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a b s t r a c t

The objective of this study was to develop a unified correlation for heat transfer coefficient (h) in
bubble columns without internals for various gas–liquid systems using support vector regression
(SVR)-based modeling technique. From the data published in open literature, 366 data points from
10 open sources spanning the years 1976–2007 for h were collected. Generalized SVR-based models
eywords:
ubble column
eat transfer coefficient
upport vector regression

have been developed for the relationship between h and prominent design and operating parameters
such as column and sparger geometry, gas–liquid thermo-physical properties, operating tempera-
ture, pressure, superficial gas velocity, etc. Further, this model for h has been uploaded on the link
http://www.esnips.com/web/UICT-NCL. The proposed generalized SVR-based correlations for h has pre-
diction accuracies of 98.56% and average absolute relative error (AARE) of 7.05%. Also, the SVR-based
correlation showed much improved predictions when compared with those estimated by empirical

ure.
correlations in the literat

. Introduction

Bubble columns are extensively used in chemical, petrochemi-
al, biochemical and metallurgical industries to carry out a variety
f different unit processes such as oxidation, chlorination, alkyla-
ion, polymerization, hydrogenation, Fischer–Tropsch to synthesis,
ermentation, and biological waste water treatment processes.
ubble columns are preferred in comparison to other multiphase
eactors as they require less maintenance owing to absence of mov-
ng parts, offer high values of heat and mass transfer coefficients,
etter handling of solids and hence higher durability of solid cata-

yst, lesser floor space and hence are less expensive and relatively
asier to operate. The present work concentrates on heat transfer
tudy for gas–liquid contacting, whereby a discontinuous gas phase
n the form of bubbles is introduced through a gas distributor situ-
ted at the bottom which then moves relative to a continuous liquid
hase.

In bubble column reactors, proper design of the heat removal
urfaces is crucial in order to maintain catalyst activity, reaction

ntegrity, and product quality given that a large number of pro-
esses are highly exothermic and endothermic. Heat transfer may
e in fact the most important aspect in defining performance in
ubble column reactor. Therefore, it is important to understand
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and quantify heat transfer for optimum operation and to minimize
capital costs.

Over the years, extensive experimental research on heat trans-
fer coefficient (h) has been carried out in bubble column reactors
and numerous empirical correlations have been proposed for h in
various gas–liquid systems. Some of the important correlations for
h for various gas–liquid systems are listed in Table 1 [1–11].

It has now been established in the literature that a large num-
ber of factors affect heat transfer coefficient (h) with each of them
affecting in a different ways. For instance, h varies with a change in
the size and orientation of the bubbles, which in turn is dependent
on the type of sparger, gas–liquid properties, operating pressure
and temperature, etc. Over the years, a large number of experiments
have been reported in the literature for various gas–liquid systems
and a number of system specific correlations are available. Most of
these correlations are in dimensionless numbers. When the corre-
lations constants of these correlations are carefully analyzed, they
were found not to remain constant as envisaged in the correlations.
For instance, the exponents on VG, P, �L etc., strongly depend upon
the range of all these variables and also depend upon the range of
each other. As a result, all the published correlations are insufficient
to meet the objectives of design engineers. For instance, Fig. 1 shows
a plot of all the published correlations and deviations up to 500%.

This mainly is because of the assumed constancy of empirical con-
stants over the range considered. Besides it, these correlations loose
their capability because: (i) all the important variables may not be
included in the correlation (ii) if limited data are used for the devel-
opment of correlation (iii) estimations are made outside the range

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
http://www.esnips.com/web/UICT-NCL
mailto:jbjoshi@gmail.com
mailto:jb.joshi@ictmumbai.edu.in
dx.doi.org/10.1016/j.cej.2010.03.026


A.B. Gandhi, J.B. Joshi / Chemical Engineering Journal 160 (2010) 302–310 303

Nomenclature

AARE average absolute relative error(
(1/N)

N∑
i=1

∣∣ (ypredicted − yexp erimental)/yexp erimental

∣∣)
C cost function
CC correlation coefficient(∑N

i=1
(yexp erimental(i) − yexp erimental(mean))(ypredicted(i)

−ypredicted(mean))/

√∑N

i=1
(yexp erimental(i) − yexp erimental(mean))

