2

+0.27x3 − 0.05x4 + 0.72x2
1 − 0.10x2

2 + 0.02x2
3

+0.01x2
4 − 3.40e0.04(x1−4.25)2

+0.27e0.1(x1+3)(4−x4)

ln(kLaGIR-O2) = −3.71+ 1.23x1 + 0.11x2

+0.22x3 − 0.09x4 + 0.09x2
1 − 0.04x2

2

+0.01x2
3 + 0.06x2

4 − 3.75e−0.17(x1−1.6)2

+0.21e0.1(x1+3)(4−x4)

Tekie et al.[43] N2, O2/cyclohexane GIR We: 0.2–1× 104, Fr* : 1–3 ShGIR = 4.51× 103We−0.21Fr∗0.92

× (1 + 1.867× 103
εG

)
Fillion [13] N2, H2/soybean oil GIR; GSR; SAR GIR;x1: 373–473 K;x2:

10–23.3 Hz;x3:
0.171–0.268 m;x4:
0.1–0.5 MPa GSR;T:
373–473 K;N: 10–23.3 Hz;
P: 0.1–0.5 MPa;UG:
10.4–51.9 cm3 s−1; SAR;x1:
373–473 K;x2: 10–23.3 Hz;
x3: 0.171–0.268 m;x4:
0.1–0.5 MPa

ln(kLaGIR-N2) = −4.86− 0.18x1 + 0.71x2

− 0.60x3 + 0.08x2
1 + 0.12x2

2 − 0.23x1x2

− 0.08x2x3 − 0.34x1x2x3 − 0.07x3
1 + 0.0027

× (x2 + 2.5)e2x3 + 1.28 tanh(0.3x2(5.5 − x2
3)

+ 0.1(2− 4x3))
ln(kLaGIR-H2) = −3.87+ 0.52x2 − 0.79x3

+ 0.22x2
1 − 0.35ex1 + 0.33ex3

− 0.0038(x2 + 3)e2.5x3 − 0.93x1e−|x2|
+ 2.10 tanh(0.3x2(8 − x2

3) + 0.1(2− 6x3))

kLaGSR = 1226× Tµ−0.10
L D0.62

AB

(
P∗

G

VL

)0.31

Q0.58
G

ln(kLaSAR-N2) = −6.50+ 0.177x1 + 0.474x2

− 0.407x3 + 0.053x2
3 − 0.0798x2x3

ln(kLaSAR-H2) = −5.99+ 0.229x1 + 0.417x2

− 0.473x3 − 0.0445x2
1 + 0.0524x2

3
− 0.126x2x3

a µeff = τ(γa)
γa

.
b c= 0.326,n= 0.37± 0.02,m= 0.32± 0.10,dT (cm),US (cm s−1), VL (cm3).
c B = Q

d2
T

×
(

ρL
µLg

)1/3
.

d 4-pipe impeller.
e 6-pipe impeller.
f Disk impeller.

2.1. Empirical correlations

Previously, Lemoine et al.[73] proposed the following cor-
relations for predicting the critical mixing speed for gas entrain-

ment in the SAR (NCRE), the critical mixing speed for gas
induction in the GIR (NCRI), the induced gas flow rate in the
GIR (QGI) and the wavy gas–liquid interfacial area in the SAR
(aWave):
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Table 4
Database on ARs used in this study

References Parameters Gas/liquid Reactor Operating conditions Legend

Rushton and Bimbinet[14] εG Air/ water + corn
syrup

GSR Atm.UG: 3–30× 10−3 m s−1; dT:
0.23–0.91 m

Fuchs et al.[48] NCRE, kLa Air, N2, O2/water SAR; GSR Atm.UG: 0–53× 10−3 m s−1; dT:
0.13–3.33 m

�

Martin [49] NCRI,QGI Air/water GIR (HS) Atm.N: 4.3–6.0 Hz;dT: 0.280 m �
Miller [8] εG, dS, kLa CO2, air/aqueous

solution
GSR Atm.N: 0.4–7 Hz;UG:

8–150× 10−3 m s−1; dT: 0.15–0.67 m
Robinson and Wilke[26] εG, dS, kLa N2, O2, CO2/water,

alkaline solution
GSR Atm. 303 K;N: 6.7–36.7 Hz;UG:

1–4.6× 10−3 m s−1; dT: 0.1524m
Bern et al.[28] kLa H2/fat GSR P: 0.12–0.14 MPa;T: 453 K;N:

3–12.5 Hz;UG:
35–300× 10−3 m s−1; dT: 0.25, 0.65,
2.4 m

Loiseau[50] εG, dS, kLa Air, O2/water, glycol,
ethanol, sugar, acetic
acid, CuCl, sodium
sulfite

GSR Atm.N: 6.7–50.0 Hz;UG:
0.75–85.0× 10−3 m s−1; dT: 0.225 m

Joshi and Sharma[29] NCRI,QGI, εG,
dS (a), kLa

CO2, air/water,
sodium dithionite,
Na2CO3 + NaHCO3

GIR (HS) Atm.N: 3–11.7 Hz;dT: 0.41, 0.57,
1.0 m

�

Lopes de Figueiredo and
Calderbank[17]

εG, dS, kLa O2/water GSR Atm.N: 5–8 Hz;UG:
6–13× 10−3 m s−1; dT: 0.91 m

Botton et al.[51] NCRE, εG, kLa Air /water, glycol,
sodium sulphite

SAR; GSR Atm.N: 0–50 Hz;UG: <0.1 m s−1; dT:
0.085, 0.12, 0.25, 0.60

Shridhar and Potter[9] εG, dS Air/cyclohexane GSR P: 0.1–1.0 MPa;N: 8–30 Hz;UG:
<0.032 m s−1; dT: 0.13 m

Matsumura et al.[11] NCRE, dS Air,
O2/water + sodium
alginate

SAR Atm.N: 7–16.5 Hz;dT: 0.190, 0.242,
0.316 m

Greaves and Barigou[52] εG Air/water GSR Atm.N: 0.6–8.33 Hz;UG:
6.3–10.7× 10−3 m s−1; dT: 1.0 m

Chang[36] kLa H2, N2, CO,
CH4/water,n-hexane,
n-decane,
n-tetradecane,
cyclohexane

