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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 reac
geometry (reactor diameter and type, impeller diameter and gas distribution scheme), physicochemical properties (liquid and gas density
molecular weight, liquid viscosity and surface tension, diffusivity) and operating variables (superficial gas velocity, temperature, ppaagure, m
speed, liquid height and mixtures) were used to develop empirical as well as back-propagation neural network (BPNN) correlations in ordet
predict the hydrodynamic and mass transfer parameters in gas—liquid agitated reactors (ARs). The empirical and BPNN correlations develc
were incorporated in a calculation algorithm for predicting the gas holek)p Yolumetric mass transfer coefficientg &), Sauter mean bubble
diameter ¢s), gas—liquid interfacial area) and liquid-side mass transfer coefficiekit(in ARs, operating in surface-aeration, gas-inducing and
gas-sparging modes.

The algorithm was used to predict the effects of liquid viscosity and hydrogen mole fraction in the feed ga$tén the hydrodynamic
and mass transfer parameters for the soybean oil hydrogenation process conducted in a large-scale gas-sparging agitated reactor (7000 kg st
oil capacity). The predictions showed that increasing the liquid-phase viscosity, mimicking the evolution of the hydrogenation of soybean oil in
batch reactor, decreasegland increaseds, resulting in a decrease af The decrease of the gas holdup with increasing the liquid-phase viscosity
was related to the increase of gas bubble coalescence in the reactor. Increasing liquid-phase viscosity, howeverkdesreasdleat a values
for both H, and N, within the range H mole fraction (0—1) used. Thig behavior indicated that the effect of viscosity kanis more significant
than that ofds, sincek_ was reported to be proportional da. The predictions also showed that increasing thertdle fraction in the feed to the
reactor decreasegs and increaseds, resulting in a decrease afand an increase &f as well ask a for both H, and N, within the range of
liquid-phase viscosity used (0.0023-0.0047 Pas). The decrease of the gas holdup with increasingpldridction in the feed gas was attributed
to the decrease of the density (momentum) of the gas mixture. The increlaseaddies with increasing the Hnole fraction in the feed gas was
related to the increase d&. The predicted _a values indicated that the mass transfer behavior in the large-scale gas-sparging reactor propose
for soybean oil hydrogenation was controlled by the mass transfer coefficieAiso, under similar conditions,_a values for H in soybean oil
when using the gaseous mixture;(HN,) were lower than those obtained fog khs a single-component); akd values for H were consistently
greater than those of Nvithin the ranges of the operating conditions used in the simulation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in the liquid bulk close to saturation, insuring high perfor-
manceq1]. The use of one or several impellers for agitation
Agitated reactors (ARs) are suitable for slow-reaction regimepurposes increases the contact time between the gas and the
processes, such as most liquid-phase oxidation, hydrogenatidiquid phases via circulation and intensifies the heat transfer
chlorination and some fermentation processes. This is becaubetween the phases and the cooling coils or reactor walls,
ARs are characterized by high liquid holdup and mass/hedeading to effective temperature control which is essential for
transfer, which are required to maintain the gas concentratioachieving optimal performance of most gas—liquid processes.
ARs can be employed in series or in cascade of agitated
reactors for large throughput commercial gas—liquid processes
* Corresponding author. Tel.: +1 4126249650; fax: +1 4126249639. [2,3]. Also, the flexible mode of operation of ARs as depicted

E-mail addressmorsi@engrng.pitt.edu (B.l. Morsi). in Fig. 1 (gas-sparging, gas-inducing and surface-aeration)

1385-8947/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
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Nomenclature

gas—liquid interfacial area per unit liquid of the
gas bubbles, m!

gas-liquid interfacial area per unit liquid of
gas-liquid surface, mt

Sauter mean bubble diameter, m

diffusivity of gas in the liquid, s1

diameter of the impeller, m

diameter of the tank, m

gravitational constant, nT$

liquid height, m

liquid height above the last impeller, m
liquid-side mass transfer coefficient, mis
vollumetric liquid-side mass transfer coefficien
-

molecular weight, kg kmot

mixing speed, Hz

critical mixing speed, Hz

critical mixing speed of gas entrainment, Hz
critical mixing speed of gas induction, Hz
number of impeller

pressure, bar

total (mechanical + gas) power input per unit vo
ume, Wn13

induced gas flow rate, 51

gas constant, MPatkmol~1 K1

temperature, K

superficial gas velocity, s

bias of first hidden layer

weight of first hidden layer

terminal gas velocity, mst

bias of second hidden layer

weight of second hidden layer

volume of the liquid, rA

bias of output layer

weight of output layer

concentration of the major component in a liqui
mixture, wt

mole fraction of hydrogen in the gas mixture

Greek symbols

gas holdup

viscosity, kgnrlst

density of the gas, kg

density of the liquid, kg m3
surface tension of the liquid, NT#
standard of deviatioe

= 12(

Zpred— ZExp

2
. — AARE) " x 100%
Exp.

Dimensionless numbers

Aeration number: Ae = —<£8
NxdlmpA
Aeration number modifiedAe* = 28
Imp.

o

. dlzmp ><N(ZZR
Critical Froude number:Frc = oA
. Y S
Euler number: Eu = o N2

Imp
dlm x N2
. _ p.
Froude number:Fr = o T

Froude number modified#r* — dme.xY*

Re-circulation number:Ngir = dimp. N X

1/4
oL
(gal_ (oL —0a) )

_ P
Power numberNp = Wﬁnp
d2 xpL XN
Reynolds number:Re = "“”T
i SQn ML
Schmidt number:Sc = L% Dn )
kLaxd,
Sherwood number:Sh = DA'"’"‘
d3 x pL X N2

Weber number;We = -me-_—~"""

Acronyms
AARE average absolute relative errer

12
ANN art|f|C|aI neural network
BPNN back-propagation neural network
DT draft tube
GIR gas-inducing reactor
GSR  gas-sparging reactor
HS hollow shaft

1.V. iodine value
SAR  surface-aeration reactor

ZPred ZExp

x 100%

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
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Fig. 1. Operation modes of agitated reactors.

GIRs and GSRs. The GIRs have higher rate of gas absorptidior a compressor to sparge the gas into these reactors could be
and gas holdup than those in the SARs without any additionatostly.

costs or the need for re-circulation loop. The GSRs enjoy the The design, scale-up and optimal operations of ARs require,
highest gas absorption rate and gas holdup, however, the neathong others, the knowledge of the hydrodynamics, mass trans-

Table 1
Literature correlations ads in ARs
Authors Gas/liquid Reactors Operating conditions Correlations
0.25
Vermeulen et al[6] - GSR Atm. ds = 0.00429x L

NS dimp. o702
« @1.072+0.626xIn(sG)+0.0733x (In(ec))]

0.6
CalderbanK7] Air/H 20, C7Hg, alcohols, glycols, GSR Atm.N: 3.3-20 Hz,Ug: ds = 4.15x (P*/;/ILW X 5(13/2 +
CCls, nitro-benzene, ethyl acetate 3-6x103ms1; dr: 0.18, 0.0009 R
0.51m
<\ 0.4
Miller [8] CO,, air/aqueous solution GSR AtriN: 0.4-7 Hz;Ug: ds = 4.15x o0 (%) 022 x
8-150x 10 3ms; dy: 12
0.15-0.67m &g~ +0.0009
Shridhar and Pottg®] Air/cyclohexane GSR T: 298-423K;P: 0.1-1 MPa; ds = 4.15 x
N: 8-30 Hz;Ug: ap® (M)O-lﬁ (i) L2,
<0.032ms?; dr: 0.13m (PG /M) 02? \ e kr)"6
0.0009
Hughmark{10] - GSR - 8L =55 x
12 N ) 23 e
EG dlmp.é’VLZ/s (PG/P )
Matsumura et al11] Oq/water + sodium alginate SAR AtnN: 7-16.5Hz;dy: ds =7.67x 1072
0.218m (N ( Nadimpn ) O
f o
050
. (Ngdfmpﬂ) ( Ve >0.22a
wLg Nadimp.
% 7 /
Parthasarathy et gt12] Air/water + methyl isobutyl GSR Atm.N: 2-13.3Hz,Ug: ds =20x af/s (C—f) p[l/s
carbinol 0.2-1x 103ms1: dy:
0.065m
Fillion [13] H2, Na/soybean oil GIR; GSR P: 0.1-0.5 MPaT: ds.Gr=
373-473KN: 10-23.3 Hz; o000
’ ’ 300x —L—&—-, ds. =
Qc: 0.01-0.05 s 1; dr: X (rg/ Ve GSGSR
0.11m 0.436 % M0 000

