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Abstract

CFD simulation for bubble column and a large number of chamber configurations have been carried out. The numerical simulations were
based on a two-fluid k—¢ model. An attempt has been made to simulate the flow pattern on the upstream and downstream of the distributor and
its effect on performance of the bubble column. A procedure has been proposed for connecting the gas chamber to bubble column reactor. The
extreme cases of uniform and mal-distribution were considered and the effect of mal-distribution was investigated on the flow pattern in the bubble
column. The effects of opening area and hole diameter were investigated in the range of 0.64-4% and 2—4 mm, respectively. The effect of inlet
nozzle size and its location with respect to the distributor were found to be very important. The flow pattern within the gas chamber has been
comprehensively analyzed and the velocities through all the holes have been estimated for assessing the uniformity of the gas distribution. It
was found that, the chamber configuration has an effect on the uniformity of gas distribution particularly in the sparger region of bubble column
reactors. The uniformity of gas distribution was found to increase with an increase in the distributor pressure drop and a decrease in the inlet
kinetic head of the gas. Recommendations have been made for the inlet nozzle size and its location, opening area and hole diameter. Further,
the development of hold-up profile and its significance on design parameters have been explored. From the quantitative information reported
in this paper, it may be possible to select the design parameters of distributor and gas chamber depending upon the desired level of uniformity
of distribution and for a given bubble column in terms of diameter (D), height of dispersion (Hp), superficial gas (Vi) and liquid velocity

(Vo).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Bubble column reactors find a widespread applications in
the chemical industry due to their simple construction and
operation. These columns are characterized by intense liquid
circulation, which provides a good degree of liquid phase mix-
ing, heat and mass transfer rates between the fluids and the
column wall. Important applications include oxidation, hydro-
genation, hydrohalogenation, ammonolysis, hydroformylation,
Fischer—Tropsch reaction, ozonolysis, carbonylation, carboxy-
lation, alkylation, fermentation, waste water treatment, hydro-
metallurgical operation, steel ladle stirring, column flotation, etc.

A bubble column consists of a vertical cylindrical vessel with
height-to-diameter ratio in the range of 1-20 (more commonly
3-10). Gas is introduced at the bottom via a sparger. Several
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designs of the sparger are used in practice, which include: sieve
plate, ring, spider, radial sparger, ejector, injector, etc. One of the
most important features in the design and operation of a bub-
ble column is an appropriate selection of the gas-distributing
element. The sparger or distributor governs the bubble size dis-
tribution and the hold-up profile particularly in the transverse
direction. These in turn decide the flow pattern, effective inter-
facial area, rates of mass transfer, heat transfer and mixing. The
mal-distribution reduces the effectiveness of the gas—liquid con-
tacting and may result into dead zones or sparge-hole plugging,
and as an extreme case weeping through part of the distribu-
tor. All these non-ideal flow behaviors have profound impact
on the residence time distribution and the reactor performance
particularly when selectivity and quality are important.

A good distributor should introduce bubbles and distribute
them uniformly over the entire cross-section and this objective
needs to be achieved with as minimum a pressure drop as pos-
sible. In order to obtain uniform distribution, it is important to
understand the flow pattern on the upstream and downstream
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Nomenclature

a interfacial area (m~!)

Cs interface energy transfer factor
Cp drag coefficient (kgm—3s~1)
CFD  computational fluid dynamics
CL lift force coefficient

Cvy virtual mass force coefficient

Co, C1 drift-flux constant
C1, Ce2, C, constant in turbulence models

dg bubble diameter (m)

do orifice or hole diameter (m)

D diameter of the column (m)

Dy, axial dispersion coefficient (m%s™1)
Dy nozzle size (m)

E; net energy input (W)

foz drag force on single bubble (N m~3)

Fpr frictional force in the radial direction per unit vol-
ume of dispersion (N m~—3)

Fpz frictional force in the axial direction per unit vol-
ume of dispersion (N m™3)

Fpe frictional force in the tangential direction per unit
volume of dispersion (N m?)

Fir lift force per unit volume of dispersion (N m~3)

Fro lift force in the tangential direction per unit vol-
ume of dispersion (N m™3)

Fvr radial virtual mass force per unit volume of dis-

persion (N m?)

Fyz axial virtual mass force per unit volume of disper-
sion (Nm~3)

Fve tangential virtual mass force per unit volume of
dispersion (N m_3)

g acceleration due to gravitation (m s72)

G generation term defined in Table 1

Hc height of chamber (m)

Hp height of gas dispersion (m)

k turbulent energy (m”s~2)

kra mass transfer coefficient (s 1)

N number of holes on the sieve plate distributor
OA opening area (%)

p pressure (N m™2)

Pp interphase transfer of energy term

APp  dry pressure drop (Nm~2)
APy wet pressure drop (Nm~2)

r radial distance (m)

Sk source term in the governing equation
u axial velocity component (ms™!)

ur —ug average slip velocity (ms™!)

v radial velocity component (ms~!)

UB volume of a bubble (m3)

VBoo terminal rise velocity (m s7h

Vi superficial gas velocity (ms™!)

VL superficial liquid velocity (ms~)

VN nozzle gas velocity (ms™!)

