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Experimental measurements on the axial dispersion of fluid in an oscillatory baffled
tube that is operated continuously were studied. Two models, the continuous stirred
tank with feedback and the plug flow with axial dispersion, were used to analyze the
residence-time distributions and determine the axial dispersion for this system. The ef-
fect of the density of tracer solution, the tracer injection position, and the tracer injec-
tion time on the axial dispersion was explored. It was found that the axial dispersion
was sensiti®e to the changes in the density of tracer solution, but insensiti®e to the tracer
injection position and injection time. A correlation linking the axial dispersion with the
energy dissipation in the system both in the absence and presence of fluid oscillation
was established. The Isotropic Turbulence Theory was applied, and for the first time the
mixing length in the system was e®aluated and compared with that of other de®ices.

Introduction

Mixing is at the heart of the chemical process industry, as
it dominates the consideration of heatrmass transfer, reac-
tion performance, and product uniformity. Engineers often
require reactors with well-defined residence times and good
fluid mixing, and seek devices that exhibit close to plug-flow
behavior. Research in the past ten years has shown that peri-
odically spaced orifice baffles along the length of a tube, cou-
pled with a net flow superimposed with a reversing oscilla-
tory component, give both high fluid mixing and narrow resi-

Ždence time distributions Brunold et al., 1989; Dickens et al.,
.1989; Howes et al., 1990; Mackley and Ni, 1991, 1993 . The

baffle edges promote the formation of eddies, which in turn
increase the radial mixing in the tube. The formation and
dissipation of eddies in the oscillatory baffled flow result in
significant enhancement in processes, such as heat transfer
Ž .Mackley et al., 1990; Mackley and Stonestreet, 1995 , mass

Žtransfer Hewgill et al., 1993; Ni et al., 1995a,b; Ni and Gao,
. Ž .1996a , particle suspension Mackley et al., 1993 ,

Ž .liquid]liquid reaction Ni and Mackley, 1993 , polymeriza-
Ž . Ž .tion Ni et al., 1998, 1999 , flocculation Gao et al., 1998 ,

and crystallization. Several dimensionless groups are com-
monly used to describe the oscillatory baffled flow. The oscil-
latory Reynolds number, Re , defined aso

dv xo
Re s 1Ž .o n
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is based on the maximum oscillatory velocity, v x . Theo
Strouhal number, St, defined as

d
St s , 2Ž .

4p xo

represents the ratio of the tube diameter to the oscillatory
amplitude; the larger the St, the smaller the amplitude of
oscillation. The net flow Reynolds number, Re , defined asn

du
Re s , 3Ž .n n

is based on the net flow of fluid down the tube, where v is
Ž .the angular frequency of oscillation radrs ; x the center too

Ž . Ž .peak amplitude of oscillation m ; d the tube diameter m ; n
Ž 2 .the kinematic viscosity m rs ; and u is the superficial net

Ž .flow velocity through the tube mrs . The rate of the axial
mixing in such a device can usually be described by a single
parameter, D, the axial dispersion, and more generally an
inverse Peclet number, DruL, in a nondimensional form; here
L is the distance between the injection port and a measure-
ment location. The disadvantage of using such a dimension-
less group is that it depends on the choice of L when multi-
ple monitoring ports are involved, so obviously the longer the
L, the smaller the DruL. This has proved difficult in the in-
terpretation of results collectively. The objectives of this work
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are to present a comprehensive set of residence-time distri-
bution experiments for both net and oscillatory flows in an
oscillatory baffled tube 25 m long, the first one in the UK,
and to model the axial-dispersion coefficient in terms of a
consistent baffle separation, L , that is, the inverse cell Pecletb
number, DruL . In this way, the dispersion modeled is inde-b
pendent of the measuring location and universal to the whole
system. We also established a correlation linking the mixing
length with the energy dissipation in the system, and for the
first time evaluated the mixing length in our device, and com-
pared them with the traditional devices. In addition, we re-
port the effect of the density of the tracer solution, the injec-
tion location, and the injection time on the axial dispersion.