(P(*;/ W )O'OGPE'ZO

@ N, is the lower impeller mixing speed.
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Literature correlations of the gas holdup in ARs
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Authors Gasl/liquid Reactors Operating conditions Correlations
. 1/2
CalderbanK7] Ait/H 0, CyHg, GSR AtM.N: 3.3-20 Hz; ea = (Y8t¢) " 4 0.000216x
alcohols, glycols, Ug: P*\%% 02, 06 Ug\1/2
CCly, nitro-benzene, 3-6x103msL; dy: (VL) pct/oLT X (UT)
ethyl acetate 0.18,0.51m
«\ b
Rushton and Bimbingi4] Air/H>0 + corn syrup GSR AtmUg: &g =a X C—‘f) Ug a andb
3l
3__30X 10 ms™; constants function
dr: 0.23-0.91m Of dimp./dr. ¢ = 0.6
o\ 172
Miller [8] CO,, airfaqueous GSR Atm.N: 0.4-7Hz;Ug: ee = (75%) /2 | 0.000216x
solution 8-150x 103 ms1; .\ 04 12
Ps 02, 06 ug _\Y¥
dr:0.15-0.67m w ) ecilolCx (UT+UG)
Loiseau et al[15] Air/water, glycol, GSR Atm.N: 5-50 Hz;Ug: &g = 0.011 x
water + alcohols, 0.7-85x 103 ms%; UQ3605,-0360, ~0.056
i ; . 0.270
sodium sulfite dr:0.22m W (24 26 OGRT
VL Mg VL In(Pspargef PT)
Matsumura et al[16] Water, alcohols GSR AtnN: 7-16.5 Hz; &G = 6.86 x 1073 Re0-180yy,0250
Ug: % Ae*—0.2007+0.335
0.5-10x 10 3ms1;
dy:0.218m
AN
Lopes de Figueiredo and CalderbdK] Oq/water GSR AtmN: 5-8 Hz; eg = 0.34 x (V—f) Ug
P IVL:
0.41-4.8kW nt3; dr:
0.91m
. . 1/2
Shridhar and PottgB] Air/cyclohexane GSR P: 0.1-1 MPaT: &g = (%) / + 0.000216x
298-423 K;N: \04 o6
8-30Hz;Ug: (vf’ pct/o” X
1.4
<0.032ms*; dy: (g)l/z(&)olle Er
0.13m Ur PAIR Py
Hughmark{10] - GSR - e = 0.74 x
06 05 deﬁnp‘ 0.5
(%) (Gt
0.25
, N2d|4mp_ds
Matsumura et al[11] Oy/water + sodium SAR Atm.N: 7-16.5Hz; eg =216 x
; . 0.30
alginate dr:0.218 m Nodimp it 0.30 N3dE o
oL 4
v 1.05
E a
X (delmp. )
He et al.[18] Air/water + CMC, GIR Atm. N: 3.3-33.3 Hz; eg = 3.19x
; . «\ 1.90
water + Triton-X-114 dr:0.075m 10-4 (1‘%) o=
pr\ 095
5.85x 1073 (76) b.c
L
Al Taweel and Chengfl9] Air/water + PGME GIR AtmN: 12.5-25 Hz; &g =
dr:0.19m 10945 NL77 0255104 for
air/water+ additives
Heim et al.[20] Air/water- GIR Atm. Fr*: 0.28-1.49; eg = 28.96 x
fermentation Re 33-260x 103; dr: Fr0968R,—0.3544,0644
. 0.176
mixture 0.3m dimp.
Hy
ec = 19970 x
1063 p,—0.458 4 ,0.789
4 0.316
mp.
x TLP e
&g = 25.85 x
F0.947p ,—0.336 4 ,0.634
0.255
dimp. f
Hp
Wichterle[21] H»0, glycerin, CC}, SAR Atm.dr: 0.57-0.9m eg = 0.12 x (Neir —

tenside, ethylioside

1.4 x Ngjrg) for Neir >
14N otherwiseeg = 0
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Authors Gasl/liquid Reactors Operating conditions Correlations
Saravanan and Jogzi2] Air/H,0 GIR Atm.N: 0.3-15.5 Hz; e = 2.67 x
dr:0.57,1,1.5m 10_3(d|mp) ( QG,,L)O-“S
HLE
Tekie[3] N2, Ox/cyclohexane GIR P: 0.7-3.5 MPaT: eg = 3.85x 1072 x
330-430 KN: (N No)l 19( )
6.7-20Hzdr: 0.11m
0.82 197
(m ) (55) with oo =
0.025 NnT3, No = 116 Hz
Murugesarj23] Air/water, toluene, GSR Atm.N: 3.3-23.3 Hz; e =312 x
glycerol Ug: 105 ( o7 )0'125<@) 045
1-66x 10 3ms1; G \ oLBng g
. X
dr:0.15m e 0.08 0 085 ( dimp. 0.65
(Tp) (@) (T)
Fillion [13] H2, N2/soybean oil GIR P: 0.1-0.5 MPaT: e = 1.151x
373-473KN: MY (Fr — Fre)4A4e052
10-23.3 Hzpdr:
0.11m

a N3 is the lower impeller mixing speed.
b (P5/VL)<20kWnis,

© (P%/VL)>20kWnTs,

94 For a 4-pipe impeller.

€ For a 6-pipe impeller.

f For a disk impeller.

fer/heat transfer, and reaction kinetics under actual process comherefore, the goal of this study is to use a large number of
ditions in large-scale reactors. Literature data indicate that thexperimental data points (7374) obtained in our laboratory and
gas—liquid mass transfer is generally the rate-limiting step irfromthe literature, covering wide ranges of operating conditions,
many industrial processd4], and therefore the focus of this agitated reactor geometries and sizes, to develop empirical and
study is on the determination of the hydrodynamic and mas&NNs correlations, which will be incorporated into an algorithm
transfer parameters in ARs. Several studies have been devotfat predicting systematically the hydrodynamic and mass trans-
to the determination of the hydrodynamics and mass transfder parameters in ARs. The developed algorithm is then used to
parameters in ARE—-44]. Unfortunately, the majority of these predict the effect of operating variables on the hydrodynamic
studies have been carried out under ambient conditions usirend mass transfer parameters in the soybean oil hydrogenation
aqueous systems, with the exception of few studies conductgaocess.
under high pressures and temperatures as detaileblps 1-3

In general, available literature correlations for predicting2. Correlations of the hydrodynamic and mass transfer
the hydrodynamic and mass transfer are based on dimensioparameters
less numbers, specific mixing power input, non-linear statis-

tical approach or artificial neural networks (ANNs) as can Predicting the hydrodynamic and mass transfer parameters
be observed ifrables 1-3 The dimensionless numbers and in ARs is a difficult task, since these parameters can be affected,
specific mixing power input correlations, supposedly indepenamong others, by: (1) geometrical variables: reactor diameter
dent of the gas-liquid system, often provide large deviationgdr), impeller diameterdmp ) and impeller height from the bot-
when compared with experimental d§4&—47] The statistical  tom of the reactorHg); (2) operating variables: reactor mode
correlations are specific to the gas—liquid system and reactqsAR, GIR and GSR), mixing speeil; liquid height ), liquid
employed, even though they enjoy high confidence I8 height above the impelleH( ), temperatureT) and gas partial
Also, artificial neural networks have been successfully employe@ressure®) and (3) physicochemical variables: liquid viscosity
to correlate the volumetric mass transfer coefficielt)in (4, ), liquid and gas densities( andpg), liquid surface tension
GSRs[45,46] and in SARs as well as GIRg7]; however, to (¢, ), gas diffusivity in the liquid Pag) and impurities/mixture
our knowledge no work could be found in the literature on thecomposition ). In order to develop generalized correlations
use of ANNs for predicting the hydrodynamic parameters infor predicting the hydrodynamic and mass transfer parameters in
these three types of ARs. ARs, a large database (7374 data points) obtained in our labora-
Thus, there is a great need to develop correlations for predictories and from the literature as showrTable 4 were first used
ing the hydrodynamics and mass transfer parameters in agitatsl develop empirical correlations and then ANN correlations,
reactors, which would be system-independent and could furthgghich are more powerful and can easily manipulate non-linear
be used for proper design and scale-up of industrial processefput—output relationships than empirical correlations.
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Table 3
Literature correlations df_ain ARs
References Gasl/liquid Reactor Operating conditions Correlation
A\ 0.74
Robinson and Wilkg26] N, CO/aqueous GSR Atm. 303KN: 6.7-36.7Hz;  kLa =3.89x 103 x (%) Use