Vs axial slip velocity between gas and liquid (m s~ )

Vsr radial slip velocity between gas and liquid (m s~ )
w tangential velocity component (ms™!)
y normal distance from the wall, R—r (m)
z axial distance along the column (m)
Greek symbols
'k YLK
o K
o molecular thermal diffusivity (m2s~ 1
£ turbulent kinetic energy dissipation rate (m?s~>)
€ volume fraction
€L fractional liquid hold-up at any radial location
€G fractional gas hold-up at any radial location
€G average fractional gas hold-up
€L average fractional liquid hold-up
o a time averaged variable
u molecular viscosity of phase K (Pa s)
HiK turbulent viscosity of phase K (Pa s)
Heff effective turbulent viscosity (Pa s)
T stress term (N m_2)
v molecular kinematic viscosity of liquid (m? s~ 1)
v turbulent kinematic viscosity of liquid (m?s~!)
Omix mixing time (s)
0 density (kgm™3)
oD average density of gas—liquid dispersion

(ELpL + Ecpo) (kgm™)
0G density of gas (kgm™3)

oL density of liquid (kg m—)

o surface tension of liquid (N m)

o turbulent Prandtl number for momentum transfer

O turbulent Prandtl number for kinetic energy dis-
sipation rate

of turbulent Prandtl number for bubble motion or
dispersion number

Ok turbulent Prandtl number for turbulent kinetic
energy

Subscripts

G gas phase

K phase, K=G: gas phase, K=L: liquid phase

L liquid phase

lam laminar

sides of the distributor. Velocity distribution of gas through
sparger holes strongly depends on the design of gas chamber. The
design parameters include the aspect ratio, inlet nozzle position
and its size, in addition, if the sparger is of sieve plate type then
opening area of the gas distributor, number of holes and their spa-
tial distribution. The gas distributor performance also depends
upon the pressure field and the flow pattern on the downstream
face of the distributor, which depends upon the column diameter,
superficial gas velocity and the distributor design itself. Thus,
for the design of gas—liquid reactors such as bubble columns, the
distributor design should take into account the flow pattern on
the both sides as well as through the distributor holes. Despite its
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importance, there are no generally accepted procedures for the
proper design of a gas—liquid distributor and are largely empiri-
cal and based on conflicting “rules of thumb”. For instance, often
the pressure drop across the distributor is used as the criterion
for design, and one of the recommendations is that the pres-
sure drop across the distributor should be 10-30% of the static
head of the multiphase dispersion (Kunii and Levenspiel [1]).
Clearly the use of this criterion is not satisfactory, as the same
may be obtained for instance from two distributors, one with a
single hole and another with a large number of smaller holes.
Conversely, nor it is sufficient to specify only the opening area
on the plate. The substitution of a large number of small holes
for a smaller number of large holes may leave the proportion of
opening area unchanged but will significantly alter the pressure
drop and flow pattern. Dhotre and Joshi [2] analyzed the flow
pattern in the gas chamber using CFD and proposed a procedure
for sparger design. This work assumed uniform pressure distri-
bution on the downstream side of the sparger or at the bottom
of the gas-liquid dispersion in a column. Since the real column
operation is characterized by intense liquid circulation with con-
comitant pressure distribution, it was thought desirable to extend
the work of Dhotre and Joshi [2] and undertake the CFD simula-
tion of the bubble column together with gas chamber so that the
actual pressure profiles on both sides of the sparger get included
in the analysis. An attempt has been made to understand the var-
ious combinations of sieve plate as sparger (dg, OA, N), bubble
column (D, Hp and V) and gas chamber (aspect ratio, loca-
tion and diameter of inlet nozzle). The results are expected to be
useful for the sparger design.

2. Mathematical model
2.1. Gas chamber

The analysis of the gas chamber below a distributor plate
involves single-phase three-dimensional complex turbulent flow.
The continuity and momentum equations can be written in the
following form:

2.1.1. Continuity equation
V(pu) =0 ()

2.1.2. Momentum equation
V(puu) = —Vp + V1 + pg, 2

The terms on the right hand side of Eq. (2) are, respectively, rep-
resenting the pressure gradient, stress and gravity. The effective
turbulent viscosity (uefr) was computed from a velocity scale
(k'?) and a length scale k*?/e which were predicted at each point
in the flow via the solution of the following transport equations
for k and &:

V(puk) = -V (MeHVk) + G — pe 3)
Ok
[heft £ &2
V(pue) =V ( Ve) + Cal%G —Co ,0; @)
&€

The turbulent viscosity is then related to k and ¢ by the expres-
sion:

2
Meff = 1+ Cup;, (5)

The coefficients Cg1, Ce, Cu, 0, 0¢ are the k—e model
parameters and the following values were selected: C,1 =1.44,
C=192, C,=0.09, 04,=1.0, 0,=1.3. The term G in Egs.
(3) and (4) is the production of turbulent kinetic energy and
described by t:Vu where 7 = — e[ Vu+ (va)T].

2.2. Bubble column

The gas—liquid flow in bubble column is inherently unsteady
and comprised of various flow processes occurring at differ-
ent length and time scales. As far as the steady and averaged
profiles of variables are concerned, flow can be represented by
the steady state model. The equations of continuity and motion
for the three-dimensional cylindrical co-ordinate system can be
represented in the following generalized form (Stewart and Wen-
droff [3]; Jakobsen et al. [4]; Joshi [5])

10 0 10
—Z(repvd) + — (€ pud)g + — (€ pwd)y
ror 07 r 00

9 la(I“e(b) +az(qu§)
= — | ——(I —
ar \ r or 072 K

82
2 962
where @ is any transport variable, K denotes the phase [K=G
or L] S¢ is the source term for the respective dependent vari-
able. Values of @ and S¢ for different transport variables have
been given in Table 1 and Ik is effective turbulent diffusivity,

I'y = (vix/op k), where the turbulent eddy diffusivity for liquid
phase is given as:

C,k?