GIR (HS) P: 0.5–5.96 MPa;T: 328–378 K;N:
13.3–20.0 Hz;dT: 0.127 m

He et al.[18] NCRI, εG Air/water + CMC,
water + Triton-X-114

GIR (HS) Atm.N: 3.3–33.3 Hz;dT: 0.075 m

Smith et al.[53] εG Air/water GSR Atm.N: 0.45–4.0 Hz;UG:
8.8–28.7× 10−3 m s−1; dT: 1.2, 1.6,
1.8, 2.7 m

Koneripalli [54] kLa N2, CO, H2, CH4,
CO2/methanol,
ethanol

GIR (HS) P: 0.33–5.48 MPa;T: 328–428 K;N:
13.3–23.3 Hz;dT: 0.127 m

Mizan [55] kLa H2, C2H4,
C3H6/n-hexane,
propylene

SAR P: 0.16–3.16 MPa;T: 297–353 K;N:
13.3–20.0 Hz;dT: 0.125 m

Rielly et al.[56] NCRI,QGI Air/water GIR (HS) Atm.N: 3.4–9.0 Hz;dT: 0.3–0.6 m �
Rewatkar et al.[57] εG Air/water GSR Atm.N: 0.85–8.0 Hz;UG:

6.3–30.0× 10−3 m s−1; dT: 1.0, 1.5 m
Aldrich and van Deventer
[58]

NCRI,QGI Air/water, ethyl
alcohol, sucrose
solution

GIR (DT) Atm.N: 9.2–20.0 Hz;dT: 0.19 m

Nienow et al.[59] εG Air/water, dirty water GSR Atm.N: 0.67–2.5 Hz;UG:
10–75× 10−3 m s−1; dT: 1.98 m

Saravanan et al.[60] NCRI,QGI Air/water GIR (DT) Atm.N: 0.13–13.5 Hz;dT: 0.57, 1,
1.5 m

Aldrich and van Deventer
[61]

QGI Air/water, brine,
alcohol, sucrose
solution

GIR (DT) Atm.T: 291–350 K;N: 13.3–16.3 Hz;
dT: 0.19 m

Al Taweel and Cheng[19] εG Air/water + PGME GIR (DT) Atm.N: 12.5–25 Hz;dT: 0.19 m
Li [62] kLa H2, C3H8, C2H4,

C3H6/propane,
n-hexane

SAR P: 0.14–5.8 MPa;T: 297–353 K;N:
13.3–20.0 Hz;dT: 0.125 m
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Table 4 (Continued)

References Parameters Gas/liquid Reactor Operating conditions Legend

Saravanan and Joshi[63] NCRI,QGI Air /water GIR (DT) Atm.N: 0.3–15.45 Hz;dT: 0.57,
1, 1.5 m

Saravanan and Joshi[22] εG Air/H2O GIR (DT) Atm.N: 0.3–15.5 Hz;dT: 0.57, 1,
1.5 m

Yoshida et al.[42] εG, kLa Air/water GSR Atm.N: 2.5–6.7 Hz;UG:
4–60× 10−3 m s−1; dT: 0.25 m

Tekie[3] dS, kLa N2, O2/cyclohexane SAR; GIR (HS) P: 0.7–3.5 MPa;T: 330–430 K;
N: 6.7–20 Hz;dT: 0.11

Forrester et al.[64] QGI, dS, kLa Air /water GIR (HS) Atm.N: 5.0–10.0 Hz;dT: 0.45 m
Murugesan[23] εG Air/water, toluene,

glycerol
GSR Atm.N: 3.3–23.3 Hz;UG:

1–66× 10−3 m s−1; dT: 0.15 m
Solomakha and Tarasova
[65]

εG, kLa – GSR Atm.UG: 2–87× 10−3 m s−1;
dT: 0.2–3.6 m

Mohammad[66] kLa O2, N2/benzoic acid SAR; GIR (HS) P: 0.09–0.5 MPa;T: 473 K;N:
16.7 Hz;dT: 0.076

Patil and Joshi[67] NCRI,QGI Air /water GIR (DT) Atm.N: 3.5–10.0 Hz;dT: 1.0 m 	
Vrabel et al.[68] εG Air /water, NaCl GSR Atm.N: 1.5–2.5 Hz;UG:

10–40× 10−3 m s−1; dT: 1.876,
2.09 m

Bouaifi et al.[69] εG, dS, kLa Air /water GSR Atm.N: 1.66–11.67 Hz;UG:
0.54–2.63× 10−3 m s−1; dT:
0.43 m

Fillion [13] NCRI,QGI, εG,
dS, kLa

N2, H2/soybean oil SAR; GIR (HS); GSR P: 0.1–0.5 MPa;T: 373–473 K;N:
10–23.3 Hz;H: 0.171–0.268 m;
QG: 10.4–51.9× 10−6 m3 s−1;
dT: 0.115 m

©

Poncin et al.[70] NCRI,QGI, εG,
kLa

Air /water SAR; GIR (HS) Atm.dT: 0.6 m �

Yawalkar et al.[71] εG Air /water GSR Atm.N: 1.0–11.0 Hz;UG:
3.9–15.7× 10−3 m s−1; dT:
0.57 m

Alves et al.[72] εG, dS, kLa Air O2/water, sodium
sulphate, PEG

GSR Atm.N: 4.2–10.0 Hz;UG:
2.5–5.0× 10−3 m s−1; dT:
0.292 m

Lemoine et al.[73] NCRE, NCRI,
QGI

Air, N2/toluene,
benzaldehyde,
benzoic acid

SAR; GIR (HS) P: 0.1–1.5 MPa;T: 300–453 K;
N: 10.3–12.3 Hz;dT: 0.125 m

�

Linek et al.[74] εG, kLa Air, O2/water,
water + NaSO4

GSR Atm.N: 4.17–14.17 Hz;UG:
2.12–8.48× 10−3 m s−1; dT:
0.29 m

Heintz[75] NCRI,QGI, εG,
dS, kLa

N2, CO2/fluorinated
liquids

GIR(HS) P: 0.2–3.0 MPa;T: 300–500 K;
N: 10–12.3 Hz;dT: 0.115 m

Lemoine and Morsi[5] εG, dS, kLa Air, N2/toluene,
benzaldehyde,
benzoic acid

SAR; GIR (HS); GSR P: 0.1–1.5 MPa;T: 300–453 K;
N: 10.3–12.3 Hz;UG:
0–4× 10−3 m s−1; dT: 0.125 m

Soriano[76] kLa CO, N2, H2,
He/PAO-8, Sasol wax

GIR (HS) P: 0.7–3.5 MPa;T: 423–523 K;
N: 13.3–20.0 Hz;dT: 0.076 m

N2
CREdImp.

g
= 0.441×

(
µL

µWater

)0.100(
σL

σWater

)−0.430

×
(

ρL

ρWater

)2.960(
HL

dT

)−0.100

e0.378HL/dImp. (1)

N2
CRIdImp.

g
= 0.512×

(
µL

µWater

)0.146(
σL

σWater

)−0.180

×
(

ρL

ρWater

)−0.265(
HL

dT

)
(2)

Ae = QGI

Nd3
Imp.