Perez and SanddqR7]

Bern et al[28]

Matsumura et al24]

Joshi and Sharm29]

Lopes de Figueiredo and
CalderbanK17]

Matsumura et al30]

Kara[31]

Sawant et al[32]

Juda33]

Albal et al.[25]

Karandikar et al[34]

Versteeg et al:35]

Chang[36]

Hichri et al.[37]

Dietrich et al.[38]

Koneripalli et al.[39]

solutions

COy/carbopol
solution

H 2/fat

Oy, air/H,0, various
alcohols

COy/NaCO3 + NaHCG;

Oo/water

0Oy, COp, CHy/sodium
sulfite, O

Ho/tetralin SRCII

Air/water + sodium
sulfate

02/H20, CMC

CO, K, CO,,
CHy/F-T wax + water

COy, N2O/H,0, ag.
alkanol-amine

H2,C0,CHy/n-Cg, n-
C10, N-C14

H2/2-propanol,
o-cresol

H»/H»0, ethanol,
hydrogenation
mixture

Hy, CO,
COy/methanol,
ethanol

GSR

GSR

SAR

GIR

GSR

GSR

GIR

GIR

GSR

SAR

GIR

SAR

GIR

GIR

GIR

GIR

Ug: 1-4.6 103 ms1;
P*/V: 0.03-18 kW n13; di:
0.15m

Atm.T: 297-308 K;N:
3-8Hz;Ug:
0.162-0.466 m3'; dr:
0.15m

P: 0.12-0.14 MPaJ: 453 K;
N: 3-12.5Hz

Atm.N: 7-16.5Hzdr:
0.218m

Atm.N: 3-11.7 HzUg:
0.0003-0.032ms!; P /V, :
1-15kwW nt3; dy:
0.41-1.0m

AtmN: 5-8 Hz;
Pg:0.41-4.8 kW nT3; Ug:
6-13x 10 3ms1; dr:
0.91m

Atm.N: 7-16.5Hz,Ug:
0.5-10x 10 3ms1: dy:
0.218m

P: 7-13.5 MPaT:
606—-684 K;N: 0.8-6.6 Hz;
dr:0.076 m

Atm. N: 5-36 Hz;dt:

0.1x 0.1-0.38x 0.38m

Atm.N: 1.7-16.76 Hzgr:
0.1m

P: 0.7-4.5MPaT:

423-498 K:N: 11.6-16.6 Hz;
dr:0.13m

P: 0.1-1.0 MPaT:

291-356 K;Re

0.2-1.2x 10%; Sc

0.1-1.3x 10*

Eu 0.5-1x 10%; Sc 8-500;
Re 0.3-3x 10°, Fr™: 1-3;We
1-7x 104

Sh 0.1-5x 10°; Va/V: 1-2;
Re 0.7-13x 10%; Sc

5-9x 10%; We 2-6x 10°
Atm.N: 14-33Hz;d7: 0.07m

Eu 0.3-10x 10%; We
0.2-2x 10%; Sc 7-200,Re
0.6-4x 10°

111

2 2
dlmp.kLa —212x NpLdlmp. ( Heff )0'5
Dpg T Heff ALDaB

0.447
« dimp.Ug ( e )0'6943
oL Heff
N3'15d5'35 n
— T mb
kLa=cx (W Ug

ka _ (5)06 06
Tos = 309 x T &G

For Us < 0.005: kLa=6.8
%\ 0.55

x1073 (7) Us
W
For Ug > 0.005 : k.a =326

. P* 0.55 025
x10%( =) 08
L

kLaVi — 0.58770.
L;TL =10 BX(P*) U(0575

+\ 0.6
ka s 0.6
m_3.09x102x(VL) 2

)0.80:&0.009( ) —1.9+0.66

kLa=(3.42+1.13)x 1074( 4= 2

kLa = 0.0195x (£)*°

kia=9.8x 1075(B~96 4+ 0.81 x 1@0,65/8)*1

0.4 -1/3
x ( P* - ( MLZ) c
VoL (uLg®)” PLE

Sh = 1.41 x 1072Sc05 Re0-67 el 29

kLacon, = 0.1607x (N/1000842exp
x (0.108 x P) —0.046

kLaco,,ch, = 0.0171x (N/1000% exp
x (0.38 x P) +0.00525

Sh = 0.064 x Sc®5Re072

Shy, = 2.74 x 107 18Re5005c221 yy ~042yy129
ShCO,CH4 — 5114 % 10712R6,2A18SCL63Eu0A28Fr*lA73

Sh = 0.123x RO4SOS W2 (Ye)

ForH/Dy =1: Sh=3x 10 *Re455c05We05
For H/Dt =14 : Sh =15 x 107*Re!*55c05W05

Sh = 4.88 x 10° Re~3815:0-23 448 f,,0.09
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References Gasl/liquid Reactor Operating conditions Correlation
Mizan et al.[40] Ha, C2H4/C3Hg SAR Fr':0.9-2.0Re Sh = 55.2 x Fr*207Rel-20yy,—134
2-4.5x 10°; We 741-31060
"
Heim et al.[20] Air/water- GIR Atm. Fr: 0.28-1.49Re ﬁ — 1 @ 1964Re OO def
fn(:ir)r(?jrr;tatlon 33-260x 10%; dt: 0.3m 2 L o rLeme 0107
1.06 x 1074
Sh* _ 1 o-138120Re0S57f249%
1.04x 1074 06
Wu [41] Air/H 0 + NaSO; + SAR AM.P'/V 1 1.2-85KWmM3  ka=634x102(4)" °
CoSQ
Yoshida et al[42] Airlwater GSR AtMN: 2.5-6.7 HzUg: kLa = 2.5NLS7x107T) CL08"m. 129,010
0.004-0.06 mst
Tekie[3] N>, Oz/cyclohexane SAR; GIR SAR: 6.67—20.0 Hzx,: Shsar = 4.51 x 10°We 021092
0.7-3.5MPaxz: 330-430K;  In(kLasar-N,) = —2.904 0.36x1 + 0.07x2

%41 0.171-0.268 m; GIRxy: +0.28x3 — 0.18r4 — 0.3%% — 0.06x2 + 0.04x3

6.67—20.0 Hzx,: +0.063:2 — 2 90d—0.2(x1-0.204f)

0.7-3.5MPaxa: 330-430K;  10.04d0L(1+3)(4—x2))

X4:0.171-0.268 m In(kpasar-0,) = —2.93+ 0.11x1 + 0.10x2
+0.23x3 — 0.12x4 — 0.38¢2 — 0.05x2 — 0.03x2
+0.07x2 — 2.90d-01732))
40.11€0-1(x1+3)(4—xa))

In(kLaG|R.N2) =0.01— 1.92x1 + 0.10x2
+0.27x3 — 0.05x4 + 0.72x% — 0.10x3 + 0.02x3
+0.01¢2 — 3.40¢04(r1-425F
40271031 +3)(4-x4)
|n(k|_aG|R.oz) = —371+1.23x1 +0.11x»
+0.22x3 — 0.09x4 + 0.09x2 — 0.04x3
+0.01¢2 + 0.06x2 — 3.75¢ 01761167
4+0.21101+3)(4-x4)

Tekie et al[43] N2, Os/cyclohexane GIR We 0.2-1x 10%, Fr*: 1-3 Shair = 4.51 x 10°We 021 F+0.92
x (14 1.867x 103.)

Fillion [13] N>, Ha/soybean oil GIR; GSR; SAR GIRg: 373-473 Kxo: In(kLagir-N,) = —4.86 — 0.18x1 + 0.71x,

10-23.3 Hzxs: — 0.60x3 + 0.08x2 + 0.12x3 — 0.23x1x7

0.171-0.268 mxy: — 0.08xpx3 — 0.34x1xpx3 — 0.07x3 + 0.0027

0.1-0.5 MPa GSRT: x (x2 + 2.5)€”3 + 1.28 tank(0.3x2(5.5 — x3)

373-473 KN: 10-23.3 Hz; +0.1(2— 4x3))

P: 0.1-0.5 MPalg: In(kLagir-+,) = —3.87+ 0.52x2 — 0.79x3

10.4-51.9criis™1; SAR; xq: +0.22x2 — 0.35€' + 0.33€%3

373-473Kxp: 10-23.3Hz; —0.0038(2 + 3)&>>3 — 0.93re~ 2!

x3: 0.171-0.268 mxy: +2.10tan(0.3x2(8 — x2) + 0.1(2 — 6)6332

— * .