+ (e I'D)k + Sox (6)

(N

VL = VLlam +

where k is turbulent kinetic energy and ¢ is turbulent kinetic
energy dissipation rate in liquid phase. The eddy diffusivity for
gas phase was estimated from the knowledge of eddy diffusivity
of liquid phase. The modeled form of the liquid phase k and
& transport equation are given in Table 1. From Table 1, it can
be seen that most of the terms are derived from gas and liquid
velocities. In addition, in two-phase flows, momentum and
energy transfer occurs across the interface. Therefore, the drag
force (Fpz, Fpr and Fpg), virtual mass force (Fyz, Fyr, Fve),
and lift force (FLr and F1p) appear in the axial, radial and
tangential components of the momentum balance (Table 1).
Furthermore, the interphase transfer of energy (Pg) appears in
the equations for turbulent kinetic energy and turbulent energy
dissipation rates.

3. Boundary conditions

In order to obtain a well-posed system of equations, reason-
able boundary conditions for the computational domain have
to be implemented. Fig. 1 shows the computational setup of
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Table 1
Governing equation for bubble column

[ op of

S k= source terms

The governing equations written in a general form: %a@(r € pvd)k +

li(rej“"@)](+("( F?;? )K-"_r2 (’9( F?’(é)) +S¢’K
]

ror or

Conservation of mass 1 1to oo

Conservation of axial u 1.0 1to oo
velocity

momentum

Conservation of v 1.0 1to oo
radial velocity

momentum

Conservation of w 1.0 1to oo
tangential velocity

momentum

Conservation of k 1.0 -
turbulent kinetic
energy

Conservation € 1.3 -
of turbulent
energy dissipation

Pg = C(FprVs + Fpz Vs + FpgVs); Fir = —CrLegpL(ug — HL)%;

0 ad 10
Fyvz =—-CvegpL {*(VG —vpo)+ —(ug —uL) + - —(Wg — WL)} ;
0z r 00

or

10 ad 1
Fyr = =Cv e€gpL (**r(VG —vo)+ —(ug —uL) + -
r or 0z r

10 Gl 10
Fve = —CvecpoL (**V(VG = VL) + —(ug —uL) + — —(Wg — WL)) ; Fpg=—
r or 0z r 00

oo (V1Y () (B2
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%(WG - WL)) ; Fpr=—
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ror (r ap or ) + 9z ( of 0z ) + 2 00 ( ap 00 )

—EK%IZJ-F expkgE Fy,eL £ FjeL+
3
(e

19 ? 9 1 ?
(rdr (r€“l£> +% (el"’aé) + 9 ( “’%))K_’_
10 Kt D€ Kt de 1 9 de
uk | 73 (r?}w)ﬂLa*z(ﬁTz)Jrﬁ@ ﬁa*))KJr
W de 1w
(ﬁ a,)K(rar(’VH*Jr;%)K

—EK(,‘_ iFSRGLiFVRELj:FLREL-F

(iaar(rep.,g)%-;(el/«zﬁ)"r%%(Eﬂf%vrv)) +
K
(e%) - (es®) - (eumy)+
(1) £ (52) 44 (59)),
mig) (Liew+ 2+l
_EK,dgiFBGGLiFVQELiFL9€L+
(%%(reﬂrae)‘ﬂv— (6“’39)+ 239(6“'39 ))K_
(Eg)K—’_(E%’%)K_(V% (ZE,U,,V))

w2 (- 5(5%)),
(5; aaS) T 8r(rv)+ o + l%g)K

eL(G+ Pg —pLe)

Mt dE 9
oy o 9z

M e 1
oy 0z r2 060

€L7(Ce1(G + Pg) — CeaprLe)

Fiy=—CLegp. Mo B
€:6(pG — pL)g(uG —up)|ug —ug |
- 2
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(Vg — VL)
€c(pG — pL)g(WG — WL)|WG — WL |
———>
(WG —wL)

L) (i () ¢ 1%))

“Force terms are positive for the gas phase and negative for the liquid phase.

both gas chamber and bubble column under consideration. The
boundary conditions for the gas chamber and bubble column has
been specified as follows.

3.1. Gas chamber

The inlet nozzle was either provided at the bottom or on the
side. During simulation, the location and size were varied over
a wide range. The top of the gas chamber formed the sieve plate
distributor having holes. The holes were distributed in square
pitch and pitch to diameter ratio was selected in such a way
that no weeping criteria should be satisfied. The holes were
uniformly distributed over a square area and then percentage
opening area was calculated. The following boundary condi-
tions were employed: (i) at the inlet, the nozzle velocity (Vn)

was specified; (ii) at the top surface (distributor), the region of
holes, was considered live for the gas flow; (iii) standard wall
functions were employed to model the flow near the wall; (iv) for
considering connectivity, the pressure profile from downstream
of the bubble column was employed on the distributor.

3.2. Bubble column

(i) Along the wall, the velocities satisfy the no-slip boundary
conditions (the wall function method based on the log law
of the wall is invoked to calculate the wall shear stress and
the values of k and ¢ close to the wall).

(ii) At the inlet, the top surface information obtained from gas
chamber was set at inlet holes and a closed part of the
distributor was set to no-slip boundary condition.
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Gas Outlet

Bubble Column
(D, Hp)

Sparger_ c -

Gas Chamber
(D, He)

Gas Inlet

Fig. 1. Schematic of the bubble column reactor and a gas chamber and a bubble
column.

(iii) Atthe top surface of the computational domain, the gradient
of the dependent variable are set to zero.