= 50.03× n1.695
Imp. d

2.584
T µ0.627

L ρ1.991
L ρ2.847

G

σ4.440
L M3.203

WGas

× exp

(
−3.957× Eu0.142We0.174

Re0.048(Fr − FrC)0.042

)
(3)

aWave = 1

H
+ 1

HL
× Re1.75We3.00

Eu3.00

(
ρL

ρG

)−2.67

× e−12.95×H−0.59×N (4)

In this study, 7374 experimental points obtained in our lab-
oratories as well as from the literature on hydrodynamic and
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Table 5
Upper and lower limits of the variables used in Eqs.(1)–(29)

Variables Maximum value Minimum value

UG, m s−1 0.3 0
N, Hz 54.0 0
H, m 6.542 0.064
HL, m 4.97 1.15× 10−2

dT, m 3.600 0.075
dImp., m 1.370 0.032
ρL, kg m−3 2042 310
µL, Pa s 0.09 5.00× 10−5

σL, N m−1 0.077 1.20× 10−3

ρG, kg m−3 194.90 0.05
XW, wt. 1.0000 0.5589
DAB, 109 m2 s−1 153.94 0.08
nImp. 8 1
MW-Gas, kg kmol−1 44 2

mass transfer parameters were used to develop empirical cor-
relations for predicting the gas holdup (εG), the Sauter mean
bubble diameter (dS) and the volumetric mass transfer coeffi-
cient (kLa) in SARs, GIRs and GSRs.Table 5lists the ranges
of operating variables, physical properties and reactor geometry
used in these correlations.

For predicting the gas holdup in the SARs:

εG-SAR = 16.3 ×
(
P∗

SAR

VL

)αSAR

(Fr − FrC)βSAR (5)

αSAR = −0.573× d−0.142
T N−0.400µ−0.137

L ρ0.101
G (6)

βSAR = 1.36× 10−5 × d0.001
Imp. H

−0.001
L N0.130ρ1.920

L µ0.932
L

× σ−1.360
L (7)

For predicting the gas holdup in the GIRs:

εGIR = 0.102×
(
P∗

GIR

VL

)αGIR

UβGIR
G × exp(−0.349XW) (8)

αGIR = 3.770× 10−5 × d−2.540
T N0.005µ−0.012

L σ−0.603
L ρ−0.122

G

(9)

β −0.819 0.617 −0.854 −0.036 −0.043 −0.560

ε

α

β

It should be mentioned that the quantity (P* /VL) is the total
energy dissipated which corresponds to the sum of the power
input (impeller and gas sparged) per unit liquid volume[44].
Several correlations to predict the impeller and gas power input
per unit liquid volume for SARs[16,21], GIRs [20,29,60,70]
and GSRs[8–10,15,44,50,69]can be found in the Appendix.
It is also important to point out that in GIRs and GSRs,XW
was introduced in Eqs.(8) and (11)in order to account for the
liquid composition and its foamability[77]. Even though the
foamability or froth formation in liquid mixtures is a complex
phenomenon, the choice of this variable was found to fit fairly
well literature experimental findings, and therefore it was used
in this study.XW represents the concentration of the primary
liquid in the mixture, and its value lies between 0.50 and 1.
Consequently, for a single-component and for a complex organic
liquid mixture composed of more than three hydrocarbons, such
as oils and waxes,XW equals 1.

For predicting the Sauter mean bubble diameter in SARs:

dS-SAR = 1.31× 10−3 × (Fr − FrC)γSARελSAR
G–SAR (14)

γSAR = −5.81× 10−6 × d−1.310
Imp. d1.550

T N1.300µ−0.588
L (15)

λSAR = 0.207× ρ−0.408
L σ−0.171

L ρ−0.141
G H−0.657

L (16)

For predicting the Sauter mean bubble diameter in GIRs:

d

γ

λ

s:

d

γ

λ

ient
i

k

δ

η

GIR = 0.087× dImp. HL N ρL µL σL

(10)

For predicting the gas holdup in the GSRs:

G-GSR = 9.620× 10−3 ×
(
P∗

GSR

VL

)αGSR

UβGSR
G

× exp(−0.216XW) (11)

GSR = 0.190× d−0.179
T N0.043µ−0.228

L σ0.261
L ρ−0.011

G (12)

GSR = 1.86× 1012 × d−0.087
Imp. H−0.279

L N0.063ρ−4.270
L µ−0.464

L

× σ1.380
L (13)
S-GIR = 2.61× 10−3 × UγGIR
G ελGIR

G–GIR (17)

GIR = 3.980× 10−2 × d1.500
Imp. d

−2.020
T N0.419µ0.102

L (18)

GIR = 3.310× 10−2 × ρ0.373
L σ−0.044

L ρ−0.093
G H0.070

L

× exp(−1.180XW) (19)

For predicting the Sauter mean bubble diameter in GSR

S-GSR= 9.380× 10−3 × UγGSR
G ελGSR

G–GSR (20)

GSR = 1.380× 10−2 × d−0.878
Imp. d0.351

T N0.563H0.185
L (21)

GSR = 1.300× 10−20 × ρ7.490
L σ−0.240

L ρ−0.196
G

× exp(−8.470XW) (22)

Also, for predicting the volumetric mass transfer coeffic
n SARs:

LaSAR = 69.961× D0.500
AB

ρ0.060
G

(
P∗

SAR

VL

)δSAR

×
(

2.678×10−2+ (2.085×10−3+dS)
0.155

ε0.234
G

(Fr − FrC)−ηSAR

)
(23)

SAR = 0.925× d1.156
Imp. N

0.348H−0.830
L (24)