01-0.5MPa kLagsr = 1226x T D%E? % 0958
In(kLasar-n,) = —6.50+ 0.177x1 + 0.474x,
—0.407x3 + 0.053rZ — 0.0798¢2x3
In(kLasar-+,) = —5.99+ 0.2291 + 0.417x,
—0.473v3 — 0.04452 + 0.05243
—0.126x2x3

& Left = M-

Ya

b ¢=0.326,n=0.37+0.02,m=0.3240.10,dr (cm),Us (cms™1), V| (cm?).

¢ B= % X (&)1/3_

HLg
d 4-pipe impeller.
€ 6-pipe impeller.
f Disk impeller.

2.1. Empirical correlations ment in the SAR Ncrg), the critical mixing speed for gas
induction in the GIR Kcr), the induced gas flow rate in the
Previously, Lemoine et aJ73] proposed the following cor- GIR (Qg;) and the wavy gas-liquid interfacial area in the SAR

relations for predicting the critical mixing speed for gas entrain{awaye):
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Table 4
Database on ARs used in this study
References Parameters Gasl/liquid Reactor Operating conditions
Rushton and BimbingtL4] &G Air/ water + corn GSR Atm.Ug: 3-30x 103 ms1; dy: =
syrup 0.23-0.91m
Fuchs et al[48] Ncre: kLa Air, N, Oy/water SAR; GSR AtmUg: 0-53x 103ms™1; dy: ¢
0.13-3.33m
Martin [49] Ncri» Qai Air/water GIR (HS) Atm.N: 4.3-6.0 Hz,dr: 0.280 m A
Miller [8] £G, ds, kLa COy, airlaqueous GSR Atm.N: 0.4—7 Hz;Ug: @®
solution 8-150x 10 3ms1; dr: 0.15-0.67m
Robinson and Wilkg26] £G, ds, kLa Ny, Op, COy/water, GSR Atm. 303 KN: 6.7-36.7 HzUg: Q
alkaline solution 1-4.6x 103ms1; dy: 0.1524m
Bern et al[28] kL a Ho/fat GSR P: 0.12-0.14 MPaT: 453 K; N: <
3-12.5HzUg:
35-300x 10-3ms1; dy: 0.25, 0.65,
2.4m
Loiseau[50] &G, ds, kLa Air, Oy/water, glycol, GSR Atm.N: 6.7-50.0 HzUg: (o4
ethanol, sugar, acetic 0.75-85.0< 10 3ms1; d: 0.225m
acid, CuCl, sodium
sulfite
Joshi and Sharm9] Ncri» Qai, €6, COy, air/water, GIR (HS) Atm.N: 3-11.7 Hz,dr: 0.41, 0.57, v
ds (), k.a sodium dithionite, 1.0m
NapCOz + NaHC Qs
Lopes de Figueiredo and £G, ds, kL a Oy/water GSR AtmN: 5-8 Hz;Ug:
CalderbanK17] 6-13x 103ms1; dr: 0.91m
Botton et al[51] NcRrE G, kLa Air /water, glycol, SAR; GSR AtmN: 0-50Hz;Ug: <0.1msL; dr: A
sodium sulphite 0.085, 0.12, 0.25, 0.60
Shridhar and PottgB] &G, ds Air/cyclohexane GSR P: 0.1-1.0 MPaN: 8-30 Hz;Ug: ]
<0.032ms?; dr: 0.13m
Matsumura et al11] Ncre, ds Air, SAR Atm.N: 7-16.5Hzdy: 0.190, 0.242, v
Oy/water + sodium 0.316 m
alginate
Greaves and Barigdis2] &G Air/water GSR AtmN: 0.6-8.33 HzUg:
6.3-10.7x 10 3ms1;dr: 1.0m
Chang[36] k a Hp, N, CO, GIR (HS) P: 0.5-5.96 MPaT: 328-378 K;N:
CHg/water,n-hexane, 13.3-20.0Hzgy: 0.127 m
n-decane,
n-tetradecane,
cyclohexane
He et al.[18] NcrI» €6 Air/water + CMC, GIR (HS) Atm.N: 3.3-33.3Hzpy: 0.075m [ ]
water + Triton-X-114
Smith et al[53] £G Air/water GSR Atm.N: 0.45-4.0HzUg: v
8.8-28.7x 103ms 1 dr: 1.2, 1.6,
1.8,2.7m
Koneripalli[54] k a N2, CO, Hp, CHy, GIR (HS) P: 0.33-5.48 MPaT: 328-428 KN: A
COy/methanol, 13.3-23.3Hzpy: 0.127m
ethanol
Mizan [55] kLa Hy, CoHg, SAR P: 0.16-3.16 MPaT: 297-353KN: o
CsHg/n-hexane, 13.3-20.0 Hzgy: 0.125m
propylene
Rielly et al.[56] Ncri» Qai Air/water GIR (HS) Atm.N: 3.4-9.0Hzdr: 0.3-0.6 m v
Rewatkar et al[57] £G Air/water GSR Atm.N: 0.85-8.0 HzUg: @
6.3-30.0x 103 mst; dr: 1.0, 1.5m
Aldrich and van Deventer Ncri, Qai Air/water, ethyl GIR (DT) Atm.N: 9.2-20.0Hzgy: 0.19m
[58] alcohol, sucrose
solution
Nienow et al[59] &G Air/water, dirty water GSR AtmN: 0.67-2.5HzUg: A
10-75x 103ms1; dr: 1.98 m
Saravanan et aJ60] Ncri, Qai Air/water GIR (DT) Atm.N: 0.13-13.5 Hzghy: 0.57, 1,
1.5m
Aldrich and van Deventer Qai Air/water, brine, GIR (DT) Atm. T: 291-350 K;N: 13.3-16.3 Hz; ©
[61] alcohol, sucrose dr:0.19m
solution
Al Taweel and Chenf9] X Air/water + PGME GIR (DT) AtmN: 12.5-25Hzgdy: 0.19m O
Li [62] k a Ha, C3Hg, CoHa, SAR P: 0.14-5.8 MPaT: 297-353 K;N: O
CsHe/propane, 13.3-20.0 Hzgy: 0.125m