4. Inter-phase force term

The interfacial forces arise due to the momentum transfer
across the interface. If the slip velocity is constant, the force
is called as drag force. For a single bubble rising in an infinite
liquid, the drag force is given by:
b4
4
The modulus quantity is the slip velocity. The drag force per
unit volume of dispersion (Fpz) consisting of N bubbles can be

estimated using Eq. (8). On the basis of left hand side of fpz
formulation, Fpz works out to be:

1
Cp 4 di 5 LU —wL)lug —uL| = vs(pG — pLIg = foz  (8)

3Cp
Fpz = Nfpz = —€gpL———(ug —up)|ug — ur| ©))
4dp
While using Eq. (9) in practice, the knowledge of dp and slip
velocity is needed. The drag force for a single bubble depends
on the shape and size of the bubble, nature of the interface and
flow around the bubble. The estimation of drag force for a bubble
swarm is further complicated by the presence of other surround-

ing bubbles. Further, the value of Cp is likely to be different for
a bubble and a bubble swarm. This is because, the shape and
size of a bubble in a bubble swarm is much different from that
of an isolated bubble. In addition, the flow structure surround-
ing a bubble gets modified when it becomes part of a swarm.
Further, bubbles do have a size distribution and bubble coales-
cence and break-up seems to have an important role for correct
simulation results. This objective is still under investigation and
yet not included in this work. From the foregoing discussion, it
is clear that, the use of Eq. (9) is difficult. Alternatively, fpz and
Fpz can be estimated on the basis of right hand side of Eq. (8)
as:

Fpz = — €g(pG — pL)g (10

In a bubble column, the description of drag force should con-
sider the following important real features: (a) the value of slip
velocity (Vs) is not constant throughout the column and varies
in radial and axial directions. The local value of slip velocity
(ug—ur) is obtained from the CFD solution and the average Vs
can be estimated from the local values. (b) As said earlier, it may
be emphasized again that the values of Vg (local and hence aver-
age) strongly depend upon the nature of the gas—liquid system.
Out of the above two features, the variation of Vs can be included
in the Fpz formulation by linearization of Eq. (10) and is given
below. The considerations of the feature (b) will be discussed
later.

__ €c(pc — pL)g(uG —up)
foz = (ug —up) (4o

For a typical value of average slip velocity of 0.2ms™!, pp =

1000 kg m3, pL > pG, g=9.81ms~ !, we get:

Fpz = Cp € g(ug —uL) (12)
where
CD:_(pG—pL)g:_(pc—pL)g:4.9X104 13)

ug — up, Vs

It may be pointed out that Cp is not the conventional dimension-
less drag coefficient. In this case, it has units of kgm—>s~! or
Nsm™. It may be noted that the constant (4.9 x 10%) is valid
for a fixed value of the slip velocity of 0.2ms~!. If the rela-
tive motion is unsteady, a virtual mass force prevails which is
additive to the drag force. When the liquid phase flow pattern is
non-uniform in the radial direction the rising bubble experiences
a radial (or lateral) lift force. In the present work, all the three
forces, i.e. drag, lift and virtual mass force have been incorpo-
rated with C;, =0.1 and Cy =0.5. Table 1 shows the formulation
of these three forces.

5. Energy balance

All the predicted flow patterns must satisfy the energy bal-
ance. The rate of energy supply from the gas phase to the liquid
phase is given by the following equation:

x _
Ei=7D%p— po)gHp €LlVG +(Cp — DEGVs]  (14)
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When bubbles rise, the pressure energy is converted into tur-
bulent kinetic energy. A fraction of Cp is considered to get
transferred to the liquid phase; the rate of energy given by Eq.
(14) is finally dissipated in the turbulent liquid motion. We need
to establish the energy balance. From CFD simulations, we get
the pattern of turbulent energy dissipation rate. Therefore, the
predicted energy dissipation rate needs to be equal to the input
rate given by Eq. (14). The pertinent detailed discussion has been
provided by Dhotre and Joshi [6].

6. Method of solution

The set of steady state governing equations were solved
numerically and involved the following steps: (i) generation of
suitable grid system; (ii) conversion of governing equation into
algebraic equations; (iii) selection of discretization schemes; (iv)
formulation of the discretized equation at every grid location;
(v) formulation of pressure equation; (vi) development of a suit-
able iteration scheme for obtaining a final solution. The finite
control volume technique of Patankar [7] was employed for the
solution of these equations.

6.1. Gas chamber

The equation of continuity and motion were solved (together
with the k—e equations) for getting complete flow pattern in the
gas chamber. In our simulations, the finite-volume method in
three dimensions was used. The flow in chamber was computed
using 54,000-120,000 cells depending upon number of holes
and height to diameter ratio and it was found that 12-15 grids
per hole were sufficient for resolving the flow. The equations
were solved using the SIMPLE algorithm (Patankar [7]). The
model equations were solved using a commercial CFD code,
FLUENT 6.1 (of Fluent Inc.).

6.2. Bubble column

A power law scheme was used for the discretization of the
governing equations for bubble column. A SIMPLE algorithm
was used to solve the pressure velocity coupling term. The
set of algebraic equations obtained after discretization were
solved by Tri-Diagonal Matrix Algorithm (TDMA). Relax-
ation parameters and internal iterations for the variables were
tuned to optimize the balance between the convergence cri-
teria (1.0 x 1073) and the number of iterations required. The
flow in bubble column was computed using grid size of
22 x 62 x40 (r, z, 0). The detailed stepwise procedure for
getting the flow pattern is given by Ekambara and Joshi
[8].

6.3. Connectivity between gas chamber and bubble column

The following stepwise procedure has been developed for
describing the connectivity between the gas chamber and bubble
column reactor.

(1) Initially, the gas chamber was simulated assuming uniform
pressure on the downstream side equal to the static head of
dispersion. The hole velocities through the distributor holes
were calculated.

(i) The hole velocities calculated from (i) were given to the
bubble column as boundary conditions and the bubble col-
umn was simulated. As a result we get profiles of u, v, w,
P, k and ¢ in the bubble column. The gas phase material
balance was established while giving hole velocities to the
bubble column. This step gives the pressure field in the
entire column including that on the downstream side of the
sparger.