2

√∑N

i=1
(ypredicted(i) − ypredicted(mean))

2

)

Cpl specific heat of liquid (kJ/kg K)
dB average bubble size (m)
VB∞ bubble rise velocity (m/s)
D column diameter (m)
do sparger hole diameter (m)
f(x) regression function
g acceleration due to gravity (m/s2)
HL liquid height (m)
h heat transfer coefficient (W/m2 K)
k thermal conductivity of liquid (W/m K)
Kd sparger distribution coefficient
No number of holes in the sparger
P operating pressure (kPa)
VG superficial gas velocity (m/s)
VL superficial liquid velocity (m/s)
yi target output
xi input examples (attributes)

Greek Symbols
� gamma (1/2�2)
ε loss function
∈G overall gas-hold-up
� width of radial basis function (RBF) kernel
�W surface tension of water (N/m)
�L viscosity of liquid (Pa s)
�L surface tension of liquid (N/m)
�L density of liquid (kg/m3)
�G density of gas (kg/m3)

Subscript
G overall gas phase

o
c
s
o
t
v

i
o
n
t
t

Superscript
N number of training data points

f variables for which it was originally developed. In order to over-
ome this problem, we thought it desirable to use the technique of
upport vector regression (SVR). In this context, it is the objective
f this study to propose a unified SVR-based data driven correla-
ion for heat transfer coefficient (h) in bubble column reactors for
arious gas–liquid systems.

Data driven modeling has been finding increasing relevance and

mportance in chemically reacting systems. Two techniques based
n data driven modeling which are gaining popularity are artificial
eural networks (ANN) and support vector regression (SVR). Out of
he two ANN is more commonly used. Application of ANN in context
o the reactor design has been described in the literature since early
Fig. 1. Parity plot based of experimental data collected for heat transfer coefficient
against the values estimated from literature correlations and SVR-based model.

nineties. For instance, Xie et al. [12] reported flow regime classifica-
tion in multiphase flows using ANN, whereas Shaikh and Al-Dahhan
[13] have correlated overall gas hold up in bubble column reac-
tors using ANN. Very recently, Al-Hemiri and Ahmedzeki [14] have
applied ANN for the estimation of the heat transfer coefficient in
bubble columns, using a generalized model.

In this study, a unified data driven model based on support vec-
tor regression (SVR) for correlating h in bubble column reactors has
been proposed. The applicability of SVR-based model in the field of
chemical engineering as well as the fundamentals of SVR have been
described earlier by Nandi et al. [15] and Gandhi et al. [16]. This
technique is based on structural risk minimization as opposed to
empirical risk minimization on which the conventional data driven
techniques are based. A broad, comprehensive classification and
the advantage of SVR over ANN technique has been well described
elsewhere [16].

It may be pointed out that, in the present work, heat transfer
study on the bubble columns is restricted only up to plain gas–liquid
systems without any solids and internals within the column.

2. SVR-based modeling

The support vector regression (SVR) is an adaptation of statis-
tical/machine learning theory known as, support vector machines
[17]. The objective over here is to build an epsilon-SVR model [18]
to fit a regression function, y = f(x), such that it accurately predicts
the outputs {yi} corresponding to a new set of input examples,
{xi}. In epsilon-SVR model, epsilon (ε) represents (loss function) the
radius of the tube located around the regression function, f(x) and
the region enclosed by the tube is known as ‘epsilon-insensitive’
zone. The loss function assumes a zero value in this zone and as a
result it does not penalize the prediction errors with magnitudes
smaller than epsilon. To fulfill the stated goal, SVR considers the fol-
lowing linear estimation function in the high dimensional feature
space,
f (x, w) = (w · �(x) + b) (1)

where �(x) = function termed feature and (w · �(x)) the dot product
in the feature space, F, such that �(x) → F, and w ∈ F . Thus after alge-
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Table 1
Summary of correlations for heat transfer coefficient for bubble column reactors.