SAR = 0.010× d−2.820
T N3.570µ−0.679

L σ3.998
L (25)



R. Lemoine, B.I. Morsi / Chemical Engineering Journal 114 (2005) 9–31 19

For predicting the volumetric mass transfer coefficient in
GIRs:

kLaGIR = 1.383× 105 × D0.500
AB ε0.155

G d0.414
S

ρ0.060
G

(
P∗

GIR

VL

)δGIR

×UηGIR
G exp(−2.011XW) (26)

δGIR = 7.010× 10−6 × d−0.395
Imp. d4.183

T N2.237µ0.126
L H−0.658

L

(27)

ηGIR = 0.420× d−2.385
Imp. d−2.485

T N−3.238σ−0.261
L H3.249

L (28)

For predicting the volumetric mass transfer coefficient in
GSRs:

kLaGSR = 2.564× 103 × D0.500
AB ε0.575

G

ρ0.060
G d0.402

S

(
P∗

GSR

VL

)δGSR

×UηGSR
G exp(−2.402XW) (29)

δGSR = 4.664× 10−4 × d0.124
T N0.593µ−0.769

L (30)

ηGSR = 9.475× 10−5 × d0.363
Imp. N

0.967ρ−0.470
L µ−0.884

L H−1.440
L

(31)
Fig. 2. Comparison between experimental and predictedNCR
 andQGI values using empirical and BPNN correlations.
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Table 6
Architecture and input variables of theNCR,QGI, εG, dS, aWave andkLaBPNN correlations
Parameters lnNCR lnQGI ln εG lndS ln kLa lnaWaveH

Max 7.762 Min 3.401 Max−3.324 Min−15.613 Max−0.528 Min−9.871 Max−4.720 Min−8.557 Max−0.265 Min−8.093 Max 0.452 Min 0
Variables Position in

BPNN
Max Min Position in

BPNN
Max Min Position in

BPNN
Max Min Position in

BPNN
Max Min Position in

BPNN
Max Min Position in

BPNN
Max Min

Reactor type 1 1 0 – – – 1 1 0 1 1 0 – – – – – –
H, m 2 6.227 0.064 1 1.67 0.14 3 6.542 0.082 – – – – – – – – –
HL , m 3 4.66 1.15× 10−2 2 1.000 0.083 12 4.97 3.75× 10−2 – – – – – – – – –
UG, m s−1 – – – – – – 4 0.3 0.0 3 0.3 0 2 0.3 0.0 – – –
N, rpm – – – 3 1729 36 2 3235 0.09 2 2400 0.09 1 2100 0 3 1400 75
ρL , kg m−3 4 2042 310 4 2042 700 5 2042 429 4 2042 310 3 2042 310 6 1844 310
µL , Pa s 5 0.09 5.00× 10−5 5 0.09 1.50× 10−4 6 0.09 5.00× 10−5 5 0.09 5.00× 10−5 4 0.09 5.00× 10−5 7 6.7× 10−3 5.0× 10−5

σL , N m−1 6 0.077 1.20× 10−3 6 0.077 0.008 7 0.077 1.20× 10−3 6 0.074 1.20× 10−3 5 0.072 1.20× 10−3 8 0.072 1.20× 10−3

ρG, kg m−3 7 194.90 0.05 7 53.86 0.05 8 53.86 0.06 7 55.27 0.05 6 55.27 0.05 9 55.17 0.05
MW-Gas,
kg kmol−1

8 44 2 11 44 2 8 44 2 – – – – – –

dT, m 8 3.330 0.075 9 1.500 0.113 9 3.600 0.075 – – – 7 3.330 0.076 – – –
dImp., m 9 1.370 0.032 10 0.5 0.05 10 1.350 0.032 – – – – – – – – –
NCR, rpm – – – 12 1106 30 – – – – – – – – – – – –
XW, wt.% – – – – – – 13 100.00 55.89 9 100 88 – – – – – –
DAB ,
m2 s−1

– – – – – – – – – – – – 8 1.5× 10−7 8.4× 10−11 – – –

Gas dispersion
type

10 1 0 11 1 0 – – – – – – – – – – – –

εG – – – – – – – – – 10 0.59 5.30× 10−5 9 0.54 0 – – –
dS, m – – – – – – – – – – – – 10 8.9× 10−3 0 – – –
T, K – – – – – – – – – – – – – – – 1 473 297
P, MPa – – – – – – – – – – – – – – – 2 5.96 0.09
dT/H – – – – – – – – – – – – – – – 4 1.00 0.39
dImp./HL – – – – – – – – – – – – – – – 5 0.67 0.21
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Table 7
Statistical analysis of the empirical and BPNN correlations

Parameters Regression coefficientR2, % Standard deviationσ, % Average absolute relative error AARE, %

Empirical BPNN Empirical BPNN Empirical BPNN

NCR 96 [73] 97 14 4 7 3
QGI 70 [73] 97 50 20 35 15
aWave 92 [73] 97 5 2 3 2
εG 87 92 48 27 24 16
dS 92 97 23 12 13 8
kLa 80 91 52 28 32 18

Table 8
Input variables for gas distribution and reactor type used in the BPNN
correlations

Gas distribution type Reactor mode Values for the BPNN

Surface-aeration SAR 0
Hollow shaft GIR 0.5
Draft tube GSR 1

2.2. Back-propagation neural network (BPNN) correlations

The same database (7374 experimental points) shown in
Table 4was also used to develop BPNN correlations for pre-
dicting the critical mixing speed, induced gas flow rate, wavy
gas–liquid surface, gas holdup, Sauter mean bubble diameter
and volumetric mass transfer coefficients for the corresponding
reactor types. The transfer function used in the BPNNs was a
sigmoid (1/(1 + exp(−x)), and the training was supervised using
the gradient descent method[47]. The BPNNs developed were
validated using 25% of the total number of data points and the
cross validation technique[47]. Table 6presents the input vari-
ables, architecture and weights of the constructed BPNNs for
predictingNCR,QGI,aWave, εG,dS andkLa. Also,Table 7shows
the regression coefficient (R2), standard deviation (σ) and aver-
age absolute relative error (AARE) for the empirical and BPNN
correlations. These statistical errors prove that the developed
BPNNs can predict the values ofNCR, QGI, aWave, εG, dS and
kLa with much higher accuracies than those of the empirical
correlations as can be observed inFigs. 2–4. Therefore, in this
study, the algorithm used for predicting these parameters wa
based on the BPNN correlations. It should also be mentioned
that the reactor and gas dispersion mode were assigned in th
BPNN correlations as shown inTable 8.