n-hexane
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Table 4 Continued
References Parameters Gasl/liquid Reactor Operating conditions Legend
Saravanan and Jog[&i3] Ncri, Qai Air /water GIR (DT) Atm.N: 0.3-15.45Hzgy: 0.57, O]
1,15m
Saravanan and Jog[zi2] X Air/H,0 GIR (DT) Atm.N: 0.3-15.5Hzgy: 0.57, 1, 0
1.5m
Yoshida et al[42] &G, kLa Air/water GSR AtmN: 2.5-6.7 HzUg: v
4-60x 103ms1; dr: 0.25m
Tekie[3] ds, ki a N2, O2/cyclohexane SAR; GIR (HS) P: 0.7-3.5 MPa[: 330-430K; [ )
N: 6.7-20Hzdt: 0.11
Forrester et al[64] Qal, ds, kL a Air /water GIR (HS) Atm.N: 5.0-10.0 Hzgt: 0.45m o
Murugesarj23] &G Air/water, toluene, GSR Atm.N: 3.3-23.3 HzUg: A
glycerol 1-66x 103ms1; dr: 0.15m
Solomakha and Tarasova &g,k a - GSR Atm.Ug: 2-87x 10 3ms1; ]
[65] dr:0.2-3.6m
Mohammad66] kLa 02, N2/benzoic acid SAR; GIR (HS) P: 0.09-0.5MPaT: 473K;N: A
16.7 Hz;dy: 0.076
Patil and Joshi67] Ncri, Qa Air /water GIR (DT) Atm.N: 3.5-10.0 Hzpr: 1.0m A
Vrabel et al[68] £ Air /water, NaCl GSR AtmN: 1.5-2.5HzUg: [©]
10-40x 103 ms1; dr: 1.876,
2.09m
Bouaifi et al.[69] &G, ds, kLa Air /water GSR AtmN: 1.66-11.67 HzVg: <
0.54-2.63<103ms?; dy:
0.43m
Fillion [13] Ncri» Qals €6, N2, Ha/soybean oil SAR; GIR (HS); GSR P: 0.1-0.5 MPaT: 373-473 K)N: O
ds, k.a 10-23.3HzH: 0.171-0.268 m;
Qg: 10.4-51.9%< 10 *m3s1;
dr:0.115m
Poncin et al[70] Ncri» Qals €6, Air /water SAR; GIR (HS) Atmdy: 0.6 m | |
k|_a
Yawalkar et al[71] £ Air /water GSR AtmN: 1.0-11.0HzUg: 0
3.9-15.7x 10 3ms1; dr:
0.57m
Alves et al.[72] &G, s, kL a Air Oo/water, sodium GSR Atm.N: 4.2-10.0 HzUg: [}
sulphate, PEG 2.5-5.0x 103msL; dy:
0.292m
Lemoine et al[73] Ncre, Ncri, Air, No/toluene, SAR; GIR (HS) P: 0.1-1.5 MPaT: 300-453K; [ )
Qai benzaldehyde, N: 10.3-12.3Hzgy: 0.125m
benzoic acid
Linek et al.[74] g, kLa Air, Oo/water, GSR Atm.N: 4,.17-14.17 HzVg: v
water + NaSQ 2.12-8.48< 10 3msL; dy:
0.29m
Heintz[75] Ncri, Qals €6, Ny, COy/fluorinated GIR(HS) P: 0.2-3.0 MPaT: 300-500K; 0
ds, kL a liquids N: 10-12.3Hzgdr: 0.115m
Lemoine and Mors}5] &G, ds, kL a Air, N/toluene, SAR; GIR (HS); GSR P: 0.1-1.5 MPaT: 300-453K; (0]
benzaldehyde, N: 10.3-12.3 Hzlg:
benzoic acid 0-4x 103ms1; dr:0.125m
Soriano[76] kLa CO, Ny, Ha, GIR (HS) P: 0.7-3.5 MPal: 423-523K; L
He/PAO-8, Sasol wax N: 13.3-20.0 Hzgy: 0.076 m
N(szEdlmp‘ _ m 0.100 oL 0.430 B QGI B ”|1ﬁ$§5d'|2"584#8‘627/)&'991:0(2;'847
—CRETTE — 0.441x Ae = —=— =50.03x 4.440,,3.203
8 Hwater OWater Nd|mp_ o MWGas
or \Z20 HO\ T e . F7,0-142y,0.174
x — e P (1) x exp| —3.957 x (3)
PWater dr ReOOHB(Fyr _ Frc)0042
1 1 61'75W€3'00 oL —2.67
_ a ==+ — X —FF| —
N(2:R|dlmp. — 0512x ( m )0.146< oL > 0.180 Wave H + HL 7,300 (PG>
8 MWater OWater « @ 1295x H-0.59x N ()
oL —0.265 H,
X ( > () (2) In this study, 7374 experimental points obtained in our lab-
Pwater dr

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 E33-29) It should be mentioned that the quanti/ (V. ) is the total

Variables Maximum value Minimum value energy dissipated which corresponds to the sum of the power
Us, ms 1 03 o input (impeller and gas sparged) per unit liquid volufd].

N, Hz 540 0 Several correlations to predict the impeller and gas power input
H,m 6.542 0.064 per unit liquid volume for SAR$16,21], GIRs[20,29,60,70]

Hi, m 4.97 1.15¢1072 and GSR98-10,15,44,50,69¢an be found in the Appendix.
gT' m 3-208 8-8;2 It is also important to point out that in GIRs and GSRsgy

mps M 1.37 ' was introduced in Eq¢8) and (11)in order to account for the

oL, kgm 2042 310 Lo Iy 4 o

L, Pas 0.09 5.06 10-5 liquid composition and its foamabilitj77]. Even though the

oL, Nm 0.077 1.20¢ 1073 foamability or froth formation in liquid mixtures is a complex
pG, kgm-3 194.90 0.05 phenomenon, the choice of this variable was found to fit fairly
X, WE. 1.0000 0.5589 well literature experimental findings, and therefore it was used
Dpg, 1P m?s™? 153.94 0.08 in thi dv. X h . f th .

i a 1 in this study.Xw represents the concentration of the primary
Mw.Gas kg kmol 44 2 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
mass transfer parameters were used to develop empirical cais oils and waxe$§w equals 1.

relations for predicting the gas holdupgf, the Sauter mean For predicting the Sauter mean bubble diameter in SARSs:
bubble diameterds) and the volumetric mass transfer coeffi-

-3 A
cient (a) in SARs, GIRs and GSR3able 5lists the ranges  95-SAR= 1.31x 1077 x (Fr — Frc)"$"ecpg (14)

of operating variables, physical properties and reactor geometr)ySAR — _581x 108 x 4-1310 d%.ssoNl.sooMEo.sss (15)

used in these correlations.
For predicting the gas holdup in the SARs:

P* QASAR
£Gg-sArR = 16.3 x (f{‘R) (Fr — Frc)ﬁSAR (5)
AR = —0.573x 0142y —0.400, 0137 0101 ©6)

BsAR = 1.36 x 1075 x dﬁhOleHEO.001NO.130/)&.920“8.932

x O_L—l.360 (7)

For predicting the gas holdup in the GIRs:

*

P QGIR
ecir = 0.102 x <5'R> ULeR x exp(-0.349Xyw)  (8)
L

aGirR = 3.770x 1075 % d_F2.540NO.005ME0.0120,L—0.603p60.122

)

Bk = 0.087 x d%%?lgHEﬁ”N’o'%“ pL_O'OSGILEO'O430|__O'560
(10)

For predicting the gas holdup in the GSRs:
P* QGSR
£G-GsR= 9.620x 1073 x (“i'SR) Ufesk
L

x exp(=0.216Xy) (11
aesr = 0.190 x d_FO.179NO.043ME0.2280|(_J.261 péo.on (12)

—0.087 1;—0.27 . —4.270 —0.464
,BGSRZ 1.86 x 1012 % dlmop.OB HL 0 9N0 O63/0L OMLO 6

x o380 (13)

Imp.

Asar = 0.207 x pEOAOSUEO'Nlﬂéo'uleo'eB? (16)
For predicting the Sauter mean bubble diameter in GIRs:

dscir=2.61x 107° x ULl 17)

YoIR = 3.980x 1072 x d|1ﬁq5p(,)0d?2'020N°'419ME‘102 (18)

AGir = 3.310x 1072 x pCL).373a|_—0.044p50.093H|E).O70

x exp(=1.180Xw) (29)

For predicting the Sauter mean bubble diameter in GSRs:

ds.gsr= 9.380 x 1073 x UYCSReASRn (20)
YGSR= 1.380 x 10—2 % d%0b§78d$'351N0'563H8'185 (21)

Agsr = 1.300 x 10720 « pz.4900|_—0.240pé0.196
x exp(-8.470Xw) (22)

Also, for predicting the volumetric mass transfer coefficient
in SARs:

DRE™ [ Péar Psar
kLasar = 69.961 x ( )
0060 \ Ty

—3 0.155 0.234
« [ 26781072+ (2.085x107°+ds) g
(Fr — Frc)7"sAR

23)
Ssar = 0.925x djf ONO348py 0830 (24)
1SAR = 0.010 x d_F2.820N3.570ME0.6790_E.998 (25)
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GIRs:

AB_¢G
0.060
G

P
W

kLagir = 1.383x 10° x

P,
x UlER exp(—2.011X )

0.500,.0.155 ;0.414
D a3 (

JGIR
R)

(26)

Sgir = 7.010x 10—6 % dl}lob:?’gsdfll.183N2‘237ME'126HL70'658

(27)

neirR = 0.420 x d|;12p"385d-|?2'485N_3'2380|__0'261HE'249

(28)

Empirical Correlations
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For predicting the volumetric mass transfer coefficient in
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For predicting the volumetric mass transfer coefficient in
GSRs:

5 . DR ( Pesg) o
kLagsr= 2.564x 10° x ( )
p%OGOdgAOZ Vi
x UCSRexp(—2.402X ) (29)
8GSR= 4.664 x 10—4 x d_?.124N0.593ME0.769 (30)

NGSR = 0.475 % 1075 % dlcr)‘i13p§3N0.967plj0'470ME0‘884HL_1'440

(1)

BPNN Correlations
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Fig. 2. Comparison between experimental and predistggdandQg values using empirical and BPNN correlations



Table 6

Architecture and input variables of ttNer, Qai, €G, ds, awave andk_a BPNN correlations

Parameters INcr In Qg Ineg Inds Ink_a In awayveH

Max 7.762 Min3.401  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 Positionin  Max Min Position in Max Min Position in Max Min Position in Max Min Position in Max Min Positionin  Max Min
BPNN BPNN BPNN BPNN BPNN BPNN