Researcher Gas–liquid system Correlation

Kast [1] Air–water NSt = 0.1
(

NReNFr N2
Pr

)−0.22

Kolbel and Langemann [2] Air–water NSt = 0.124
(

NReNFr N2.5
Pr

)−0.22

Shaykhutdinov et al. [3] Air–water, aq. glycerin solution NSt = 0.11
(

NReNFr N2.5
Pr

)−0.22

Burkel et al. [4] Air–water, methanol, mercury NSt = 0.11
(

NReNFr N2.48
Pr

)−0.23

Hart et al. [5] Air–water, ethylene glycol h = 0.125

(
V3

G
�L

�Lg

)−0.125

Joshi et al. [6] Low viscosity hD
k

= 0.48

(
D1.33g0.33(VG− ∈ GVB )1/3�L

�L

)0.66(
Cp�L

k

)0.33

Deckwer [7] – NSt = 0.1
(

NReNFr N2
Pr

)−0.25

Hikita et al. [8] Air-water, aq. sucrose solution, aq. methanol solution, butanol h
�LVGCp

(
Cp�L

k

)0.66
= 0.268

(
V3

G
�L

�Lg

)−0.303

Holcombe et al. [9] Nitrogen–water NSt = 0.1
(

NReGNFrGN2
Pr

)−0.26
exp(2.4 × 10−4NRe)

Verma [10] Air–water h
�LVGCp

(
Cp�L

k

)0.5
= 0.121(1 − ∈ G)

(
VG

3�L
�Lg

)−0.25
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Jhawar and Prakash [11] Air–water

raic transformation the objective function (Eq. (1)), gets converted
o convex optimization problem.

The primal form of the optimization problem is given as,

Maximize

(
L(˛(∗)

i,j
) =

N∑
i=1

yi(˛i − ˛∗
i ) − ε

N∑
i=1

(˛i + ˛∗
i )

)

−1
2

N∑
i=1

N∑
j=1

(˛i − ˛∗
i )(˛j − ˛∗

j )(�(xi) · �(xj))

(2)

ubject to constraints C ≥ ˛i, ˛∗
i ≥ 0 and

N∑
i=1

(˛i − ˛∗
i )yi = 0

here C = cost function employed to obtain a trade-off between
he flatness of the regression function and the amount to which
eviations larger than ε can be tolerated. Solving this problem
Eq. (2)) by convex quadratic programming (QP) gives the value
f the coefficients ˛i and ˛∗

i
. Owing to the specific character of

he above-described quadratic programming problem, only some
f the coefficients, (˛i − ˛∗

i
), are non-zero and the corresponding

nput vectors, xi, are called support vectors (SVs). These SVs are
nown to be as the most informative data points that compress
he information content of the training set, thereby representing
he entire SVR function (in a simpler case of empirical correlation
hese are proportionality constants and exponents over various
ariables). The coefficients ˛i and ˛∗

i
have an intuitive interpre-

ation as forces pushing and pulling the regression estimate f(x)
owards the measurements, yi.

Owing to this characteristic the final regression model can be
efined with the help of relatively small numbers of input vectors.
hese SVs, xi and the corresponding non-zero Lagrange multipli-
rs ˛i and ˛∗ give the value of weight vector, w followed by the
i
xpanded form of the SVR,

=
N∑

i=1

(˛i − ˛∗
i )�(xi) (3)
h = 8.65 VG
∈ G

+ 1.32 for VG
∈ G

≤ 0.3 m/s

h = 2
(

VG
∈ G

)
+ 3.3 for VG

∈ G
≥ 0.3 m/s

f (x, ˛i, ˛∗
i ) =

Nsv∑
i=1

(˛i − ˛∗
i )(�(xi) · �(xj)) + b (4)

However, for the aforementioned optimization problem (Eq. (2))
with an increase in the input dimensions, the dimensions in the
high dimensional feature space further increases by many folds and
thus becomes a computationally intractable problem. Such a prob-
lem can be overcome by defining appropriate Kernel functions in
place of the dot product of the input vectors in high dimensional
feature space.