3
m

used
i uld
b nsfe
p

:

1

2. If NCRI <N, calculateQGI for GIRs, Eq.(3) or Table 10,
otherwiseQGI = 0 and the reactor is an SAR.

3. ObtainP* /VL in SARs, GIRs and GSRs using the empirical
literature correlations given inAppendix A. If using BPNNs
correlations, go to step 4.

4. CalculateεG, Eq. (5) for SARs,(8) for GIRs and(11) for
GSRs, orTable 11.

5. CalculatedS using Eq.(14)for SARs,(17)for GIRs and(20)
GSRs, orTable 12.

6. CalculatekLa, Eqs. (23), (26) and (29)or the BPNN in
Table 13.

7. CalculateaWave from Eq.(4) or the BPNN inTable 14.
8. Calculatea, Eq.(32):

a = 6εG

(1 − εG)dS
+ aWave (32)

9. CalculatekL, Eq.(33):

kL = kLa

a
(33)

It should be mentioned thataWave was used in Eq.(32) in
order to take into account the effect of the wavy surface area,
which can have a significant impact, particularly in small-scale
agitated reactors[73].

As an example, the developed algorithm based on the BPNN
c os-
i and
h
t eters
i scale
g veg-
e sults
a

4

il, is a
k pro-
d
p e oil,
i rties
a
t nsat-
u the
h n
. Algorithm for calculating the hydrodynamic and
ass transfer parameters

In this study, the empirical correlations and BPNNs were
n parallel to develop the calculation algorithm, which co
e employed to predict the hydrodynamic and mass tra
arameters in agitated reactors as depicted inFig. 5.

The calculation algorithm consists of the following steps

. CalculateNCRE for SARs, Eq.(1) orNCRI for GIRs, Eq.(2),
or the BPNN inTable 9.
s

e

r

orrelations was used to predict the effect of liquid visc
ty, mimicking the evolution of the hydrogenation process,
ydrogen mole fraction in the gaseous feed mixture (H2 + N2) to

he reactor on the hydrodynamics and mass transfer param
n soybean oil hydrogenation process conducted in a large-
as-sparging agitated reactor. A brief background on the
table oil hydrogenation processes and the simulation re
re given in the following.

. Results and discussion

The hydrogenation of vegetable oils, such as soybean o
ey process in the fat industry due to its applications in the
uction of frying fats, margarine and shortenings[78,79]. The
urpose of this process is to increase the melting point of th

ncrease its stability to oxidation, enhance its frying prope
nd improve its solidification characteristics[78,80]. In order

o obtain these properties, the double bonds along the u
rated triglyceride chains are selectively saturated during
ydrogenation reaction[78,80]. The industrial hydrogenatio
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Fig. 3. Comparison between experimental and predictedεG anddS values using empirical and BPNN correlations.

Table 9
Architecture, weights of theNCR BPNN correlation

1 2 3 4 5 6 7 8 9 10

First hidden layer weightsui,j
1 8.35 26.78 −30.16 2.63 1.72 −5.37 0.54 3.64 −1.90 −13.24
2 −28.29 −33.32 60.17 −4.83 4.48 7.00 −0.73 50.43 −69.38 32.63
3 −12.15 34.83 −80.39 6.31 −7.04 −4.18 0.82 −55.17 60.85 0.24
4 4.52 34.25 −73.91 −4.10 0.98 −3.50 −0.54 81.09 28.72 −3.49
5 −6.21 −42.45 51.52 1.45 0.92 8.78 −2.19 −11.24 1.59 13.96
6 −1.70 −27.57 −5.17 3.74 −1.58 −6.71 2.62 11.16 −20.47 2.79
7 −14.74 −29.14 −44.81 3.12 −6.13 −2.07 1.28 20.15 −23.49 1.78
8 −6.97 −6.54 −33.78 1.41 −0.68 −3.43 1.86 7.65 −10.75 0.91

Bias of first hidden layeru0,i 4.85 −3.93 3.75 6.92 −11.05 5.52 5.01 9.85
Output layer weightswi 14.02 8.42 17.05 −33.35 4.38 4.07 −16.60 −4.15
Bias of output neuronw0 19.89
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Fig. 4. Comparison between experimental and predictedkLa andaWave values using empirical and BPNN correlations.

Table 10
Architecture, weights of theQGI BPNN correlation

1 2 3 4 5 6 7 8 9 10 11 12

First hidden layer weightsui,j
1 −14.15 8.50 −7.38 −4.82 −7.26 −11.92 −2.60 4.68 2.29 −0.89 22.17 14.43
2 −6.31 0.83 4.64 −9.98 −3.71 1.32 2.13 3.44 7.23 4.39 −9.67 20.24
3 −9.90 9.56 −7.69 −3.34 −17.75 −0.80 0.05 2.85 4.80 −6.12 5.86 −0.30
4 5.19 −5.30 −16.27 0.81 −16.10 0.65 1.44 0.88 0.96 2.20 −0.89 13.58
5 18.75 −14.83 2.10 8.76 0.52 −0.92 2.20 0.07 −8.23 0.37 −3.11 0.56
6 −14.27 3.30 −9.12 −3.73 −16.10 −5.30 −0.29 5.63 2.65 8.07 10.14 7.89
7 −47.58 1.04 −5.45 −26.94 −21.08 18.79 0.37 9.25 −47.74 6.08 −11.01 11.30
8 −0.66 9.05 −8.41 −1.13 0.97 −12.44 −0.11 −3.41 −12.49 −6.43 −3.67 0.59

Bias of first hidden layeru0,i −13.35 2.35 −0.48 −4.77 −1.94 −4.33 −13.89 5.79
Output layer weightswi −4.95 8.09 −5.90 −7.91 −2.67 8.75 −28.30 −7.14
Bias of output neuronw0 −6.36
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Fig. 5. Calculation algorithm for the hydrodynamic and mass transfer parameters using the empirical and BPNN correlations.