Experimental Facilities
The continuous oscillatory baffled tube used in this work is

shown in Figure 1. It consisted of 14 glass tubes, each 40 mm
in diameter. The first tube was 1 meter in length, while the
remaining 13 tubes were 1.5 m long. These tubes were oper-
ated vertically and connected to each other by U-bends, hav-
ing an outlet for either venting or draining, as shown in Fig-
ure 1. The straight sections and bends formed a single-flow
path about 25 m in length. This path provides a residence
time from 7 min to 2 h for different net flow Reynolds num-
bers. There were 287 orifice baffles in the reactor spaced at a
distance equal to 1.8 times the tube diameter. Ni and Gao

Ž .1996b identified this as the optimal spacing in their mass-
transfer study. The baffles were made of stainless steel 316
and were 38 mm in diameter with a restriction ratio of 21%.
There were no baffles in the bends. Each set of baffles in the
straight section was supported by two 3-mm-diameter longi-
tudinal rods.

The net flow was provided by a liquid pump from
LOWARA, and the flow rates were monitored by a flow me-
ter. Fluid oscillation was achieved by means of a crank-piston
arrangement driven by a helical geared motor through a fre-
quency inverter. A frequency range of 0]4 Hz can be
achieved, and oscillation amplitude of 0]20 mm can be ob-
tained by adjusting the off-center positions of the crank in
the fly wheel. A nonreturn valve was used in the flow inlet in
order to reduce any propagation of oscillation upstream.

Tracer experiments were carried out by injecting a known
Ž .amount of sodium chloride NaCl at any of the five injection

ports, the locations of which are downstream in relation to
Ž .the flow inlet see Figure 1 . To follow the changes of the

tracer concentration, four Vernier conductivity probes were
positioned along the length of the flow path. The zeroth con-
ductivity probe was located 50 mm immediately above the
oscillator, and was upstream with the reference to the injec-
tion ports. The purpose of this probe was to detect the migra-
tion of tracer toward the oscillator at different operational
conditions; the results are not included in this article. The
first, second, and third probes were situated downstream of

Figure 1. Continuous oscillatory baffled tube.
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the tracer injection at 2.1, 11.25, and 20.6 m from the flow
inlet, respectively. The signals from these probes were dis-
played live in both a graphic and digital form and recorded
by a PC via an interface. Prior to operation, the probes were
calibrated using the standard two-point method and each
probe has its own calibration curve. In this article, we report
our experimental measurements from probes 1]3.

In order to study the effect of tracer density on the axial
Ž .dispersion, potassium nitrite KNO was used, as it has much2

higher solubility at room temperature compared to NaCl. We
also recalibrated all the conductivity probes before the exper-
iments.

Experimental Procedure
Twenty mL of 40 grL NaCl tracer was injected into the

system using a syringe over a known period of time down-
stream of the flow inlet. In all cases the process fluid was
water and operated at room temperature in a one-pass fash-
ion, that is, no recycling was made. The residence-time exper-
iments covered oscillation frequencies from 1 Hz to 4 Hz,
and the oscillation amplitudes between 0 and 8 mm, which
correspond to the oscillatory Reynolds number from 0 to 8032
and the Strouhal number from ` to 0.4. In addition, the net
flow Reynolds numbers of 0 to 2500 were also investigated.

Results
We divide our presentation into the following three cate-

Ž .gories: 1 the residence-time concentration measurements,
including the tracer-density experiments from conductivity

Ž .probes 1 to 3; 2 axial-dispersion modeling of such down-
stream concentration profiles and the evaluation of the mix-

Ž .ing length; and 3 the effect of the tracer injection location
and the injection time on the axial dispersion.

Residence-time distribution
Figure 2 shows one of the typical concentration profiles

obtained at a net Reynolds number of 150"10% superim-

Figure 2. Concentration measurements in the oscilla-
tory baffled tube.
Re s175; Re s 2,008; 4 mm and 2 Hz; St s 0.8.n o

Figure 3. Concentration measurements in the oscilla-
tory baffled tube.
Re s175; Re s 3,012; 4 mm and 4 Hz; St s 0.8.n o

posed with an oscillation amplitude of 4 mm and an oscilla-
tion frequency of 2 Hz. It can be seen that the concentration
curve of probe 1 started first, as it was located nearest to the
injection. This was then followed by the probes 2 and 3 at
about 35 and 65 min, respectively. All the residence-time dis-

