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ABSTRACT

This paper presents a numerical study of the effect of oscillation amplitude in oscillatory baffled column (OBC) using
computational fluid dynamics. The numerical work was carried out for single phase liquid flow for an unsteady 3-D
model using commercial software, Fluent (2006). This work was concentrated on the effect of oscillation amplitude.
Three amplitudes of 5, 10 and 15 mm with constant frequency of 1 Hz are applied. Vortex and cycle average velocities
at different points are analyzed. The studies show the maximum velocity for 5mm, 10 mm and 15mm in an OBC are
0.11m/s, 0.25m/s and 0.40 m/s respectively in the first cycle of oscillation. At a constant frequency, greater oscillation
amplitude displaces the liquid to a further distance and builds a larger vortex. Vortex length was 1.5 times bigger
when oscillation amplitude changes from 5mm to 10 mm and 2 times when the amplitude is triple from 5mm. The

detailed validation is presented somewhere else; this research is focused on the effect of oscillation.
© 2011 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Mixing has great importance in chemical and biochemical
industries. Basic phenomenon for mixing enhancement is the
production of cyclic discrete vortices in the bulk fluid (Ni et al.,
2003a). Oscillatory baffled column (OBC) is a device that can
enhance the formation of vortices and increase the intensity
of mixing process. Previous studies showed that OBC success-
fully increases mass transfer (Stonestreet and Harvey, 2002),
heat transfer (Mackley and Stonestreet, 1995), chaotic mixing
(Reis et al., 2004) and residence time (Stephens and Mackley,
2002) compared to other mixing equipments. It can be oper-
ated in batch or continuous mode depending on the process
itself. The key feature of oscillating baffled flows is that mix-
ing can be controlled to a very high degree of precision, giving
a wide range of mixing conditions, from ‘soft’ mixing, exhibit-
ing plug flow characteristics, to the most intense, approaching
mixed flow conditions (Ni et al., 2003b). OBC is widely used in
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laboratory scale to industrial applications such as photocat-
alytic wet oxidation (Fabiyi and Skelton, 1999), polymerisation
processes (Ni et al., 2002b) and heterogeneous photocatalytic
oxidation (Gao et al., 2003). A typical experimental set is
shown in Fig. 1 as performed in the current investigation.

With the rapid advancement in computational fluid
dynamics (CFD) modeling, studying local flow and transport
phenomena in OBC has become feasible. Various aspects of the
study were conducted on the OBC using the CFD such as effect
of viscosity (Fitch et al., 2005), flow dynamics (Ni et al., 2002a),
scale up behavior (Jian and Ni, 2005), effect of gap between baf-
fle and wall (Ni et al., 2004) and shear rate distributions (Reis
et al., 2004). These studies show that an OBC has capabilities
to increase the intensity of mixing.

The dynamics in an OBC is controlled by dimen-
sionless parameters which are Reynolds number (Re, =
uD/v = uDp/u), oscillatory Reynolds number (Re, = uoD/v =
XowDp/p = 27fxopD/ ), and the Strouhal number (S; = D/47X,).
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Nomenclature

Ren = uD/v = uDp/n Reynolds number

Re, = UoD/V = XowDp/u = 2nfxopD/p  oscillatory
Reynolds number

St = D/4nx, Strouhal number

D diameter of column, m
f oscillation frequency, Hz
P pressure drop, Pa Fig. 2 - Grid view for 3-D model.
t time, s
u velocity, m/s
Vy,Vp,V, laminar velocity velocities (m/s) at r, 6y and z 2. Computational models
coordinates
%o oscillaFion argplitufie, m Allthe models were three-dimensional and considered incom-
X co-ord?nates mx d?ec?on’ m pressible and laminar. The governing equations in cylindrical
co-ordinates in y direction, m coordinates for continuity and momentum (Ni et al., 2002a;
z co-ordinates in z direction, m

Jian and Ni, 2005) are as follows:

Continuity equations:
Greek letters v e

m ﬂuld.v1sc051t3.1, kg/rps . 19 10V, 8V,
o nominal laminar viscosity, kg/ms TVt st =0 1)
it turbulent viscosity, kg/ms
P fluid density, kg/m? o . o
. shear stress, N/m? Oscillation Displacement with Time
v the kinematic viscosity of fluid, m?/s (a) 0.02
——-casel
. 0015 -
é ------- case2
g 001 P i Y case 3
Oscillatory Reynolds numbers represents the intensity of mix- =1 P N
. . . © 00054 /- —_———
ingapplied to column. Strouhal number represents the ratio of 2 - =~
. . . . — 4 )\
column diameter to amplitude length, measuring the effective o 0 £Z . . . . ~ . . ; .
. . . _ =3 "‘\ 7y
.eddy propagation (I.\Il and. Gough., 1997). In .the previous stud a 01 02 03 04 05\WD%._07 08 o5
ies, the effect of S; is lacking. This paper will reveal the effect © -0.005 ~ N, T o
. . . — ‘\ o
of St. After the computational model in the next section, the % DO . e
results and conclusions are presented. kS ’
© -0.015 -
-0.02 -
Time (s)
(b)
Clampedheater 1(CH1)
30mm
-y Top baffle
P ®————* FPontl
—— Point3
|__» Point2
F1 S
[N Clampedheater2 (CH2)
110mm Poined
| Point
y | 80mm ’/
—>» Bottombaffle
30mm
Clampedheater3(CH3)
252mm
v

Fig. 3 — Oscillation displacement with time for test cases
Fig. 1 - An experimental set up for the OBC. (Table 1). (b) Focus point locations.
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Fig. 4 - Velocity contour map with time at (a) X, =5 mm, (b) X, =10 mm, (c) X, =15 mm.
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T =—p [2% - %(W)] 7)
Trg = Tor = —H1 {%%4_,% (?)} ®)
Tz0 = Toz = —H [%%+ (%)} ©)
Tor =Tz = —[4 [37\:’2 + (%\?)} (10)
(W)= vy - 20 T (11)

To satisfy the oscillation flow in an OBC, oscillatory and peri-
odic boundary conditions were used. A meshed 3-D domain
with two orifice baffles is shown in Fig. 2 for all simulations.
The column is 145 mm in diameter and 500 mm in length. The
orifice diameter is 81 mm with spacing of 217.5 mm. The work-
ing fluid is water at a room temperature (density 998.2 kg/m3,
viscosity 0.001003kg/ms). A complete hexahedral mesh was
generated by Gambit 2.4.6. Table 1 displays the operating con-
ditions used in the all simulations. The test cases with the
boundary conditions on the bottom piston are shown in Fig. 3a.
Analysis will be focused on four points as shown in Fig. 3b.

The numerical modeling procedures involved solving the
governing equations using the pressure based solver and
under-relaxation was used to control the change of scalar vari-
ables. In discretisation, a second order scheme for pressure
momentum was used. The SIMPLEC algorithm was introduced
in the pressure-velocity coupling scheme.

3. Results and discussion

Fig. 4 shows the velocity contours at three real time (0.3, 0.9
and 2.0s) for case 1 (Fig. 4a), case 2 (Fig. 4b) and case 3 (Fig. 4c).
For each case condition, refer to Table 1. Fig. 4a is a validation
showing the same oscillation imposed at the piston. There is
no phase angle lag on those specified points meaning that the
imposed boundary is working without any error. The hexag-
onal mesh of 341,300 (mesh3) is grid independent solution
and Fig. 6a shows that Mesh3 has reached at matured stage
of refinement and further mesh refinement is not necessary.

A full cycle of 2s has been divided into 20 equal time
phase (of point 0.2 s) for clarity. The first phase represents the
upstroke (phase 3 in Fig. 4), second one is at the end of down-
stroke oscillation (phase 9 in Fig. 4) and last one is full cycle
at 2s (phase 20 in Fig. 4). The dependence of the flow pat-
terns on fluid oscillation amplitude was observed to differ for
different oscillation amplitudes. Flow pattern developed for
all oscillation amplitudes shows symmetric behavior (Fig. 4)
for Re, <250 (Table 1). This kind of pattern is known as a soft
mixing (Stonestreet and Van Der Veeken, 1999).

Table 1 - Working conditions for the 3D unsteady
laminar simulations (hexagonal mesh of 341,300).

Case study Case 1 Case 2 Case 3
Oscillation amplitude (mm) 5 10 15
Oscillation frequency (Hz) 1 1 1

Xof (mm/s) 5 10 15

Re, 63 125 188

St 0.03 0.02 0.01
Time step size 0.001 0.001 0.001

Temperature profile at point 1
315
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305 1
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Fig. 5 - Comparison of numerical simulation and
experimental work for temperature profile.