(iii)) The pressure profile above the sparger obtained in step (ii)
was given as a boundary condition to the gas chamber and
with this change the hole velocities were calculated.

(iv) The procedure in steps (ii and iii) was repeated until all hole
velocities coming out of the gas chamber in consecutive
iteration was within 4%. The downstream pressure profile
obtained from consecutive iterations was also imposed to
have a limit of 4% standard deviation.

For satisfying the two criteria in (iv), about three to four iter-
ations were needed. For instance, Fig. 2 shows results of four
iterations for connectivity between the gas chamber and bubble
column reactor in the form of prediction of hold-up profile at
three Hp/D locations (0.2, 2.5 and 5) in the bubble column reac-
tor. In the sparger region and little above it (0.2 and 2.5), the
effect of gas distribution can be clearly seen and at Hp/D =35,
there is no significant change in hold-up profile. Parasu Veera
and Joshi [9] have observed the same trend in their experiments.
It can be seen from Fig. 2 that in the first iteration, where the
condition of static pressure of the dispersion above the gas cham-
ber exists, gives the relatively uniform distribution. However, as
seen in Fig. 2 the uniformity decreases as the pressure profile
from the bubble column applied on the gas distributor above the
gas chamber in consequently second and third iteration. No sig-
nificant difference was observed between the third iteration and
fourth iteration in this particular case. The hold-up profile results
in a profile of static pressure, which is lower in the central region
as compared to the near wall region. As a consequence, intense
liquid circulation is a developed which is upwards in the central
region and downward near the column wall. The intensity of
liquid circulation depends upto the nature of hold-up profile. In
case of a flat profile, the liquid circulation is zero. The circula-
tion velocity increases with an increase in the steepness of the
profile.

7. Results and discussion

7.1. Comparison of the flow pattern with the experimental
data

As a first step, it is important to establish the validity of
the model for flow pattern. Therefore, comparison has been
made with the experimental data of Hills [10], Nottenkam-
per et al. [11], Menzel et al. [12], Yao et al. [13], Yu and
Kim [14] and Grienberger and Hofmann [15]. The sparger
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Table 2

155

Effect of the opening area, D=0.2m, Vg=0.1m s~!, Hp/D=6, Hc/D =1, dy =2 mm

% OA No.ofholes Nozzlesize(m) Vyn(ms™!) APw (Nm™2) APp(Nm~2) Kinetic energy head “Ri Ry % S.D. with respect to mean
0.64 64 0.016 15.63 895.41 441.16 149.9 203 294 152

4.0 400 0.016 15.63 192.68 35.72 149.9 532 023 322

*R; =Ratio of APw to APp, R, =ratio of APp to kinetic energy head.

Table 3

Effect of the hole size, D=0.2m,Vg=0.1m s7!, Vn=15.625ms™!, % OA ~ 0.64, Hp/D =6, Hc/D=1

N dy (m) Nozzle size (m) APw (Nm~2) APp (Nm~2) Kinetic energy head Ry R % S.D. with respect to mean
64 0.002 0.016 895.41 441.16 149.9 2.03 2.94 15.2

16 0.004 0.016 1090.8 299.98 149.9 3.63 2.01 25.1

“R; =Ratio of APw to APp, R, =ratio of APp to kinetic energy head.

Table 4

Effect of the nozzle size, D=0.2m, Vg=0.1m s~ do=2mm, Hp/D=6, N=64, Hc/D=1, % OA=0.64

Nozzle size (m) VN (ms™h) APw (Nm™2) APp (Nm™2) Kinetic energy head "R Ry % S.D. with respect to mean
0.016 15.63 895.41 441.16 149.9 2.03 2.94 15.2

0.032 3.902 895.41 441.16 149.9 2.03 47.80 7.25

0.048 1.736 895.41 441.16 149.9 2.03 238.3 1.86

*R; =Ratio of APw to APp, R, =ratio of APp to kinetic energy head.

Table 5

Effect of inlet position to the gas chamber for % OA=0.64, D=0.2m, N=64, Vg=0.1m s~ do=2mm, Hp/D=6, Hc/D=1, Dy =16mm, VN =15.625m s7!
Position APw (Nm™2) APp (Nm™2) Kinetic energy head Ry R % S.D. with respect to mean
Center 895.41 441.16 149.9 2.03 2.94 15.20

Side nozzle at 1 895.41 441.16 149.9 2.03 2.94 4.07

Side nozzle at 2 895.41 441.16 149.9 2.03 2.94 3.02

Side nozzle at 3 895.41 441.16 149.9 2.03 2.94 27.45

*R; =Ratio of APw to APp, Ry =ratio of APp to kinetic energy head.

design was included in the simulation. Excellent comparison
was obtained between the model predictions and the exper-
imental data. For instance, Fig. 3 shows a typical case of
such comparison. The agreement between the predicted and
the experimental profiles of axial velocity can be seen to be
excellent. It may be pointed out that such an agreement has
been obtained over a wide range of column diameter, superficial
gas and liquid velocities as covered by the above-mentioned
authors. In view of the excellent comparison, it was thought
desirable to simulate the effect of various chamber configura-
tions on the flow pattern. For this purpose, a large number of sieve
plate designs and the chamber configurations were selected.
A summary of these plate-chamber configurations is given in
Tables 2-6.

It is known that the uniformity of sparging increases with
an increase in sparger pressure drop (APw) as compared with
the static head of gas—liquid dispersion (Hpppg). However, an
increase in the sparger pressure drop means an increase in the
compressor (fixed) and compression (operating) costs. There-
fore, it was thought desirable to seek the possibility of an opti-
mum design.