Ž .tribution RTD curves are well defined and essentially of a
Gaussian form. Because of the low net Reynolds number, the
recorded mean residence time is high, of just under 2 h for
the full length of the flow path. On the increase of either the

Ž .oscillation frequency from 2 to 4 Hz Figure 3 , or the oscilla-
Ž .tion amplitude from 4 to 8 mm Figure 4 , while keeping sim-

ilar net flow conditions, the characteristics of the well-de-
fined and nearly symmetrical concentration profiles are al-
most identical to that shown in Figure 2, and this gives clear
evidence of the near plug-flow mixing that has been achieved
in the device. For the conditions described in Figures 2 to 4,
the concentration profiles are highly reproducible both in os-
cillation frequency and magnitude.

Figure 4. Concentration measurements in the oscilla-
tory baffled tube.
Re s162; Re s 4,016; 8 mm and 2 Hz; St s 0.4.n o
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Figure 5. Concentration measurements in the oscilla-
tory baffled tube.
Re s 250; Re s 2,008; 4 mm and 2 Hz; St s 0.8.n o

On the increase of the net flow Reynolds number, while
keeping the oscillatory conditions unchanged, for example 4
mm and 2 Hz, the Gaussian form of the RTD curves is still
clearly evident, but with reduced mean residence times, for
example, from 110 min at Re s165 to about 75 min at Ren n

Ž . Ž .s250 Figure 5 and 35 minutes at Re s500 Figure 6 . Thisn
is expected. It should be emphasized that the figures shown
here are just a few samples from a large number of repro-
ducible experiments covering a combination of the oscillation
frequency of 2, 3, 4 Hz, the oscillation amplitude of 4, 6, 8
mm, and the net Reynolds number of 150, 250, 500, which
corresponds to a flow rate of 0.28, 0.47, 0.95 Lrmin, respec-
tively.

Dispersion Modeling. In order to understand the experi-
mental residence-time distribution in the oscillatory baffled
tube and to predict the behavior of axial dispersion, it is nec-
essary to develop a model for the system. Several previous

Žarticles such as Brunold et al., 1989; Dickens et al., 1989;
.Baird and Rama Rao, 1991 reported models for fluid disper-

Figure 6. Concentration measurements in the oscilla-
tory baffled tube.
Re s 500; Re s 2,008; 4 mm and 2 Hz; St s 0.8.n o

sion and have generally used two different approaches,
namely the plug flow, with axial dispersion, and the continu-

Ž .ous stirred tank CST with feedback. In this article, both
models were applied to our downstream concentration pro-
files for evaluating the fluid dispersion in the device.

Plug-Flow-with-Axial-Dispersion Model. From both the
Žprevious flow visualization studies such as Dickens et al.,

.1989; Mackley and Ni, 1991 , and our current results, it is
apparent that as a result of vortex formation and shedding in
the oscillatory baffled tube, good radial mixing has been
achieved, that is, the radial concentration profiles are negligi-
ble. The system can therefore be modeled as a plug-flow-
with-axial-dispersion model due to eddy mixing. In this model
the governing equation is

­ c ­ 2c ­ c
s D yU , 4Ž .2­ t ­ x­ x

Ž .where c is the concentration of species grL ; U the mean
Ž .axial velocity of flow mrs ; and D the absolute axial-disper-

Ž 2 .sion coefficient m rs . The details of solving the preceding
equation have been well documented, so we only present the
numerical solution here as follows:

0.52ut
C t sC L, t s C tŽ . Ž . Ž .H2 1 1 4p D ty tŽ .0 1

2LyU ty tw xŽ .1
=exp y dt , 5Ž .1½ 54D ty tŽ .1

where C is the tracer concentration measured upstream in1
relation to C , and t is any possible injection time. To solve2 1
this convolution integral, the measured response of the first
conductivity probe together with the model are used to pre-
dict the response of the second conductivity probe. The nu-
merical program iterates to determine a best fit value for both
the mean axial velocity u and the dispersion coefficient D.
This process can then be repeated between the probe 2 and
probe 3, and also between the probe 1 and probe 3. It should
be noted that the dispersions calculated between probes 1
and 2, and between the probes 2 and 3 involved the flow
along four full straight sections and five bends with a total
path length of 9.25 m, while the dispersion between probes 1
and 3 covered a flow path of 18.5 m. When we apply the
inverse cell Peclet number, DruL , in terms of the baffleb
spacing to all the experimental data, the dispersion obtained
is common to all the measuring locations and independent of
the flow path. This gives a unified interpretation and simpli-
fies the presentation significantly.