The velocity measurement was difficult for this case and
only temperature was measured. Fig. 5 was obtained a com-
parison made between experimental works and numerical
simulation for 600s at point 1. In this period, temperature
differences were found to be less than 0.70%. The greatest tem-
perature differences occurred at t =204 s which is about 0.66%.
It shows CFD model can predict the temperature reasonably
accurately for a long period of simulations and experimen-
tal works. Good prediction of numerical simulations using
clamped heaters with OBC enables further studies using other
parameters. In this work, efficiency of piston heater as addi-
tional heating agent in OBC can be explored numerically
before the manufacturing of the real model would be wise
option and cost saving. The detail of this test case can be found
from the author’s other publications.

Figs. 5a, b and 6a, b show a comparison of axial velocity
distributions on different points (Fig. 3b) with varying ampli-
tude in an oscillation cycle (cases 1-3). Oscillation cycle in
accordance with sinusoidal graph for every point represents
the periodic velocity boundary conditions is functional with
user defined function. These results indicate the axial velocity
increases with oscillation amplitude. For the case 1, maximum
axial velocity for four points is around 0.11 m/s (Fig. 7b). When
the oscillation amplitude is increased to 10 mm on case 2, the
maximum velocity for axial component increased to 0.25m/s
(Fig. 6a). For the highest oscillatory Reynolds number which
means case 3, the maximum axial velocity is 0.4m/s (Fig. 6a
and b).

InFigs. 8a,b and 9a, b the relationship between radial veloc-
ity and oscillation amplitude at various points (Fig. 3b) over
oscillation cycle are shown. For all cases, the radial velocity
component is quite small compared to the axial velocity pro-
duced by displacement of piston. The radial velocities at points
2 and 3 are higher than those at points 1 and 4. At the start of
the upstroke, vortices begin to form and as the flow deceler-
ates, the vortices are swept into the bulk of the column. At this
time, downstroke vortices will collide with upstroke vortices at
the middle of the column thereby increasing the radial veloc-
ity (Takriff, 2006). So, at points 2 and 3, a higher radial velocity
is observed compare to both of points 1 and 4. Similar results
also can be found in Oliveira and Ni (2001).

Fig. 10 shows vortices length with time for different oscil-
lation amplitudes. Oscillations cycles are similar for the three
cases but a different length of vortices formed. Turbulent
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Vortice Length with time.
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Fig. 10 - Vortices length average for different oscillation
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Fig. 11 - Effect of Strouhal number to dimensionless
vortices length.

flows are characterized by vortices ranging in size from the
integral length scale down to the Kolmogorov scale. The
two ends of the range of vortex scales are associated with
mixing behavior of fluid. For example, large-scale vortices
account for most of the turbulent energy, while the small
scales carry almost the entire vorticity and that is why
the vortex length is important to know. For case 1, max-
imum vortices were formed around 14mm. Nearly 25mm
length of vortices is formed for case 2. And the higher vor-
tices length is 36 mm when oscillation amplitude is 15mm
(case 3). This results mean oscillation amplitude controls
the length of vortices propagation. For higher oscillation
amplitude, liquid will be carried further into the column
from fitted baffle. This condition increases the axial velocity
distributions.

The nondimentional amplitude of the oscillation is usu-
ally expressed as a function of Strouhal number. In Fig. 11, a
dimensionless vortices average length is plotted against the
Strouhal number. Vortex average length is normalised by cor-
responding oscillation amplitude. The dimensionless vortices
average length of the oscillation increases with increasing
Strouhal number.

4, Conclusions

Numerical study on the effect of oscillation amplitude to recir-
culation length in an oscillatory baffled column is presented.
The results demonstrate, the maximum velocity for 5mm,

10mm and 15mm in an OBCis 0.11m/s, 0.25m/s and 0.40 m/s
respectively in the first cycle of oscillation. Vortex length was
1.5 times bigger when oscillation amplitude changes from
S5mm to 10mm and 2 times when the amplitude is triple
from 5mm. A new relationship between Strouhal number
with dimensionless vortices length was obtained. It was found
that dimensionless vortices average length of the oscillation
increases with increasing Strouhal number.
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