K(xi, xj) = (�(xi) · �(xj)) (5)

The advantage of a kernel function is that the dot product in
the feature space can now be computed without actually map-
ping the input vectors, xi into high dimensional feature space. Thus,
when using a kernel function all the necessary computations can
be performed implicitly in the input space instead of in the feature
space. As a consequence, the dual optimization problem (Eq. (2))
gets revised to the following form:

Maximize

L(˛∗
i,j) =

N∑
i=1

yi(˛i − ˛∗
i ) − ε

N∑
i=1

(
˛i + ˛∗

i

)

− 1
2

N∑
i=1

N∑
j=1

(˛i − ˛∗
i )(˛j − ˛∗

i ) × K(xi, xj), (6)

Subject to the following constraints:

C ≥ ˛i, ˛∗
i ≥ 0 and

N∑
i=1

(˛i − ˛∗
i )yi = 0.
Thus, the basic SVR formulation takes the following form:

f (x, ˛i, ˛∗
i ) =

Nsv∑
i=1

(˛i − ˛∗
i )K(xi, xj) + b (7)
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ig. 2. Flow diagram for the establishment of the SVR-based model for heat transfer
oefficient.

Also the bias parameter, b, can be computed by applying
arush–Kuhn–Tucker (KKT) conditions, which states that at the
ptimal solution the product between dual variables and con-
traints has to vanish. Thus giving,

b = {yi − (˛i − ˛∗
i
)K(x, xi) − ε} for ˛i ∈ 〈0, C〉

b = {yi − (˛i − ˛∗
i
)K(x, xi) + ε} for ˛∗

i
∈ 〈0, C〉 (8)

here xi and yi, respectively, denote the ith SV and the correspond-
ng target output. There exist several choices of kernel function

like linear, polynomial and Gaussian radial basis function. The
ost commonly used kernel function is the Gaussian radial basis

unction (RBF). It is defined as,

(xi, xj) = exp

(
−||xi − xj||2

2�2

)
(9)

here � denotes the width of the RBF.
Further detailed mathematical description over SVR can be

eferred from Gandhi et al. [16].

. Results and discussion

The approach for the development of the SVR-based correlation
an be divided into three stages namely: (i) collection of data sets;
ii) calculation of the various parameters (model parameters) for
stablishing the regression function and (iii) model evaluation. For
etter understanding a flow diagram, describing the establishment
f the SVR-based model for heat transfer coefficient, h is shown as
ig. 2.

.1. Collection of data sets

All of the available data for heat transfer coefficient, h in the form

ublished information for the last 33 years has been summarized

n Table 2. All the reported measurement for h over these years
as been shown in Fig. 3. From the studies carried out so far (Ref.
able 1) it can be seen that the values of h mainly depend upon the
esign parameters (column diameter and the sparger design), oper-
Fig. 3. Heat transfer coefficient as a function of superficial gas velocity (complete
data set).

ating parameters (superficial gas and liquid velocity, temperature
and pressure) and physical properties of liquid (density, surface
tension, viscosity, specific heat and thermal conductivity).

Most of the studies being carried out so far have used heat flux
probes to measure the heat transfer or rather, heat transfer coeffi-
cient (h). These probes are positioned either at single or multiple
locations, depending upon the point of measurement of interest.
Thus, they are positioned radially, either wall flushed or intruded
within the column and axially at the height sufficiently off from
the sparger zone (bulk region). These probes register both heat
flux (q/A) and also the surface temperature (TS) with the aid of the
thermocouple as a part of the probe. On the other hand, the bulk
temperature (Tb) of the fluid is being measured with the help of
another thermocouple immersed within the system. The signals of
heat flux and probe surface temperature are collected simultane-
ously at high data rate and for sufficient time interval. This helps in
collecting enough number of samples (N) and thus ensuring a stable
average heat transfer coefficient values (havg). The time-averaged
heat transfer coefficient at a given location is being obtained by
averaging the instantaneous heat transfer data and is given as,

h = havg = 1
N

N∑
i=1

q/A

Ts − Tb
(10)

It has been observed from the studies carried out so far, that
the measurement of h in some of the cases has had been at the
wall (wall heat transfer coefficient), while for the rest, at the centre
of the bubble column (centre heat transfer coefficient). The values
of h measured at the centre of the column, are relatively higher
than those measured at the column wall. The reason for this differ-
ence lies with the predominant existence of the large size, high rise
velocity bubbles at the centre (relatively high turbulence zone) of
the column, and small size, having low rise velocity bubbles (rel-
atively low turbulence zone) at the column wall [11,25]. This has
been explained by a direct connection of the local heat transfer coef-
ficient to the bubble size: it increases with an increase in bubbles

size, because large bubbles can create strong vortices and intense
mixing in the wake region [21].