Figure 7 shows the inverse cell Peclet number, DruL ,b
against the oscillatory Reynolds numbers for three Strouhal
numbers at a fixed net flow Reynolds number of 150. It can
be seen that the axial dispersion was generally increased with
the increase of the oscillatory Reynolds number for all three
Strouhal numbers. Within the regime explored, DruLb
changed by a factor of about 10. This is rather expected, since
the increase in the oscillatory Reynolds number increases the
power input to the system, and in turn, the turbulence, lead-
ing to more fluid dispersion. Increasing the net flow Reynolds
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Figure 7. DrrrrruL vs. oscillatory Reynolds number, Re ,b o
Re s150"10%.n
Plug-flow axial dispersion model.

Ž .number from 150 to 250 Figure 8 , the flow of DruL vs.b
Re is similar to that shown in Figure 7, but with smallero
axial-dispersion coefficients. A further increase in the net flow

Ž .Reynolds number from 250 to 500 Figure 9 led to even more
reductions in the axial-dispersion coefficients, indicating
much less axial mixing at this condition. The increase in the
net flow Reynolds number in a tube with baffles effectively
promotes the chaotic mixing by means of eddies. Similar
changes in DruL for different Strouhal numbers suggest thatb
the effect of the oscillatory motion on the axial dispersion is
less sensitive at the high net flow rate. In other words, the
net flow effect decouples the oscillatory effect. Overall, the
axial dispersions in the given device predicted by this model
are generally very low indeed, which agrees well with those

Ž .that have been measured experimentally Figures 2]6 . The
narrow range of the axial dispersion data further supports
the evidence of the near to plug flow characteristics for this
type of device.

The CST-with-Feedback Model. In the CST-with-feedback
model, each interbaffled cell is represented by a perfect mixed
ST, with flow to both the upstream and downstream neigh-
boring cells. Under certain operational and geometrical con-

Figure 8. DrrrrruL vs. oscillatory Reynolds number, Re ,b o
Re s250"10%.n
Plug-flow axial dispersion model.

ditions in the oscillatory baffled tube, each baffled cell be-
haves as a CST, and we have in effect a number of CST in
series with feedback to and from the neighboring cells. It is
therefore important to apply the CST model with feedback to
evaluate the fluid dispersion in the system and compare it
with that of the plug-flow-with-axial-dispersion model. For
287 baffled cells in our system, there are thus 287 CSTs in
series. The identical cell Peclet number can be determined
by using the algorithms from Mecklenburgh and Hartland
Ž .1975 together with the evaluations of unbiased moments

Ž .from Anderssen et al. 1971 .
For the discrete data points of the concentration profiles

measured at probes 1, 2, and 3, the moments of area are
calculated in the following way:

`
k yst jM s C t t e D t ks0, 1, 2 , 6Ž . Ž . Ž .ÝiŽ is0, 1, 2. j j

js 0

that is, the moments are considered as the area under the
concentration curve resulting from the multiplication of the

Ž . k ystdistribution C t by a weight function of t e , suggested by
Ž .Anderssen et al. 1971 , where s is the optimum weighting

factor. Using the unbiased-moment term proposed by Meck-
Ž .lenburgh and Hartland 1975 as

C t eystrtmŽ .Ý iXg s , 7Ž .
M0

Ž .where t is the mean residence time s M rM , the opti-m 1 2
mum s is the value at which gX reaches a minimum.

To characterize the dispersion in our continuous oscilla-
tory baffled tube, the differential back-mixing method from

Ž .Mecklenburgh and Hartland 1975 was used. For each value
Ž X.of s, the program puts ms ln g and iterates the following

until the cell Peclet number, Pe, converges, where

uL m2
b

Pes s 8Ž .
D mq s

4 s
as 1q 9Ž .( Pe

Figure 9. DrrrrruL vs. oscillatory Reynolds number, Re ,b o
Re s500"10%.n
Plug-flow axial dispersion model.
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Figure 10. DrrrrruL vs. oscillatory Reynolds number, Re ,b o
Re s150"10%.n
CST with feedback model.