Reactor type 1 1 0 - - - 1 1 0 1 1 0 - - - - - -
H,m 2 6.227 0.064 1 167 0.14 3 6.542 0.082 - - - - - - - - -
HL,m 3 466 1151072 2 1.000 0.083 12 497 326102 - - - - - - - - -
Ug, mst - - - - - - 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
oL kgm3 4 2042 310 4 2042 700 5 2042 429 4 2042 310 3 2042 310 6 1844 310
uL, Pas 5 009 50010° 5 0.09 1501074 6 009 50010° 5 009 500<10°° 4 0.09 500« 10°° 7 6.7x10°3 5.0x10°3
oL, Nm™1 6 0.077 12010°% 6 0.077  0.008 7 0.077 120103 6 0074 120k10% 5 0.072 120103 8 0.072 1.20<10°3
pe. kgm3 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 8 44 2 11 44 2 8 44 2 - - - - - -
kg kmol~1
dr,m 8 3330 0.075 9 1500 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 - - - - - -
Dag. - - - - - - - - - - - - 8 15107 84x1011  — - -
m?s1

Gas dispersion 10 1 0 11 1 0 - - - - - - - - - - - -
type
& - - - - - - - - - 10 059 53010°° 9 0.54 0 - - -
ds, m - - - - - - - - - - - - 10 89103 0 - - -
T, K - - - - - - - - - - - - - - - 1 473 297
P, MPa - - - - - - - - - - - - - - - 2 5.96 0.09
drH - - - - - - - - - - - - - - - 4 1.00 0.39
dimp./HL - - - - - - - - - - - - - - - 5 0.67 0.21

0c

T€-6 (S002) ¥'TT [ewinor Buusauibuz [ealwayd /ISIOW °I'g ‘sulowaT Y
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Table 7

Statistical analysis of the empirical and BPNN correlations

Parameters Regression coefficiBf % Standard deviation, % Average absolute relative error AARE, %
Empirical BPNN Empirical BPNN Empirical BPNN

Ncr 96[73] 97 14 4 7 3

Qal 70[73] 97 50 20 35 15

awave 92[73] 97 5 2 3 2

&G 87 92 48 27 24 16

ds 92 97 23 12 13 8

k a 80 91 52 28 32 18

Table 8 2. If Ncri<N, calculateQg, for GIRs, Eq.(3) or Table 10

Input variables for gas distribution and reactor type used in the BPNN otherwiseQg =0 and the reactor is an SAR.
correlations 3. ObtainP*/V_ in SARs, GIRs and GSRs using the empirical

Gas distribution type Reactor mode Values for the BPNN  |iterature correlations given iappendix A If using BPNNs
Surface-aeration SAR 0 correlations, go to step 4.

Hollow shaft GIR 0.5 4. Calculatesg, Eq. (5) for SARs,(8) for GIRs and(11) for
Draft tube GSR 1 GSRs, ofTable 11

5. Calculateds using Eq(14)for SARs,(17)for GIRs and20)
_ _ GSRs, ofTable 12
2.2. Back-propagation neural network (BPNN) correlations 6. Calculatek_a, Egs.(23), (26) and (29)r the BPNN in
Table 13
The same database (7374 experimental points) shown ip, Calculateawave from Eq.(4) or the BPNN inTable 14
Table 4was also used to develop BPNN correlations for pre-8, Calculates, Eq.(32):
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 (1—ec)ds
reactor types. The transfer function used in the BPNNs was 8. Calculatek_ , Eq. (33):
sigmoid (1/(1 + exp{Xx)), and the training was supervised using
the gradient descent methfti7]. The BPNNs developed were kL = kia (33)
validated using 25% of the total number of data points and the a
cross validation techniqyd7]. Table 6presents the input vari- : . .
ables, architecture and weights of the constructed BPNNs for It should b? mentioned thaiwave was used in Eq(32) in
. order to take into account the effect of the wavy surface area,
predictingNcr, QcI, awave €6, ds andk; a. Also, Table 7shows . e . ! !
; VY o which can have a significant impact, particularly in small-scale
the regression coefficien®f), standard deviatiors{) and aver- agitated reactor/3]
age absolute relative error (AARE) for the empirical and BPNN 9 : .
. - As an example, the developed algorithm based on the BPNN
correlations. These statistical errors prove that the developed . . L
; correlations was used to predict the effect of liquid viscos-
BPNNSs can predict the values Bitr, Qai, awave €6, ds and . o . .
. X . . .__Jty, mimicking the evolution of the hydrogenation process, and
k_a with much higher accuracies than those of the empmcal1 g :
ydrogen mole fraction in the gaseous feed mixturg<{il,) to

correlations as can be observedHigs. 2—4 Therefore, in this .
. . the reactor on the hydrodynamics and mass transfer parameters
study, the algorithm used for predicting these parameters was : 4 ;
soybean oil hydrogenation process conducted in a large-scale

based on the BPNN correlations. It should also be mentione'tﬁ1

. . . . as-sparging agitated reactor. A brief background on the veg-
that the reactor and gas dispersion mode were assigned in t . . . .
. etable oil hydrogenation processes and the simulation results
BPNN correlations as shown fable 8

are given in the following.

6e
c + awave (32)

3. Algorithm for calculating the hydrodynamic and
mass transfer parameters

4. Results and discussion

) o ) The hydrogenation of vegetable oils, such as soybean ail, is a
~ Inthis study, the empirical correlations and BPNNs were usega, hrocess in the fat industry due to its applications in the pro-
in parallel to develop_the calculation algc_mthm, which could 4,ction of frying fats, margarine and shorteniri@8, 79} The
be employed to predict the hydrodynamic and mass transfey,rose of this process is to increase the melting point of the oil,
parameters in agitated reactors as depictddgns. increase its stability to oxidation, enhance its frying properties

The calculation algorithm consists of the following steps: 44 improve its solidification characteristifz,80} In order
to obtain these properties, the double bonds along the unsat-
1. CalculateNcre for SARs, Eq(1) or Ncri for GIRs, Eq.(2),  urated triglyceride chains are selectively saturated during the
or the BPNN inTable 9 hydrogenation reactiofv8,80] The industrial hydrogenation
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Fig. 3. Comparison between experimental and predieteg@ndds values using empirical and BPNN correlations.
Table 9
Architecture, weights of thBlck BPNN correlation
1 2 3 4 5 6 7 8 9 10
First hidden layer weights;
1 8.35 26.78 —30.16 2.63 172 537 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 —33.78 141 —0.68 —-3.43 1.86 7.65 —-10.75 0.91
Bias of first hidden layeup; 4.85 —-3.93 3.75 6.92 —-11.05 5.52 5.01 9.85
Output layer weightsu; 14.02 8.42 17.05 —-33.35 4.38 4.07 —-16.60 —4.15
Bias of output neuromwg 19.89
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Fig. 4. Comparison between experimental and prediktedindawaye values using empirical and BPNN correlations.
Table 10
Architecture, weights of th@g BPNN correlation
1 2 3 4 5 6 7 8 9 10 11 12
First hidden layer weights; ;
1 —14.15 850 —-7.38 —4.82 —7.26 —11.92 —2.60 4.68 229 -0.89 22.17 14.43
2 —6.31 0.83 464 —9.98 -3.71 1.32 213 3.44 7.23 439 —-9.67 20.24
3 —9.90 9.56 —7.69 -3.34 -17.75 —0.80 0.05 2.85 480 —6.12 586 —0.30
4 519 -530 -16.27 0.81 -16.10 0.65 1.44 0.88 0.96 220 -0.89 1358
5 18.75 -14.83 2.10 8.76 0.52 -0.92 2.20 0.07 -8.23 0.37 -311 0.56
6 —14.27 330 -912 373 -16.10 -530 -0.29 5.63 2.65 8.07 10.14 7.89
7 —47.58 1.04 545 -26.94 -21.08 18.79 0.37 9.25 —-47.74 6.08 -11.01 11.30
8 —0.66 9.05 -841 -1.13 097 -12.44 -011 -341 -1249 -6.43 —3.67 0.59
Bias of first hidden layeup; —13.35 235 -0.48 —4.77 —1.94 —4.33 —13.89 5.79
Qutput layer weightsu; —4.95 8.09 -5.90 —-7.91 —2.67 8.75 -28.30 -7.14
Bias of output neurotwg —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 theg BPNN correlation