For the present study, data has been considered for both of
the aforementioned cases pertaining to the measurement loca-
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Table 2
Summary of the published literature for heat transfer coefficient.

Investigator Column
diameter
Liquid
height, m

Sparger type
Hole
diameter, m
Number of
holes

Gas–liquid
system
Temperature, K
Pressure, kPa

Range of VG

Range of VL (m/s)
Range of liquid
properties
Density, kg/m3

Viscosity, Pa s
Surface tension,
N/m

Measurement
location

Remarks and
measurement
technique

Hart [5] 0.106
0.812

Single hole
0.0063
1

Air–water
344
101.3

0.000058–0.0158
–

993
0.00038
0.0637

Centre of the
column

(a) HTC measured
using heat flux probe
(b) No effect of column
diameter, liquid height
or the type of
distributor seen on HTC
(c) Correlation for HTC
has been proposed

Hikita et al. [8] 0.10–0.19
1.45–2.30

Single hole
0.009/0.013/
0.020
1

Air–water, aq.,
sucrose
solution, aq.
methanol
solution and
aq. butanol
solution
292–318
101.3

0.05–0.35
0–0.0034

976–1230
0.0008–0.013
0.024–0.074

Wall of the
column

(a) HTC measured
using heat flux probe
(b) Effect of liquid
properties at high
superficial gas
velocities on HTC has
been studied.
(c) Correlation for HTC
has been proposed

Lewis et al. [19] 0.292
1–1.5

Perforated
plate
0.0019
196

Air–water,
N2–cumene
278–341
101.3

0.0087–0.18
–

965–1000
0.0001–0.0015
0.028–0.075

Centre of the
column

–

Kumar et al. [20] 0.076
1.2

Sintered plate
0.00003
35,000

Air–water, aq,
pentanol
solution
298
101.3

0.009–0.067
0.0064–0.0137

996–997
0.00089–0.0009
0.058–0.072

Centre of the
column

(a) HTC measured
using heat flux probe

Kumar et al. [21] 0.0762
1.2

Single hole
0.004
1

Air–water, aq,
glycerine
solution
298
101.3

0.0085–0.034
0.0064–0.11

1000–1250
0.00086–0.098
0.062–0.072

Centre of the
column

(a) HTC measured
using heat flux probe
(b) Effect of liquid
viscosity on HTC has
been studied.

Li and Prakash [22] 0.28
1.92

Ring sparger
0.0015
24

Air–water
296
101.3

0.035–0.35
0

1000
0.001
0.072

Centre and wall
of the column

(a) HTC measured
using heat flux probe
(b) Effect of solid
concentration on HTC
has been studied.

Lin and Fan [23] 0.0508
0.64

Single nozzle
0.00158
1

N2–paratherm
300
101.3–15,259

0.000064–0.011
0

869–882
0.032–0.038
0.025–0.029

Centre of the
column

(a) HTC measured
using heat flux probe
(b) Effect of operating
temperature and
pressure on HTC has
been studied.
(c) Correlation for HTC
has been proposed

Yang et al. [24] 0.106
1.09

Perforated
plate
0.0015
120

N2–paratherm
308–354
101.3–4200

0.06–0.21
0

864–870
0.0053–0.024
0.026–0.029

Centre of the
column

(a) HTC measured
using heat flux probe
(b) Effect of operating
temperature and
pressure on HTC has
been studied.
(c) Correlation for HTC
has been proposed.

Wu et al. [25] 0.16
1.8

Perforated
plate
0.0012
163

Air–water
298
101.3–1000

0.03–0.3
0

1000
0.001
0.072

Centre and wall
of the column

(a) HTC measured
using heat flux probe
(b) Effect of operating
pressure on HTC has
been studied.