4a 2 ywŽ1qa.Per2xq 1y a eŽ .Xg
msyln . 10Ž .21q aŽ .

Figures 10]12 are the corresponding profiles to those
shown in Figures 7]9 illustrating the axial dispersion coeffi-
cients calculated using the CST-with-feedback model against
the oscillatory Reynolds number. We observed that the trends
of the axial dispersion coefficients are less well defined with
the reference to Re , St, as well as the net flow Reynoldso
number, as compared with those predicted by the plug-flow-
with-axial-dispersion model. This may be due to the different
mathematical iteration procedures. In general, the axial dis-
persions predicted by the CST-with-feedback model are
smaller than that by the plug flow with the axial-dispersion
model. This may be expected from the CST model, since a
large number of tanks in series was used. The behavior of the
given device is therefore much closer to the plug flow, and
the prediction of the axial dispersion tends to be smaller. We
should point out, however, that the axial dispersions in the
oscillatory baffled tube predicted by both models are within

Figure 11. DrrrrruL vs. oscillatory Reynolds number, Re ,b o
Re s250"10%.n
CST with feedback model.

Figure 12. DrrrrruL vs. oscillatory Reynolds number, Re ,b o
Re s500"10%.n
CST with feedback model.

the error margin and of very low value, reflecting the near-
plug-flow behavior in the device. The dispersion is equivalent
to that of isotropy.

Effect of density of tracer solution on dispersion
The experimental results reported so far were obtained us-

ing a tracer solution, which is of the same density as that of
the bulk liquid. Although the effect of the density gradient

Žon mixing has been documented previously such as Erdogan
and Chatwin, 1967; Holmes et al., 1991; Aravamudan and

.Baird, 1996 , there has been no report in relation to oscilla-
tory baffled-tube devices. In order to understand the effect of
the density of tracer solution on the axial dispersion in this
device, the RTD experiments were carried out for different
densities up to 1.5 times the bulk liquid with an increment of

Ž .0.1. For these experiments, potassium nitrite KNO was2
chosen as the tracer, since it has much higher solubility at a
room temperature as compared to NaCl. The properties of
the two tracers are given in Table 1.

The experiments were carried out both in the absence and
presence of oscillations for three net-flow Reynolds numbers
of 250, 500, and 1000, respectively. Figure 13 shows the typi-
cal concentration profile obtained at Re s250 for a tracern
concentration of 1.4 times the bulk liquid. Note that the unit
of the vertical axis, the tracer concentration, is now grL, in-
stead of mgrL in the previous figures. It can be seen that the
well-defined Guassian forms are similar to those shown in
Figure 5, but with much higher magnitude of concentration.
Table 2 summarizes the increased magnitudes of the tracer
concentration at each probe location for each individual
tracer density applied.

It is clear that the higher the density of the tracer solution,
the higher the concentration responses. We applied the

Table 1. Tracer Properties

Tracer NaCl KNO2

Molecular weight 35.5 g 85.1 g
Ž .Solubility gr100 g water 36 298

Density 2.613 1.915
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Figure 13. Concentration measurement in the oscilla-
tory baffled tube.
Density tracer solutions1.4; bulk fluid s water; Re sn

Ž .250; Re s 2008 4 mm and 2 Hz ; St s 0.8.o

plug-flow-with-axial dispersion model to the concentration
profiles for different tracer solution densities to examine the
effect of such density on the axial dispersion in the device.
Figures 14 and 15 show the variation of DruL against theb
density of tracer solution for the net flow Reynolds numbers
of 250 and 500, respectively. It can be seen that the disper-
sion increased more initially at the lower densities, in particu-
lar, 1.1 and 1.2, and then seemed to level off. The trend ap-
plied to all other oscillatory Reynolds numbers examined.
This experimental finding suggests that our system reacted to
the density gradient rather well and dispersed the densest
tracer similar to that of a specific density of 1.1. However,
the initial rise between the specific densities 1.0 and 1.1 re-
mains a mystery. In addition, we observed that when fluid
oscillations were introduced to the system, the axial disper-
sion was reduced on average by 25% for all the dense tracer
solutions investigated, as compared to that without oscilla-