7.2. CFD simulation for optimum design of gas distributor
and gas chamber

The design procedure for distributors on the basis of CFD
simulation of flow patterns in a combined coupled system con-
sisting of a gas chamber, a bubble column and a sieve plate type

Table 6

Effect of height to width ratio for % OA =0.64, Vg =0.1 m s Vn=15.625m s dyp=2mm, Dy =16mm, N=64, Hp/D=6

Hc/D APy (Nm~2) APp (Nm™2) Kinetic energy head "R Ry % S.D. with respect to mean
2.0 946.41 268.34 149.9 2.03 1.80 2.10

1.5 924.90 445.74 149.9 2.03 1.74 4.60

1.0 895.41 441.32 149.9 2.03 2.94 15.20

“R; =Ratio of APw to APp, R, =ratio of APp to kinetic energy head.
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Fig. 2. Connectivity results for effect of pressure profile applied on the distrib-
utor plate (dp=2mm, Vg=0.1m s71, N=64, Ww=1525ms™ !, Dy=16 mm
(1, 2, 3, 4: first, second, third and fourth iteration results). (A) Hc/D=0.2 (B)
Hc/D=2.5(C) Hc/D=5.0).

of gas distributor is as follows: (i) for a given pressure drop,
selection of the opening area and the selection of hole size for
maximum uniformity; (ii) for selected opening area and hole
size, selection of nozzle size for maximum uniformity; (iii) for
selected opening area, hole size, nozzle size, selection of posi-
tion of inlet nozzle and aspect ratio of gas chamber. Finally (iv)
optimization of pressure drop. The following study of effect of
different design parameters will help in selecting proper param-
eter in step (i—iii).
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Fig. 3. Comparison of model prediction with the experimental data.

7.3. Effect of opening area

The simulations have been carried out for two extreme cases
having low (0.64%) and high (4%) opening areas with corre-
sponding 64 and 400 number of holes of 2 mm diameter. It was
observed that when the opening area increases from 0.64 to 4%,
a significant decrease in the uniformity occurs in the magnitude
of the hole velocities. The effect of percentage opening area has
been shown in Fig. 4 and Table 2. The average hold-up ( € )
decreases as the opening area increases. This is in agreement
with the fact that with an increase in opening area, the distribu-
tor pressure drops decrease and the uniformity of pressure below
the distributor decreases. The details regarding uniformity and
pressure drop for the sparger considered are given in Table 2.

7.4. Effect of hole size

The hole size is an important parameter in design of the
sparger. The effect of hole size has been shown in Fig. 5 and
Table 3. Simulations have been carried out for hole sizes of 2
and 4 mm for 64 and 16 number of holes, respectively, with con-
stant opening area of 0.64%. It can be seen from Table 3 that as
the hole size increases, the pressure drop across the distributor
decreases and the uniformity of distribution through the holes
decreases. It was observed that in the sparger region and little
above it (Hp/D=0.2 and 2.5), the effect of gas distribution is
significant. For 4 mm hole size, the hold-up profile is found to
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be steep at Hp/D=0.2 and for 2 mm size for the same open-
ing area, uniform distribution of gas occurs giving a relatively
flat gas hold-up profile indicating the uniform distribution of
the gas. Further, it was observed that as hole diameter increases
the average hold-up ( € g) decreases. This can be attributed to
the reduction in bubble size with a decrease in hole diameter
and increases in the energy dissipation rate. Smaller bubble size
results into the higher hold-up.
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7.5. Effect of nozzle size

In the previous two sections, it was observed that the unifor-
mity of distribution increases with an increase in the distributor
pressure drop. In this context, for a given distributor pressure
drop, it was thought desirable to investigate the effect of inlet
nozzle size. This is because the kinetic head of the inlet gas
(V§/2) is expected to have implications on the gas distribu-

24
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Fig. 5. Effect of hole size on the gas distribution over the distributor plate and the flow pattern inside the gas chamber (% OA ~0.64, Vg =0.1 ms™!, Vy = 15.25ms™!,

Dn =16 mm, N and dj of (A) 64 and 2 mm and (B) 16 and 4 mm).
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Fig. 6. Effect of nozzle size on the gas distribution over the distributor plate and the flow pattern inside the gas chamber (dp=2mm, Vg=0.1ms™!, N=64, %
OA =0.64 and Vx, Dy of (A) 15.6ms™!, 16mm; (B) 3.9ms™!, 32 mm; (C) 1.7ms™!, 48 mm).

tion. It can be seen that, for a given distributor pressure drop;
a decrease in the kinetic head improves the uniformity. For this
purpose, the distributor having 64 holes was selected and sim-
ulated for three different nozzle size (16, 32, 48 mm). It can be
seen from Fig. 6 and Table 4 that for case one, where kinetic
head is high as compared to rest, gives non-uniform distribution
of the gas.

7.6. Effect of inlet nozzle position

As seen in the earlier section, nozzle size plays a significant
role in deciding uniformity. Therefore, it was thought desirable

22
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S
HOLE VELOCITY, m/s

iR 0202 vm

(A)

to see the effect of nozzle position on the flow pattern in the
bubble column. The simulations have been carried out by keep-
ing the inlet nozzle location at four different positions: (i) on
the center of the bottom and (ii) on the side at three different
positions (top, center and bottom). The effect of the inlet noz-
zle position is shown in Fig. 7 and Table 5. It can be seen that
the side central and side bottom position gives relatively better
uniformity as compared to the bottom central position and top
positions. Fig. 7 shows the effect of these configurations on the
bubble column, it was observed that the side central position and
side bottom give a relatively flat hold-up profile, more so than
side upper and bottom and central position.
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Fig. 7. Effect of inlet position on the nozzle on the gas distribution over the distributor plate and the flow pattern inside the gas chamber (% OA =0.64, N=64,
Hc/D=1,dy=2mm, Dy=16mm, Vg=0.1ms!, Vy=15.25ms~! and with inlet nozzle positions of (A) center at the bottom; (B) side at the bottom; (C) side at
center; (D) side at top).
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7.7. Effect of aspect ratio of gas chamber