Table 11
Architecture, weights of theεG BPNN correlation

1 2 3 4 5 6 7 8 9 10 11 12 13

First hidden layer weightsui,j
1 −18.65 13.91 −9.73 −2.87 2.46 −34.93 −10.02 −4.88 32.85 6.69 0.57 −17.83 3.04
2 −17.66 14.99 3.83 5.82 6.51 −0.99 1.57 6.64 0.81 6.17 1.14 5.55−1.68
3 −1.52 1.94 0.90 −22.86 −5.65 0.19 3.81 3.09 6.38 −0.99 −3.10 −2.95 2.81
4 −0.09 7.78 −12.13 −4.16 2.46 4.34 13.73 −2.41 10.69 −0.19 −0.92 −4.79 −0.79
5 4.33 −1.52 −7.36 3.77 −1.03 −0.29 −3.72 1.61 −4.96 3.77 1.95 −4.53 0.61
6 1.71 −10.63 −1.31 −29.96 4.46 −1.36 −7.26 −9.25 −0.03 −5.51 9.98 −16.02 1.86
7 2.36 5.02 −0.81 6.96 7.03 −0.66 4.62 −2.82 16.71 7.23 −0.42 −12.60 −2.28
8 −14.89 10.62 −10.55 3.45 0.73 −5.76 −8.67 −5.38 −15.38 1.08 0.67 −9.04 1.13
9 −15.53 10.15 0.49 −6.09 11.92 1.88 6.77 −1.01 1.47 5.21 −2.00 7.93 −2.56
10 2.97 −2.43 17.06 19.45 5.69 −2.78 1.32 4.15 −2.59 31.89 0.31 22.51 −1.76

Bias of first hidden layeru0,i −2.38 4.84 −5.78 −0.39 −5.13 −0.59 −5.00 0.72 0.10 −1.09
Output layer weightswi 13.01 2.72 −8.58 6.90 8.73 −0.88 3.78 −12.50 −2.65 −3.76
Bias of output neuronw0 −5.54

Table 12
Architecture, weights of thedS BPNN correlation

1 2 3 4 5 6 7 8 9 10

First hidden layer weightsui,j
1 −1.20 −2.69 −4.12 0.34 57.32 −0.29 1.11 −1.82 −1.33 5.16
2 0.80 −1.39 3.99 −19.39 7.16 9.37 0.84 −1.84 −0.58 6.67
3 −29.44 −3.44 24.54 0.42 −4.01 −3.18 0.08 1.05 0.15 −1.13
4 −1.75 −1.80 37.87 24.52 23.66 −8.15 −0.75 0.59 0.83 −22.79
5 12.89 −1.24 10.97 −90.95 66.59 32.98 0.18 −0.94 0.68 −25.47
6 0.43 0.71 −4.85 17.89 −27.40 14.11 −0.04 −12.44 −6.12 −2.02

Bias of first hidden layeru0,i 6.58 1.63 16.31 1.47 9.83 −4.44
Output layer weightswi −7.70 3.84 −1.42 2.63 −1.19 −2.09
Bias of output neuronw0 5.57
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Table 13
Architecture, weights of thekLaBPNN correlation

1 2 3 4 5 6 7 8 9 10

First hidden layer weightsui,j
1 2.88 4.87 −0.58 −9.02 5.98 −0.17 −3.67 −0.67 −7.76 −22.32
2 −2.09 9.11 3.01 8.08 −9.03 −0.09 −29.15 −18.32 3.53 −5.85
3 9.81 −19.61 0.31 −17.34 −5.20 6.11 −0.32 −9.38 13.21 −20.79
4 −1.20 −9.28 −15.05 8.45 1.68 −1.56 1.47 −4.67 1.07 1.38
5 −9.35 2.52 6.38 −24.46 −1.51 −0.18 −7.52 3.38 −5.27 7.29
6 −2.07 −12.16 38.68 −10.52 −15.93 −1.72 −0.70 −6.62 −6.22 0.68
7 −0.10 7.14 −24.48 −22.50 7.56 −1.97 −3.66 −8.07 12.88 −3.50
8 −9.56 6.55 −11.73 0.70 9.45 −6.24 0.58 8.97 81.82 −0.49
9 0.95 5.94 −5.27 25.29 0.95 0.48 −3.14 −9.46 4.65 36.31

10 1.78 −7.27 11.60 25.96 −19.65 −0.46 −21.74 1.35 11.97 3.81

Bias of firsst hidden layeru0,i 0.82 4.52 −2.16 5.09 0.72 −3.21 1.80 5.67 −1.96 −3.57

Second hidden layer weightsvi,j
1 1.27 −9.88 −0.42 1.58 −1.63 16.16 4.88 −3.03 8.32 5.63
2 −7.05 −2.78 0.72 20.23 −19.60 1.37 9.44 −1.67 6.20 −26.30
3 16.65 −12.39 −2.78 4.43 11.46 −8.95 −9.19 0.46 21.81 22.59
4 7.31 −1.24 −5.42 2.73 −2.78 9.01 −3.16 −7.21 2.29 14.68
5 7.55 −4.91 −0.20 5.70 1.45 −5.28 −2.31 −0.10 12.16 4.73
6 1.75 −1.59 0.94 −1.45 1.51 4.43 −17.00 1.17 −0.05 −8.04
7 4.46 3.24 −1.33 7.23 4.54 −7.43 0.51 −1.09 1.77 −0.62
8 −8.50 −0.83 −22.08 6.93 −3.57 7.13 −11.62 −21.44 −5.45 −22.50

Bias of second hidden layerv0,i −10.66 −12.17 −21.03 −7.88 −14.04 −1.62 −9.50 18.08
Output layer weightswi 2.61 −1.25 −1.29 −3.12 2.51 −2.90 −3.51 −10.20
Bias of output neuronw0 1.99

of soybean oil is usually carried out in a three-phase agitated
reactor where gaseous hydrogen, liquid soybean oil and solid
Ni- or Pd-based catalyst are used[78,80]. The operating con-
ditions of the process range from 393 to 473 K, 1 to 5 bar and
0.01 to 0.1 wt.% catalyst[81], and is usually carried out in GSRs
operating in a batch mode[13]. The capacity of the commercial
soybean oil hydrogenation reactors typically varies between 5
and 30,000 kg; and in the United States, the hydrogenation of
soybean oil process is referred to as the Normann process[82].