Ž .tions Figures 14 and 15 . The physical interpretation of this
effect is that the application of fluid oscillations in a baffled

Ž .tube increases the mechanical energy Eq. 13 to the system,
Žwhich breaks up eddies and reduces the mixing length Table

.3 , and thus the dispersion coefficients. This is significant, as
it indicates that fluid oscillation superimposed onto a net flow
through a baffled tube has a beneficial effect in reducing dis-
persion and in producing near-plug-flow characteristics.

Table 2. Comparison of the Magnitude of
Concentration for Different Densities of Tracer

SolutionU

Probe Location

Tracer Conc. Conc. Conc.
Density Probe 1 Probe 2 Probe 3
Ž . Ž . Ž . Ž .rrr grL grL grLw

1.0 42.0 14.7 6.4
1.1 363.3 133.6 73.1
1.2 743.2 258.7 137.7
1.3 1,054.8 401.0 205.5
1.4 1,353.4 492.3 252.3
1.5 1,785.0 673.4 331.8

U Ž .Re s 250, Re s 2,008 4 mm, 2 Hz , and St s 0.8.n o

(Figure 14. Effect of tracer density on DrrrrruL Re sb n
)250 .

E®aluation of Mixing Length. Applying our experimental
results, the axial dispersion, D, can be used to predict the
mixing length, l, in our system. The major assumption made
was that viscosity plays no significant part in influencing the
axial dispersion in our device. This is justified, as both the
bulk fluid and the tracer solution have the viscosity of water.

We assume that the axial dispersion, D, has a power-law
relationship with the density of the tracer solution, S , thep
energy dissipation per unit mass due to the presence of baf-
fles and bends, e , and the energy dissipation due to mechan-b
ical agitation, e , asm

Ds n0 n1e n2e n3 , 11Ž .p b m

where

D Pu h guL
e s s Wrkg 12Ž . Ž .b L r Lb b

P 2 N 1y a 2
b 3 3e s s x v Wrkg , 13Ž . Ž .m o2 2Vr 3p C ad

(Figure 15. Effect of tracer density on DrrrrruL Re sb n
)500 .
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Table 3. Evaluation of the Mixing Length in Our System

Mixing Length
Reo With Oscillations

Re 2,008 4,016 8,032 Without Oscillationsn

250 14 mm 9 mm 5.4 mm 35 mm
500 16 mm 10 mm 6.3 mm 24 mm

1,000 15 mm 11 mm 7.2 mm 17 mm

where h is the head loss due to the presence of baffles andL
Ž . Ž .bends m ; N is the number of baffles per unit length 1rm ;b

Ž .C is the orifice discharge coefficient s0.7 ; a is the ratiod
of the effective baffle orifice area to the tube area; and r is

Ž 3.the fluid density kgrm . From the experimental data, we
obtained the values for n0, n1, n2, and n3, respectively, as

Ds1.8=10y3S0.8e 0.097e 0.0156. 14Ž .p b m

ŽAccording to the Isotropic Turbulence Theory Kolmo-
.goroff, 1941 , the dispersion relates to the mixing length and

the power dissipation in a system in the following fashion:

Ds l4r3e 1r3 . 15Ž .m

Based on our axial-dispersion modeling, it is justified to as-
sume that the dispersion achieved in our system is the same
as the isotropic dispersion in Eq. 15. Thus we derived a cor-
relation for the mixing length in our system as

e 0.073
b 0.6ls0.009= =S . 16Ž .p0.24ž /em

Knowing e , e , and S in the continuous oscillatory baffledb m p
tube the mixing length can then be evaluated over the range
of experiments carried out, which is summarized in Table 3.