The simulations have been carried out by changing the height
of the chamber (0.2, 0.3, 0.4 m). As expected, the uniformity
increases with an increase in the height to diameter ratio. As
height to diameter ratio increases from 1 to 2, the main stream
of the air takes time to reach the distributor and dissipates itself
before reaching the central portion of the distributor. As a result
for the height of 0.4 m, air enters the chamber and while reach-
ing to the distributor, it spreads out and achieves the significant
degree of uniformity and reduces the mal-distribution. It was
observed that in the sparger region and little above it (Hp/D = 0.2
and 2.5), effect on gas distribution was significant. Fig. 8 and
Table 6 shows the effect of height of the chamber on the hydro-
dynamics of the bubble column. It was observed that at height
of 0.4 m, relatively flat hold-up profile as compared to the other
two cases of 0.2 and 0.3 m.

7.8. Effect of column diameter

The simulations have been carried out to see the effect of the
column diameter and hence the chamber diameter (0.2, 0.3, 0.4,
0.6 m), keeping the percentage opening area constant. It was
observed that as column diameter increases, mal-distribution
over the distributor increases. Further, it was found that the
resulting hold-up profile shows little variation with change in
column diameter (0.2-0.6 m), indicating the hold-up profile is
independent of column diameter. The effect of column diameter
has been shown in Fig. 9 and Table 7.

7.9. Effect of superficial gas velocity

The simulations have been carried out for the superficial
gas velocity of 0.1, 0.2, 0.25ms~!. The effect of superficial

gas velocity on the flow pattern in the chamber is illustrated
in Fig. 10 and Table 8. It can be seen that as superficial
gas velocity increases, mal-distribution over the distributor
increases.

(A) Vg=0.12 m/s

FRACTIONAL GAS HOLD-UP

0.1 Hp/D=0.259

O T T T
-1 -0.5 0 0.5 1

DIMENSIONLESS RADIAL DISTANCE

Fig. 11. Comparison of hold-up at height to diameter ratio of (A) 5; (B) 3; (C)
0.259 with the experimental data of Parasu Veera and Joshi [9] (D=0.385m, %
OA=044,N=71,V5=0.12ms™").
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Table 7

Effect of column diameter for % OA=0.64, Vg=0.1ms™ !, Vxy=15.625ms™~!, N=64, Hp/D=6

Diameter (m) dp (mm) APw (Nm™2) APp (Nm™2) Kinetic energy head “Ry Ry % S.D. with respect to mean
0.2 2 895.41 441.16 149.9 2.03 2.94 15.2

0.3 4 4134 262.90 149.9 1.57 1.69 18.5

0.4 4 384.5 269.03 149.9 1.42 1.75 20.4

0.6 4 357.4 277.90 149.9 1.29 1.85 25.2

*R; =Ratio of APw to APp, R, =ratio of APp to kinetic energy head.

Table 8
Effect of superficial gas velocity for % OA =0.64, N=64, Hp/D=6,D=0.2m

Vi Hole size (mm) APw (Nm~2) APp (Nm™2) Kinetic energy head R Ry % S.D. with respect to mean
0.1 2 895.41 441.16 149.9 2.03 2.94 15.20
0.2 2 635.25 1187.98 599.60 1.87 1.05 23.25
0.25 2 1546.65 855.918 936.89 1.80 0.913 26.45
*R; =Ratio of APw to APp, R, =ratio of APp to kinetic energy head.
8. Development of hold-up profile and its significance Table 9
Details of the sparger used
The establishment of the flow pattern in the column is an Sparger Specification
effect of the s.yn?hr(.)mzed .developm§nt in the gas hold-up prqﬁle SP1 % OA=0.64. N=64. do= 2 mm. D=02
and also the liquid circulation. Thus, in the heterogeneousregime ~ gpy % OA =4.0, N=400, dy =2 mm, D=0.2
of operation (do > 1.9 mm and Vg >50 mms~!), the circulation SP3 % OA=0.64, N=16, dy=4mm, D=0.2
velocity increases continuously away from the sparger, result- ~ SP4 % OA=0.64, N=64, dy=3mm, D=0.3
ing more bubbles being brought into the center, thus helping the ~ SP3 % OA=0.64, N=64, dy=4mm, D=0.4
SP6 % OA=0.42,N=71, dy=3 mm, D=0.385

development of the hold-up profile as well. The development of
the hold-up profile for different spargers (SP1-SP6, details are
given in Table 9) is shown in Figs. 11 and 12 for the air—water
system. Fig. 11 shows that the comparison of hold-up profile
with the experimental data of Parasu Veera and Joshi [9] for
a superficial gas velocity of 0.12ms~!. It can be seen that the
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profile is relatively flatter at the Hp/D ratio of 0.259 and the cen-
terline hold-up increases with an increase in the height from the
sparger. As a result, the driving force for the liquid circulation,
A€ (the difference between the centerline hold-up and the wall
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Fig. 12. (A and B) Development of hold-up profile for various spargers of the configuration (SP1 (% OA =0.64, N=64, dy=2mm, D=0.2), SP2 (% OA=4.0,
N=400, dp=2mm, D=0.2), SP3 (% OA=0.64, N=16, dy=4mm, D=0.2), SP4 (% OA =0.64, N=64, dy =3 mm, D=0.3), SP5 (% OA=0.64, N=64, dy =4 mm,