Jhawar and Prakash
[11]

0.15
1.05

Ring sparger
and porous

Air–water
295

0.028–0.32
0

1000
0.001

Centre and wall
of the column

(a) HTC measured
using heat flux probe

t
d
k
w
e

plate
0.000015–
0.0019
20–87,000

101.3
ion for heat transfer coefficient. This consideration has been
one by incorporating of an additional independent parameter,
nown as dimensionless measurement location point (r/R) along
ith the other design and operating parameters. The param-

ter designates the radial point of measurement of the heat
0.072 (b) Effect of gas sparger
on HTC has been
studied.
transfer flux (heat transfer coefficient from it) within the bub-
ble column. For the values of h being measured at the centre
of the column and at the column wall, the values of r/R are
considered to be r/R = 0 and r/R = 0.5 respectively. This provision
enabled us to consider the h data being measured at any radial
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Table 3
Range of input and output parameters of SVR-based correlation for heat transfer
coefficient.

Parameters h (W/m2 K)

Range of output parameters 59–14,273

Operating parameters
Pressure, kPa 101.3–15,281
Temperature, K 278–354
Superficial gas velocity, m/s 0.000015–0.35
Superficial liquid velocity, m/s 0–0.116
Properties

Gas
Density, kg/m3 1.09–170

Liquid
Density, kg/m3 802–1250
Viscosity, Pa s 0.0001–0.0985
Surface tension, N/m 0.022–0.0767
Thermal conductivity of liquid, W/m K 0.125–0.655
Specific heat of liquid, kJ/kg K 1.76–4.21

Reactor geometry
Column diameter, m 0.050–0.292
Liquid height, m 0.64–2.3
Sparger type Ring, single nozzle,

multiple nozzle,
perforated plate,
sintered plate,

l
a

i
d
o
c
(
(
t
l
(
(
a
h
b
I
b
b
s
c
n
t
i
t
t
t
h

a
1
g
r
i

w
c

Table 4
Performance indicators for literature correlations for various gas–liquid systems for
h.

Correlations for h CC AARE (%)

Kast [1] 0.82 38.78
Kolbel and Langemann [2] 0.81 34.72
Shaykhutdinov et al. [3] 0.82 45.74
Burkel et al. [4] 0.81 33.14
Hart et al. [5] 0.21 89.54
Joshi et al. [6] 0.29 71.23
Deckwer [7] 0.83 28.93
Hikita et al. [8] 0.62 63.58
Holcombe et al. [9] 0.37 64.53

HTC model against the literature correlations, entire dataset was
spider, cross,
toroidal

Sparger hole diameter, m 0.000015–0.035

ocation within the bubble column reactor without any discrep-
ncy.

After careful analysis of the literature data and based on the
mportance and readiness in availability, following 16 indepen-
ent parameters have been selected affect for the establishment
f the SVR-based model for heat transfer coefficient (h): superfi-
ial gas velocity (VG), superficial liquid velocity (VL), sparger type
Kd), number of holes in the sparger (No), sparger hole diameter
do), dimensionless radial location of the measurement of the heat
ransfer coefficient (r/R), viscosity of liquid (�L), surface tension of
iquid (�L), density of liquid (�L), thermal conductivity of the liquid
k), specific heat of liquid (Cpl),gas density (�G), column diameter
D), liquid height (HL), operating pressure (P) and operating temper-
ture (T). The ranges of parameters covered in these investigations
ave been covered in Table 3. It can be seen that 16 variables have
een identified which control the value of heat transfer coefficient.

n fact, these variables affect the average bubble size (dB) and the
ubble rise velocity (VB∞). These two characteristic features of the
ubble columns decide the radiant profile of gas hold-up and pres-
ure. The resulting pressure driving force generates intense liquid
irculation which is upward in the central region and downwards
ear the column wall. The velocity gradients of mean motion and
he bubble motion generate turbulence. It is known that the veloc-
ty profile and the quality of turbulence in the vicinity of the heat
ransfer surface govern the value of heat transfer coefficient. Fur-
her, the break-up and coalescence of bubbles also depends upon
he turbulent energy dissipation rate, dB and VB∞. The above subject
as been discussed by Joshi and coworkers [6,26–65].

For the purpose of building comprehensive data sets for h,
n extensive literature search was done spanning the years
976–2007. The datasets for h were collected from 10 sources
iving 366 experimental data points. The datasets collected were
estricted to the study over gas–liquid system and without any

nternals within bubble column reactor.