In the hydrogenation process, the knowledge of the iodine
value (I.V.) is essential as it characterizes the number of double
bonds of the oil. The I.V. value is related to the amount of hydro-
gen consumed, and thus the control of the amount of hydrogen
in the gaseous feed to the reactor is of prime importance for the
quality and properties of the oil as well as for the process eco-
nomics. Topallar et al.[83] reported that a drop of I.V. value from
131.7 to 82.4 during vegetable oil hydrogenation can increase
the oil viscosity by a factor of 1.5–1.7. Similar findings were

reported by Fillion[13], who emphasized the effect of oil vis-
cosity on the process design. Also, due to the explosive nature
of hydrogen, the commercial reactor could be safely operated
with a (H2 + N2) mixture, which could have a strong impact on
the process hydrodynamics and mass transfer[13].

In this study, the effects of liquid-phase viscosity and hydro-
gen mole fraction in the gaseous feed (H2 + N2) to the reactor
on the hydrodynamic and mass transfer parameters for soy-
bean oil hydrogenation in a large-scale gas-sparging agitated
reactor were predicted using the developed algorithm based on
the BPNN correlations. The reactor used in the simulation was:
2.5 m (inside diameter), 5 m height, 7.8125 m3 liquid volume and
about 7000 kg soybean oil capacity at room temperature. Details
of the reactor geometry, operating conditions and gas–liquid
physicochemical properties used as input to the BPNNs are given
in Table 15. It should be mentioned that Fillion[13] reported no
effects of catalyst loading on the hydrodynamic and mass trans-
fer parameters in soybean oil hydrogenation if the Ni-wt.% were

Table 14
Architecture, weights of theaWave BPNN correlation

1 2 3 4 5 6 7 8 9

First hidden layer weightsui,j
1 1.73 14.79 −3.45 −5.05 7.50 2.72 8.19 12.41 −6.86
2 −7.48 7.36 −0.88 33.75 −23.57 −14.92 7.99 −7.91 −6.53

−
− 9

B
O
B

3 8.31 3.18 −1.56
4 4.56 −11.59 1.52

ias of first hidden Layeru0,i −1.48 10.15 −10.95
utput layer weightswi −7.50 −11.14 −21.93
ias of output neuronw0 4.22
15.79 −10.94 20.27 2.21 26.92 −6.14
7.97 −2.97 13.38 0.84 8.53 14.5

1.47
9.98
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Fig. 6. Effect of liquid viscosity andyH2 on εG, dS anda for the soybean process using BPNN correlations.

less than 0.16, and accordingly the use of the present algorithm
developed for gas–liquid system under the conditions given in
Table 15can be justified.

Fig. 6 shows that increasing liquid-phase viscosity from
0.0023 to 0.0047 at constant pressure (P) = 0.5 MPa, tempera-
ture (T) = 473 K, and superficial gas velocity (UG) = 0.04 m s−1,
decreases the total gas holdup (εG) by 15% within the H2 mole
fraction range used (0–1). This decrease of the gas holdup with
increasing liquid-phase viscosity could be due to the increase
of gas bubbles coalescence; and is in agreement with the find-
ings by Rushton and Bimbinet[14], Loiseau[50] and Fillion
[13]. Increasing liquid-phase viscosity also increases the Sauter
mean bubble diameter (dS) from 0.0049 to 0.0053 m, which
clearly indicates the increase of the gas bubbles coalescence
with increasing liquid-phase viscosity.

Fig. 6 also shows that increasing the hydrogen mole frac-
tion (yH2) from 0 to 1 at constantP= 0.5 MPa,T= 473 K, and
UG = 0.04 m s−1 within the soybean oil range of liquid viscosity

range employed (0.0023–0.0047 Pa s) decreases the gas holdup
by up to 20%. This decrease ofεG can be related to the decrease
of gas density (i.e. the gas momentum) with increasing the H2
mole fraction in the gas mixture, which is in accordance with
available literature findings[5,9,13]. Increasing the H2 mole
fraction, on the other hand, appears to slightly increase the Sauter
mean diameter from 0.0035 to 0.0053 m, which can be attributed
to the increase of the probability of gas bubbles coalescence
with decreasing the gas momentum. This behavior ofdS is in
agreement with the results by Fillion[13] who found that under
similar operating conditions H2 bubble sizes were larger than
those of N2 in soybean oil, since under the same pressure, tem-
perature and superficial gas velocity, N2 would exhibit greater
momentum than H2. Thus, the decrease of the gas holdup and
the increase of the Sauter mean bubble diameter with increasing
either the liquid-phase viscosity or the H2 mole fraction obvi-
ously lead to the decrease of the gas–liquid interfacial area,a
according to Eq.(32), as can be seen inFig. 6.
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Fig. 7. Effect of liquid viscosity andyH2 onkL andkLa of N2 and H2 for the soybean process using BPNN correlations.

Increasing the liquid-phase viscosity is supposed to decrease
the gas diffusivity in the liquid-phase (DAB) following the mod-
ified Wilke and Chang’s equation proposed by Fillion[13],
and since the mass transfer coefficient (kL) is proportional to
the DAB to the power 0.5 and 1.0 according to the penetra-
tion theory and two-film model, respectively, thekL values
for H2 and N2 are expected to decrease with increasing the
liquid-phase viscosity. The increase of the Sauter mean bub-
ble diameter with increasing liquid-phase viscosity, however, is
expected to increase the mass transfer coefficient (kL), since
kL was reported to be directly proportional todS [84,85]. It
appears that under the operating range studied, the decrease
of kL due to the increase of liquid-phase viscosity is stronger
than its increase due to the increase of the Sauter mean bub-
ble diameter, leading to the observed decrease ofkL as shown
in Fig. 7. On the other hand, increasing the H2 mole fraction

within the liquid-phase viscosity range (0.0023–0.47 Pa s) was
found to increase the Sauter mean bubble diameter, which was
expected to increase the mass transfer coefficients,kL for H2 and
N2 according to literature findings[84,85]and as can be seen in
Fig. 7.