D=04).
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Table 10
Comparison of mixing time with experimental data at different Hp/D
D=02m Hp/D
Voms™) &g 3 5 8 10

Experimental Op;x CFD 6 pix Experimental O mix CFD 6O pix Experimental 6 pmix CFD 6Opix Experimental 6 pix CFD 6Opix
0.070 0.135 335 36.8 38.4 43.1 51.6 54.3 72.5 71.7
0.170 0.223 293 33.1 35.2 41.2 45.6 50.8 67.2 72.4
0.295 0.282 252 28.5 31.2 33.6 39.6 443 - 66.3
D=04m Hp/D
Vo ms™h) &g 2 3 4 5

Experimental 6inix ~ CFD Onix  Experimental Op,ix  CFD 6pnix  Experimental 61pix ~ CFD 0pyix Experimental 6pix~ CFD Opix
0.070 0.135 56.5 61.1 66.0 69.1 78.0 81.9 88.0 90.3
0.170 0.223  51.6 53.0 61.2 64.7 71.5 75.4 79.5 83.8
0.295 0.282  47.0 50.8 55.5 57.8 64.0 66.2 - 71.4

hold-up) increases as the distance increases from the sparger up
to a Hp/D value of 5. The contribution of liquid circulation on the
development of the hold-up profile can be explained as the liquid
circulation and the gas hold-up profile are strongly interrelated
and develop together. The liquid circulation is upward where
the gas hold-up is greater, especially in the central region of the
column. Therefore, the overall bubble rise velocity is higher in
the central region where the gas concentration is also high. As
the result, the liquid circulation reduces the residence time of the
gas phase and hence the value of € g decreases with an increase
in the Hp/D ratio.

In view of the success of the model to predict the hold-up
profile accurately at different height to diameter ratios, it was
thought desirable to see its effect on design objectives like mix-
ing time, interfacial area and mass transfer coefficient. For the
prediction of mixing time, the methodology developed by Ekam-
bara and Joshi [8] has been employed. The effect of Hp/D ratio
on mixing time was studied in 0.2 and 0.4 m i.d. column with
variation in Vg from 0.07 to 0.295 ms~!. For 0.2 m i.d. column
the Hp/D ratio was varied from 3 to 10; and from 2 to 5 for

a 0.4m i.d. column, respectively. Comparison of the predicted
and the experimental data of the mixing time (6 yix ) for different
Hp/D are given in Table 10. It can be seen that the mixing time
increases with an increase in Hp/D ratio for both the columns.
Also, it can be noted that at same Hp/D the mixing time increases
with an increase in column diameter (D). The effect of height
to diameter ratio (1-10) on the axial dispersion coefficient was
studied for column diameters 0.2 and 0.4 m. The CFD predic-
tions of the axial dispersion coefficient are given in Table 11. It
can be seen from the table that the axial dispersion coefficient
increases with an increase Hp/D for both the column. Akita
and Yoshida [16] have reported the mass transfer coefficient to
be proportional to & };’1. More recently, Bando et al. [17] have
reported systematic analysis of the effect of Hp/D on mass trans-
fer coefficient using multi-point spargers. They observed that the
mass transfer coefficient decreases with an increase in Hp/D.
The CFD simulations for superficial gas velocity of 0.1 ms™!
for the 0.2 m diameter column for different multi-point sparger
(SP1-SP6) show that as Hp/D increases, the average hold-up
decreases. Further, CFD predicted average hold-up was used in

Table 11
Comparison of axial dispersion coefficient with experimental data at different Hp/D
D=02m Hp/D
Vg (ms™h) X6} Axial dispersion coefficient, Dy, (m2s~h

3 5 8 10
0.070 0.135 0.0071 0.0139 0.0208 0.0318
0.170 0.223 0.0155 0.0242 0.0292 0.0341
0.295 0.282 0.0221 0.0368 0.0436 0.0484
D=0.4m Hp/D
Vg (ms™!) =¥e} Axial dispersion coefficient, Dy (m?s~")

2 3 4 5
0.070 0.135 0.0188 0.0283 0.0417 0.0682
0.170 0.223 0.0371 0.0498 0.0706 0.0981
0.295 0.282 0.0382 0.0664 0.1004 0.1212
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Table 12

Effect Hp/D on interfacial area and mass transfer coefficient

Hp/D a(m™h) kLa (s~
1 39.6491 0.002669
2 37.4164 0.0021622
3 33.2166 0.0018155
4 31.3461 0.0015785
5 29.5624 0.0014164
6 28.9724 0.0013055

the mass transfer correlations given by Akita and Yoshida [16].
The values of interfacial area and mass transfer coefficient are
given in Table 12, and it can be seen that the trend obtained is in
an agreement with observation that the mass transfer coefficient
decreases with an increase in Hp/D. The foregoing discussions
on the effect of sparger design and the Hp/D on mixing time, dis-
persion coefficient, mass transfer coefficient supports the CFD
model developed in this work for a combined system of bubble
column (with different Hp/D), sparger and the gas chamber of
various geometries.

9. Conclusion

A three-dimensional CFD model has been developed for
a combined system consisting of gas chamber, sparger and a
column. The gas chamber together with sieve plate sparger were
simulated using FLUENT, while the bubble column has been
simulated using an in-house CFD code. A systematic procedure
has been developed to understand the effects of various chamber
configurations on the performance of a bubble column. It was
found that, the chamber configuration has an effect on the
quality of gas distribution particularly in the sparger region
(Hp/D <5) of the bubble column. The uniformity of gas distri-
bution was found to increase with an increase in the distributor
pressure drop and a decrease in the inlet kinetic head of the gas.
From the quantitative information reported in this paper, it may
be possible to select the design parameters of distributor and
gas chamber depending upon the desired level of uniformity of
distribution.
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