It can be seen that in the absence of oscillations, the mix-
ing length varied between 43 and 87% of the column diame-
ter over the range of the net flow Reynolds numbers studied.
When the fluid oscillation is introduced the mixing length is
considerably reduced, as compared with those without fluid
oscillation. In addition, the mixing length decreased further
with the increase of the oscillatory Reynolds numbers. This is
expected as a result, as the level of agitation in the system is
increased, e increases and the mixing length decreases. Them
mixing length varied between 37 and 13% of the column di-
ameter for Re s250; 40 and 15% for Re s500; and 37 andn n
18% for Re s1,000. At a particular Re , however, the effectn o
of the net flow has much less impact on the mixing length,
and this agrees with e having a much smaller power indexb
than e . This in turn suggests that the oscillatory motionm
strongly influences the mixing length in our system. Since the
mixing length in our system varies with the oscillatory
Reynolds numbers, that is, the product of oscillation fre-
quency and amplitude, this provides the flexibility in control
over the mixing length. Table 4 compares the mixing length
of our system and the other existing mixing devices, and the
comparison is favorable to ours.

Effect of Tracer Injection Position and Injection Time on Dis-
persion. The effect of the tracer injection position and the

Table 4. Comparison of Mixing Length

Mixing System Column Dia. Mixing Length

Continuous OBR
Ž .In the absence of oscillations 40 mm 17]35 mm
Ž .In the presence of oscillations 5.4]16 mm

( )Reciprocating plate column RPC
Ž .Baird and Rama Rao 1991

In the absence of oscillations 50.8 mm 40 mm
In the presence of oscillations 3 mm

Ž .Holmes et al. 1991
In the absence of oscillations 76.2 mm 53 mm

Ž .In the presence of oscillations 3.7]30 mm

Stirred-Tank Reactor
Ž .Kawase and Moo Young 1990 300 mm 37.5 mm

Bubble Column Reactor
Ž .Kawase and Moo Young 1986 230 mm 23 mm

injection time on the axial dispersion in the oscillatory baf-
fled tube were also studied for the net flow Reynolds num-
bers of 250 and 500, respectively, at a fixed oscillatory
Reynolds number of 6024. Tracer injection ports of 1, 3, and
5, as shown in Figure 1, were used for the former experi-
ments and the injection time of 15, 35, and 55 s were used for
the latter ones. Figures 16 and 17 show the corresponding
results of the axial dispersion. We can see that the axial dis-
persions were less sensitive to the variation of the injection
positions and the injection time in our system. This is rather
expected since the measuring probes were 2.1, 11.25, and 20.6
m away from the injection port. Any variations in the injec-
tion position and the injection time have been dispersed
downstream, and the plug-flow characteristics in the device
were achieved regardless to the injection conditions.

Conclusions
We have reported that the reproducible and controlled

RTDs are obtained in a continuous oscillatory baffled tube
with very low axial dispersion. The axial dispersion was calcu-
lated using both the plug-flow-with-axial dispersion model and
the CST-with-feedback model. We have learned that the ax-
ial-dispersion coefficient is sensitive to both the oscillation
amplitude and oscillation frequency. The dispersion data sug-
gest that the truly plug-flow behaviors dominated in the con-

(Figure 16. Effect of injection position on DrrrrruL Re sb o
( ) )6024 8 mm and 3 Hz , St s0.4 .
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(Figure 17. Effect of injection times on DrrrrruL Re sb o
( ) )6024 8 mm and 3 Hz , St s0.4 .

tinuous oscillatory baffled tube for a range of laminar-flow
net Reynolds numbers.

We have also reported that the density of the tracer solu-
tion showed a marked influence on the axial dispersion, and
the axial dispersion increased with the increase in the density
of tracer solution both in the absence and presence of fluid
oscillation. The axial dispersion in the presence of oscilla-
tions was found to be around 25% less than that in the ab-
sence of fluid agitations. A correlation between the axial dis-
persion and the density of the tracer solution, as well as the
energy dissipations in the system, was established, from which
the mixing length in the system was evaluated. We have, for
the first time, presented the range of mixing lengths under
the Isotropic Turbulence Theory, which compared favorably
to the existing mixing devices.

Notation
asnumerical variable
fsoscillation frequency, Hz

Fsback-mixing coefficient
gsacceleration due to gravity, mrs2

js variable
ksconstant

n0sconstant
PrVspower density, Wrm3

ts time variable, s
msnumerical variable
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