Thus, from the above discussion increasing the liquid vis-
cosity decreased the gas–liquid interfacial area and the mass
transfer coefficients for H2 and N2, and consequently the vol-
umetric mass transfer coefficients (kLa) for both gases should
decrease with increasing the liquid-phase viscosity as can be
clearly seen inFig. 7. Actually, in this figure, the values of
kLaH2 and kLaN2 appear to decrease by 60% with increasing
liquid-phase viscosity from 0.0023 to 0.0047 Pa s within the H2
mole fraction range used. The decrease of the gas–liquid inter-
facial area and the increase of the mass transfer coefficient (kL)
with increasing the H2 mole fraction as discussed above could
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Table 15
Reactor geometry, operating conditions and physical properties of the GSR sim-
ulating the soybean oil process

System H2 + N2-Soybean Oil-0.16 wt.% Ni

Reactor
and
sparger
geom-
e-
try

dT, m 2.5
dImp., m dT/3
H, m 2dT

HL, m dT/3
nImp. 3

Operating
vari-
ables

T, K 473
P, MPa 0.5
UG, m s−1 0.04
N, Hz 1.25
XW, wt.% 100
yH2 0–1

System
phys-
i-
cal
prop-
er-
ties

ρL, kg m−3 800
µL, Pa s 2.33× 10−3–4.66× 10−3

σL, N m−1 0.0247
ρG, kg m−3 3.56–0.25
DAB-H2, m2 s−1 1.24× 10−8–1.88× 10−8

DAB-N2, m2 s−1 1.00× 10−8–1.52× 10−8

lead to the increase or decrease of the volumetric mass transfer
coefficients (kLa) for both gases.Fig. 7, however, shows that
kLaH2 and kLaN2 values only increase by 25% with increas-
ing the H2 mole fraction within the liquid-phase viscosity used
(0.0023–0.0047 Pa s). This indicates that the mass transfer coe
ficients (kL) for both gases have a stronger influence on their
correspondingkLa values than the gas–liquid interfacial area
within the operating conditions used.

Fig. 7 also shows that, under similar conditions,kLa values
for H2 in soybean oil when using the gaseous mixture (H2 + N2)
are about 25% lower than those obtained for H2 (as a single-
component). This finding is important for the design of GSRs;
and is in good agreements with the 5–15% decrease of the H2
reaction rate measured by Fillion[13] while hydrogenating soy-
bean oil using different (N2 + H2) ratios. In addition, the figure
illustrates thatkL values for H2 are consistently greater than
those of N2, which can be related to the fact that the diffusivity
of H2 in soybean oil is always greater than that of N2 according
to the modified Wilke and Chang’s equation by Fillion[13].

5. Conclusions

A large number of data points (7374) on the hydrodynamic
and mass transfer parameters obtained in our laboratories an
from the literature in ARs, covering different reactor sizes and
o l and
n d to
c eters
u vels
a ated
i ts of
v
o
N arge
s

The algorithm predictions showed that increasing the liquid-
phase viscosity decreased theεG and increaseddS, resulting in
a decrease ofa. The decrease of the gas holdup with increas-
ing the liquid-phase viscosity was related to the increase of
gas bubble coalescence under these conditions. Increasing the
liquid-phase viscosity, however, decreasedkL as well askLaval-
ues for both H2 and N2 within the range H2 mole fraction (0–1)
used. ThiskL behavior indicated that the effect of viscosity onkL
is more significant than that ofdS. The predictions also showed
that increasing the H2 mole fraction in the feed to the reactor
decreasedεG and increaseddS, resulting in a decrease ofa and
an increase ofkL as well askLa for both H2 and N2 within the
range of liquid-phase viscosity used (0.0023–0.0047 Pa s). The
decrease of the gas holdup with increasing the H2 mole frac-
tion in the feed gas was attributed to the decrease of the density
(momentum) of the gas mixture. The increase ofkL values with
increasing the H2 mole fraction in the feed gas was related to the
increase ofdS, sincekL was reported to be directly proportional
to dS. The predictedkLa values indicted that the mass transfer
behavior in the gas-sparging reactor proposed in this study for
soybean oil hydrogenation was controlled by the mass transfer
coefficient,kL. Also, under similar conditions,kLa values for
H2 in soybean oil when using the gaseous mixture (H2 + N2)
were found to be about 25% lower than those obtained for H2
(as a single-component), andkL values for H2 were consistently
greater than those of Nwithin the ranges of the operating con-
d
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perating conditions were used to develop novel empirica
eural network (BPNN) correlations which were employe
onstruct a simple algorithm for predicting these param
nder industrial conditions. Due to their high confidence le
nd flexibility, the developed BPNN models were incorpor

n the algorithm, which was then used to predict the effec
iscosity and hydrogen mole fraction in the feed gas (H2 + N2)
n the hydrodynamic and mass transfer parameters for H2 and
2 in soybean oil hydrogenation process conducted in a l
cale GSR (2.5 m i.d. and 5 m height).
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itions used.

It should be mentioned that although the developed algo
ppears to be a viable tool for predicting the hydrodynamic
ass transfer parameters in large-scale ARs used in com

ial processes, the accuracy of such predictions could be fu
mproved by diversifying and expanding the experimental
ank used, particularly with large-scale reactors, operating u
ctual industrial conditions.

ppendix A

The power input per unit volume in SARs was calculate
ollows:

P∗
SAR

VL
= NP × d5

Imp. × ρL ×N3

VL
(A.1)

NP, the power number, is function of the impeller type
eometry as well as the Reynolds number[3].

The gassed power input per unit liquid volume in G
quipped with a hollow shaft was calculated from Heim e

20]:

P∗
GIR

VL
= P∗

SAR

VL
×
(

1 − exp

(
A+ a1√

Fr
+ a2Re

))
(A.2)

, a1 anda2 are constants which are function of the impe
esign.
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For GIRs equipped with a draft tube, the expression devel-
oped by Saravanan et al.[86] was used:

P∗
GIR

VL
= ρLWN3(dImp./2)4

VL

(
C∗

DO − C∗
DY

(
1 − 1

ΦFS

)3
)

+ τrg2πN

VL
(A.3)

W is the impeller width,C∗
DO andC∗

DY the impeller drag coeffi-
cients in the gas–liquid dispersion conveying and central zone,
respectively,Φ the vortexing constant,FS the Froude number
based on submergence andτrg is the torque representing the
effect of recycled fluid on the power input.

In GSRs, the power input per unit volume was calculated
from Loiseau et al.[15]:

P∗
GSR

VL
= A

VL
×
(
P∗

SARNd
3
Imp.

Q0.56
G

)B

(A.4)

A andB are constants.
Also, the power of the sparged gas from the compressor was

calculated according to Shridhar and Potter[9] as:

UGρLg (A.5)
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