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

First hidden layer weights; ;
1 —18.65 1391 -9.73 -2.87 246 —-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 -092 -479 -0.79
5 433 -152 -7.36 3.77 -1.03 -0.29 -3.72 1.61 -4.96 3.77 1.95 -453 0.61
6 1.71 -10.63 —-1.31 -29.96 446 -136 -7.26 -9.25 -0.03 -551 9.98 -16.02 1.86
7 2.36 5.02 -0.81 6.96 7.03 -0.66 462 -—-2.82 16.71 7.23 —0.42 -12.60 -2.28
8 —14.89 10.62 —-10.55 3.45 073 -576 -867 —-5.38 -15.38 1.08 0.67 -9.04 1.13
9 —15.53 10.15 049 -6.09 11.92 1.88 6.77 -—-1.01 1.47 5.21 —-2.00 7.93 -2.56
10 297 -243 17.06 19.45 5.69 -—-2.78 1.32 415 -259 31.89 0.31 2251 —-1.76

Bias of first hidden layeupj —2.38 484 -578 -039 -513 -059 -5.00 0.72 0.10 —-1.09

Output layer weightsv; 13.01 2.72 -8.58 6.90 8.73 -0.88 3.78 —-1250 -2.65 -3.76

Bias of output neuromg —-5.54

Table 12

Architecture, weights of thds BPNN correlation

1 2 3 4 5 6 7 8 9 10

First hidden layer weights; ;
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 layeup; 6.58 1.63 16.31 1.47 983 —4.44

Output layer weightsu; -7.70 3.84 —-1.42 2.63 -1.19 —2.09

Bias of output neurotwg 5.57
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Table 13
Architecture, weights of thie_a BPNN correlation
1 2 3 4 5 6 7 8 9 10

First hidden layer weights; ;
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 —-151 -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 0.70 945 -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 layaup 0.82 4.52 —2.16 5.09 0.72 -3.21 1.80 5.67 -1.96 —-3.57

Second hidden layer weights ;
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 —1.45 151 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 layep ; —10.66 —-12.17 —-21.03 —7.88 —14.04 -1.62 —9.50 18.08

Output layer weightsy; 2.61 -1.25 -1.29 -3.12 2.51 -2.90 —-3.51 -10.20

Bias of output neurotwg 1.99

of soybean oil is usually carried out in a three-phase agitateteported by Fillion[13], who emphasized the effect of oil vis-
reactor where gaseous hydrogen, liquid soybean oil and solidosity on the process design. Also, due to the explosive nature
Ni- or Pd-based catalyst are usp®,80] The operating con- of hydrogen, the commercial reactor could be safely operated
ditions of the process range from 393 to 473K, 1 to 5 bar andvith a (Hy + N2) mixture, which could have a strong impact on
0.01t0 0.1 wt.% cataly$81], and is usually carried outin GSRs the process hydrodynamics and mass trarjafélc
operating in a batch mod#&3]. The capacity of the commercial In this study, the effects of liquid-phase viscosity and hydro-
soybean oil hydrogenation reactors typically varies between §en mole fraction in the gaseous feed (H\>) to the reactor
and 30,000kg; and in the United States, the hydrogenation ain the hydrodynamic and mass transfer parameters for soy-
soybean oil process is referred to as the Normann pr¢g82ks bean oil hydrogenation in a large-scale gas-sparging agitated
In the hydrogenation process, the knowledge of the iodingeactor were predicted using the developed algorithm based on
value (1.V.) is essential as it characterizes the number of doublthe BPNN correlations. The reactor used in the simulation was:
bonds of the oil. The I.V. value is related to the amount of hydro-2.5 m (inside diameter), 5 m height, 7.8128liquid volume and
gen consumed, and thus the control of the amount of hydrogesbout 7000 kg soybean oil capacity at room temperature. Details
in the gaseous feed to the reactor is of prime importance for thef the reactor geometry, operating conditions and gas—liquid
quality and properties of the oil as well as for the process ecophysicochemical properties used asinputtothe BPNNs are given
nomics. Topallar et a]83] reported that a drop of I.V. value from in Table 15 It should be mentioned that Fillidd 3] reported no
131.7 to 82.4 during vegetable oil hydrogenation can increaseffects of catalyst loading on the hydrodynamic and mass trans-
the oil viscosity by a factor of 1.5-1.7. Similar findings were fer parameters in soybean oil hydrogenation if the Ni-wt.% were

Table 14
Architecture, weights of thewave BPNN correlation
1 2 3 4 5 6 7 8 9
First hidden layer weights;
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
3 8.31 3.18 -1.56 —-15.79 -10.94 20.27 2.21 26.92 —-6.14
4 4,56 —11.59 1.52 -7.97 —-2.97 13.38 0.84 8.53 14.59
Bias of first hidden Layeup; —1.48 10.15 —-10.95 1.47
Output layer weightsu; —7.50 —-11.14 —21.93 9.98

Bias of output neuromwg 4.22
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Fig. 6. Effect of liquid viscosity angy, oneg, ds anda for the soybean process using BPNN correlations.

less than 0.16, and accordingly the use of the present algorithrange employed (0.0023—-0.0047 Pa s) decreases the gas holdup
developed for gas-liquid system under the conditions given itby up to 20%. This decreasef can be related to the decrease
Table 15can be justified. of gas density (i.e. the gas momentum) with increasing the H
Fig. 6 shows that increasing liquid-phase viscosity frommole fraction in the gas mixture, which is in accordance with
0.0023 to 0.0047 at constant pressuPg<0.5 MPa, tempera- available literature finding$5,9,13] Increasing the bl mole
ture (T) =473 K, and superficial gas velocityyg) =0.04ms?t,  fraction, onthe other hand, appearsto slightly increase the Sauter
decreases the total gas holdup) by 15% within the H mole  mean diameter from 0.0035 to 0.0053 m, which can be attributed
fraction range used (0-1). This decrease of the gas holdup witlo the increase of the probability of gas bubbles coalescence
increasing liquid-phase viscosity could be due to the increaseith decreasing the gas momentum. This behaviodgis in
of gas bubbles coalescence; and is in agreement with the findgreement with the results by Filligh3] who found that under
ings by Rushton and Bimbing14], Loiseau[50] and Fillion  similar operating conditions Hbubble sizes were larger than
[13]. Increasing liquid-phase viscosity also increases the Sautéihose of N in soybean oil, since under the same pressure, tem-
mean bubble diameted$) from 0.0049 to 0.0053 m, which perature and superficial gas velocity; Would exhibit greater
clearly indicates the increase of the gas bubbles coalesceno@mentum than bl Thus, the decrease of the gas holdup and
with increasing liquid-phase viscosity. the increase of the Sauter mean bubble diameter with increasing
Fig. 6 also shows that increasing the hydrogen mole fraceither the liquid-phase viscosity or the lshole fraction obvi-
tion (yn,) from 0 to 1 at constarP=0.5MPa,T=473K, and ously lead to the decrease of the gas-liquid interfacial area,
Ug =0.04 m s1 within the soybean oil range of liquid viscosity according to Eq(32), as can be seen Fig. 6.
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Fig. 7. Effect of liquid viscosity ana, onk_ andk_a of N> and H for the soybean process using BPNN correlations.

Increasing the liquid-phase viscosity is supposed to decreaseithin the liquid-phase viscosity range (0.0023-0.47 Pa s) was
the gas diffusivity in the liquid-phas®fg) following the mod-  found to increase the Sauter mean bubble diameter, which was
ified Wilke and Chang’s equation proposed by Fillifi8], expected to increase the mass transfer coefficiknfsy H, and
and since the mass transfer coefficient) (is proportional to N2 according to literature findind84,85]and as can be seenin
the Dag to the power 0.5 and 1.0 according to the penetrafig. 7.
tion theory and two-film model, respectively, the values Thus, from the above discussion increasing the liquid vis-
for H, and Ny are expected to decrease with increasing thecosity decreased the gas-liquid interfacial area and the mass
liquid-phase viscosity. The increase of the Sauter mean buliransfer coefficients for Hland Ny, and consequently the vol-
ble diameter with increasing liquid-phase viscosity, however, isimetric mass transfer coefficientg ) for both gases should
expected to increase the mass transfer coefficient 6ince  decrease with increasing the liquid-phase viscosity as can be
k. was reported to be directly proportional ¢ig [84,85] It  clearly seen inFig. 7. Actually, in this figure, the values of
appears that under the operating range studied, the decredsen, andk_an, appear to decrease by 60% with increasing
of k. due to the increase of liquid-phase viscosity is strongetiquid-phase viscosity from 0.0023 to 0.0047 Pa s within the H
than its increase due to the increase of the Sauter mean buimole fraction range used. The decrease of the gas—liquid inter-
ble diameter, leading to the observed decreade afs shown facial area and the increase of the mass transfer coeffidgient (
in Fig. 7. On the other hand, increasing the hkhole fraction  with increasing the limole fraction as discussed above could
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Table 15 The algorithm predictions showed that increasing the liquid-
Reactor geometry, operating conditions and physical properties of the GSR Si”bhase viscosity decreased theand increaseds, resulting in
ulating the soybean oil process a decrease od. The decrease of the gas holdup with increas-