The following additional “quality check” was also incorporated
ith respect to the datasets collected. In the case of manual data

ollection (reading the data points from the graphs of published
Verma [10] 0.82 30.14
Jhawar and Prakash [11] 0.29 73.25
SVR (this work) 0.98 7.05

literature), care was taken that the data was extracted from the
literature with error not more than 2% in any case. This can be
explained on the basis of the resolution of the ‘WINDIG 2.5’ soft-
ware considered for the extraction of the data sets. The resolution
of the software stands to be 550 × 400 pixels, constituting the total
area of the plot used for the data extraction. The data from each
of these plots was extracted with deviation not exceeding more
than 5 × 5 pixels. Thus, maintaining the acceptable standards of
data extraction error.

Further, the quality of the data being collected is being clearly
reflected in terms of the results/predictions given by the final SVR-
based model for various gas–liquid systems. After comparing the
performance of the SVR-based model with the unknown test data
sets (data not considered for training the model), it would be seen
in the subsequent section (Section 3.5) that the SVR-based model
shows substantially good agreement with the actual values of the
test data set. Thus, in a way such a fine agreement between the
model and the actual values shows the quality of the data being
considered for training the SVR-based model for heat transfer coef-
ficient.

3.2. Procedure for estimating regression function correlation for h

For the estimation of regression function a SVR-implementation
known as ‘epsilon-SVR’ in the LIBSVM software library [66] is being
used to develop the SVR-based models for h. The procedure for
using the LIBSVM software is being elaborately given by Gandhi et
al. [16]. For the regression function developed by using the epsilon-
SVR-based formalism the best values of C, epsilon and � were
obtained by using the standard k-fold cross-validation procedure
[16] in combination with the genetic algorithm for stochastic grid
search. The combined approach helps to find out the optimal set
of the model parameters from the wide search made using genetic
algorithm. The resulting optimal values of the three model parame-
ters are C = 207, � = 2.54, epsilon = 0.0065 for SVR-based correlation
for h. Thus, for these model parameters, the corresponding numbers
of support vectors were 162. Thus, the final SVR-based correlation
for h gave the %AARE of 7.05% and the prediction accuracy of 98.56%.
Fig. 1 is the parity showing an excellent agreement between the
actual and the estimated values for the SVR-based model for h.

3.3. Comparison of the SVR-based correlation as against
literature correlations

In order to check the applicability and performance of the SVR-
subjected to the literature correlations. The simulation results for
the literature correlations and SVR-based model for h are reported
in Table 4. It can be seen that the SVR-based models perform much
better than any of the correlations proposed in the literature by
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ig. 4. Parametric sensitivity analysis for heat transfer coefficient (VG = 0.05 m/s).
A) Heat transfer coefficient as a function of superficial gas velocity. (B) Parity plot
howing the estimations by the SVR-based model.

arious authors. Fig. 1 shows a comparison between the SVR-based
odel for h and the correlations proposed by various researchers

as mentioned within Table 1). It can be seen from Fig. 1 and the
alues reported in Table 4, the SVR-based models give much better
orrelation as compared to the various correlations reported for the
vailable datasets.

.4. Parametric sensitivity analysis

Parametric sensitivity analysis of the proposed model was car-
ied out by checking the effect of the input parameters on h in
ubble column reactors. Parametric sensitivity analysis involves

xamining the effect of individual parameters on h by the model.
hus, in order to check the effect of individual parameters on the
alues of h, simulations were performed at the constant gas velocity
f 0.05 m/s for homogenous regime and at 0.35 m/s for heteroge-
eous regime. Figs. 4 and 5Figs. 4A and 5A show the existence of
Fig. 5. Parametric sensitivity analysis for heat transfer coefficient (VG = 0.35 m/s).
(A) Heat transfer coefficient as a function of superficial gas velocity. (B) Parity plot
showing the estimations by the SVR-based model.

the various data of h with respect to superficial gas velocity for
homogenous regime and the heterogeneous regime, respectively.
From these figures it can be seen that, for a particular value of
VG, multiple values of h exist. This is due to the effect of individ-
ual parameters such as sparger type, number of holes in sparger,
hole diameter, operating pressure and temperature, thermo phys-
ical properties of gas and liquid, column diameter, etc. on h. All the
effects mentioned above are well captured by the SVR model for h
as shown by the parity plot for the same as in Figs. 4B and 5B.