System H + N2-Soybean Oil-0.16 wt.% Ni ing the liquid-phase viscosity was related to the increase of

Reactor dr, m 25 gas bubble coalescence under these conditions. Increasing the

and dimp., M dr/3 liquid-phase viscosity, however, decreakeds well as aval-

sparger H. m 2dr ues for both K and N within the range H mole fraction (0-1)

g_eom' He,m dr/3 used. Thigk_ behavior indicated that the effect of viscositylen

try fimp. 8 is more significant than that dk. The predictions also showed
T.K 473 that increasing the fimole fraction in the feed to the reactor

Operating BG Mr':‘;l 8'054 decreasedg and increaseds, resulting in a decrease afand

vari- N. Hz 195 an increase ok_ as well ask_ a for both H, and N> within the

ables Xy, WE% 100 range of liquid-phase viscosity used (0.0023-0.0047 Pas). The
YHp 0-1 decrease of the gas holdup with increasing thentble frac-

System o, kgm3 800 tion in the feed gas was attributed to the decrease of the density

hys- uL, Pas 2.3% 103-4.66x 10°3 (momentum) of the gas mixture. The increasé& ofalues with

i- oL, Nm™t 0.0247 increasing the bimole fraction in the feed gas was related to the

cal po, kg 3.56-0.25 increase ofls, sincek_ was reported to be directly proportional

prop- Dty S~ 124x1072-1.88x10° 1 The redicted_a values indicted that the mass transfer

er- Dagny, MR s 1.00x 10-8-1.52x 10-8 s- Ihep _ Mass

ties behavior in the gas-sparging reactor proposed in this study for

soybean oil hydrogenation was controlled by the mass transfer
. i coefficient,k_. Also, under similar conditiongs a values for
lead fco_ the increase or decrease pf the volumetric mass transfﬁr2 in soybean oil when using the gaseous mixture )
coefficients k_a) for both gaseskFig. 7, however, shows that were found to be about 25% lower than those obtained for H

kLa, andk_an, values only increase by 25% with increas- (as a single-component), akdvalues for I were consistently
ing the H, mole fraction within the liquid-phase viscosity used eater than those ofAWwithin the ranges of the operating con-

(0.0023-0.0047 Pas). This indicates that the mass transfer co ftions used.

ficients ((L)_for both gases have a stronger in_fluence_ on their It should be mentioned that although the developed algorithm
\(/:v(i)trrr]ienstjr?engmgr(g?nvalc%isciitt?oiwns t::egas—llqmd interfacial area appears to be a viable tool f_or predicting the hydrody_namic and
Fio. 7al P h 9 h der si '.I diti | mass transfer parameters in large-scale ARs used in commer-
f I—:g.' a S% S OW.T’ t hat, unaer tsl’:ml ar con |t|c.>|kt§a vawlujes cial processes, the accuracy of such predictions could be further
or Hz in soybean oil when using the gaseous mixturg{H\,) improved by diversifying and expanding the experimental data

are about 25% lower than those obtained for (ds a single- b . : .
e . ank used, particularly with large-scale reactors, operating under
component). This finding is important for the design of GSRs; P y g P g

and is in good agreements with the 5-15% decrease of the H’;\ctual industrial conditions.
reaction rate measured by Filligh3] while hydrogenating soy-

bean oil using different (D+ Hy) ratios. In addition, the figure ]

illustrates that_ values for b are consistently greater than APpendix A

those of N, which can be related to the fact that the diffusivity

of H, in soybean oil is always greater than that ofatcording The power input per unit volume in SARs was calculated as
to the modified Wilke and Chang’s equation by Fillifir8]. follows:

5 3
5. Conclusions Pépr _ Np X djpyy X pL X N

Al
7 7 (A1)

A large number of data points (7374) on the hydrodynamic
and mass transfer parameters obtained in our laboratories and Np, the power number, is function of the impeller type and
from the literature in ARs, covering different reactor sizes andyeometry as well as the Reynolds numfsir
operating conditions were used to develop novel empirical and The gassed power input per unit liquid volume in GIRs

neural network (BPNN) correlations which were employed toequipped with a hollow shaft was calculated from Heim et al.
construct a simple algorithm for predicting these parametergpQ:

under industrial conditions. Due to their high confidence levels

and flexibility, the developed BPNN models were incorporated px

in the algorithm, which was then used to predict the effects o GR _ Psar x (1 —exp (A 4 azRe>) (A.2)
viscosity and hydrogen mole fraction in the feed gas<{Hl,) VL L VFr

on the hydrodynamic and mass transfer parameters fand

N2 in soybean oil hydrogenation process conducted in a largeA, a; anda, are constants which are function of the impeller
scale GSR (2.5m i.d. and 5m height). design.
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For GIRs equipped with a draft tube, the expression develr4] J.H. Rushton, J-J. Bimbinet, Holdup and flooding in air liquid mixing,

oped by Saravanan et #6] was used: Can. J. Chem. Eng. 46 (1968) 16-21.
[15] B. Loiseau, N. Midoux, J.-C. Charpentier, Some hydrodynamics and
3 ; . ) ) s
PéIR oL WNs(dlmp./2)4 . . 1 power input data in mechanically agitated gas-liquid contactors, AIChE
= Coo—Cpy|1—— J. 23 (1977) 931.
WL WL DFs [16] M. Matsumura, H. Masunaga, K. Haraya, J. Kobayashi, Effect of gas

entrainment on the power requirement and gas holdup in a aerated stirred
+ rng”N (A.3) tank, J. Ferment. Technol. 56 (2) (1978) 128-138.
3 [17] M.M. Lopes de Feigueiredo, P.H. Calderbank, The scale-up of aerated

mixing vessels for specified oxygen dissolution rates, Chem. Eng. Sci.

Wis the impeller widthCf 5 andCfy, the impeller drag coeffi- 34 (1979) 1333-1338.

cients in the gas-liquid dispersion conveying and central zong}8] D.X. He, S.H. Chiang, G.E. Klinzing, Operating characteristics of a

respectively® the vortexing constants the Froude number gaS/”g;i‘il;%T)agg’lr gzigg gas-inducing turbine, J. Chin. Inst. Chem.

. . ng. —-328.
based on Smeerge.nce anq Is the .torque representing the [19] A.M. Al Taweel, Y.H. Cheng, Effect of surface tension on gas/liquid
effect of recyded fluid on the power input. contacting in a mechanically-agitated tank with Stator, Trans. I. Chem.
In GSRs, the power input per unit volume was calculated g 73 (A) (1995) 654-659.

from Loiseau et a|[15]: [20] A. Heim, A. Kraslawski, E. Rzyski, J. Stelmach, Aeration of bioreactors

by self-aspirating impellers, Chem. Eng. J. 58 (1995) 59-63.

% P* . _Nd3 B [21] K. Wichterle, Free level effect on the impeller power input in baffled
Posr _ A SARNjmp.
= x| =+ (A_4) tanks, Collect. Czech. Chem. Commun. 60 (1995) 1274-1280.
VL WL Q%56 [22] K. Saravanan, J.B. Joshi, Fractional gas hold-up in gas inducing type of
mechanically agitated contactors, Can. J. Chem. Eng. 74 (1996) 16-30.
A andB are constants. [23] T. Murugesan, Dispersed phase hold-up in mechanically agitated
Also, the power of the sparged gas from the compressor was gas-liquid contactors, J. Chem. Technol. Biotechnol. 72 (1998) 221-226.
calculated according to Shridhar and Potﬁ;ras: [24] M. Matsumu_ra, H. Masunaga, J. Kobayashi, A cqrrelatlon for flow rate
of gas entrained from free surface of aerated stirred tank, J. Ferment.
Technol. 55 (4) (1977) 388-400.
UcpLg (A.5) 4) (1977)

[25] R.S. Albal, Y.T. Shah, N.L. Carr, A.T. Bell, Mass transfer coefficients
and solubilities for hydrogen and carbon monoxide under fischer-tropsch
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