3.5. Performance by SVR-based correlation for test data sets

For the validation of the SVR-based model for h, it was compared

against dataset not considered for training the model i.e. test data
set. The simulation conditions were selected in such a manner so as
to see the effect of various design and operating conditions on h. For
this purpose SVR simulations were carried out using the test dataset
for the system from open literature. The range of this test dataset
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Table 5
Simulation conditions and results for various gas–liquid systems for h.

Details SVR model for kLa

Author (gas–liquid system) Jhawar and Prakash [11] (air–water)
Pressure, kPa 101.32
Temperature, K 295
Superficial gas velocity, m/s 0.028–0.31
Superficial liquid velocity, m/s 0
Gas density, kg/m3 1.18
Liquid density, kg/m3 1000
Liquid viscosity, Pa s 0.001
Liquid surface tension, N/m 0.0728
Thermal conductivity of liquid, W/m K 0.595
Specific heat of liquid, kJ/kg K 4.18
Column diameter, m 0.15
Liquid height, m 1.05
Sparger type Ring sparger
Number of sparger holes 20
Sparger hole diameter, m 0.0019
Correlation coefficient, CC 0.99
% AARE 4.79
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ig. 6. Estimations made by SVR-based model for h for the experimental conditions
f Jhawar and Prakash [11].

long with the performance of the SVR-based model is reported in
able 5. The h simulations were carried out at experimental condi-
ions of Jhawar and Prakash [11]. The effect of change in the column
iameter and sparger type onto the h values has been well reflected
y SVR model. Fig. 6 qualitatively shows the estimation made by
he SVR-based model for h for the test input data set.

.6. Web based SVR models for h

Since, the numbers of support vectors are large in number (162)
or the SVR-based model for h, they are made available on the web.
or this purpose a SVR simulation tool was prepared and made
vailable on the web for the estimation of h for bubble column
eactors. This tool is named as ‘SVR HTC BC’ and can be downloaded
rom the web link http://www.esnips.com/web/UICT-NCL. This tool
s in the form of a Microsoft excel sheet wherein the sheet of inter-

st is named as ‘SVR model htc’. Here one can insert the desired input
eatures (16) and the cell named ‘predicted heat transfer coefficient’
ives the value of the estimated output (h). The estimation is made
n the basis of the procedure described in the earlier sections. The
ring Journal 160 (2010) 302–310 309

support vectors are listed in their scaled format in the sheet named
‘support vectors htc’. The calculation of kernel elements is done in
a sheet named ‘kernel elements htc’. The above-mentioned sheet is
password protected in order to ensure that they are not tampered
with as the sheet possesses vital information for the model. The
summation of the product of the above-mentioned kernel elements
and the corresponding non-zero Lagrange multipliers for each of
the support vectors with addition of the bias term to it give the pre-
dicted output. This estimation is shown in the cell named ‘predicted
heat transfer coefficient’ in sheet ‘SVR model htc’.

4. Conclusion

(1) In the case of bubble columns, all the published correlations (10)
for heat transfer coefficient (h) have been analyzed. A critical
assessment has been made regarding their predictive capabil-
ity as shown in Fig. 1. It has been shown that the published
correlations has four limitations (a) all the governing param-
eters are not considered, (b) datasets have been selected over
a limited range of parameters, (c) a procedure was needed for
confirming the quality of datasets used for developing the cor-
relations, (d) all the published correlations do not consider the
interdependence of parameters on h.

(2) The estimation made by the SVR-based correlation for h shows
remarkable improvement for bubble column reactors as com-
pared to the other types of empirical and semi-empirical
correlations available in the literature. The generalized SVR-
based correlation for the estimation of h yield AARE of 7.05%
and prediction accuracy of 98.56%, which is far better than those
obtained through the selected literature correlations.

(3) The SVR-based correlation for h gave enhanced and more accu-
rate predictions for a variety of gas–liquid systems over a wide
range of operating pressures, operating temperatures, super-
ficial gas and liquid velocities and various column diameters
and liquid heights. Hence the proposed SVR-based correlation
is expected to be useful in the design and scale-up of bubble
column reactors.

(4) We have provided the SVR-based correlation for h on the web-
site (http://www.esnips.com/web/UICT-NCL). We invite the
users to communicate the deviations which will enable to
improvise the data driven model.
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