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Abstract

This paper presents the results of an experimental investigation on longitudinal mass diffusion in the tubes
roughened by equidistantly-spaced grooves during oscillatory flows of Reynolds number = 210-13,000 and
Womersley number = 3.76-10.64. The experiments were conducted in tubes of 6 mm nominal ID using a soluble
contaminant of molecular diffusion coefficient = 2.78 x 107> cm?/s as the tracer. The experiments show that, in
comparison with the smooth one, the grooved tubes could yield an augmentation of up to about two orders of
magnitude in effective diffusion rate for our investigation. The present results indicate that, for high Reynolds
number flows, the ratio of the volume of core region to that of grooves influence the longitudinal diffusion efficiency
in a tuning behavior, the grooved tube in which the core region is equal to grooves in volume performs best in

enhancing the axial mass diffusion. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

There are numerous studies concerning the enhance-
ment of axial mass diffusion of contaminant within a
long tube when the fluid is subjected to sinusoidal os-
cillations (e.g. [1-3]). The results of these studies
demonstrate that, the effective spread of the contami-
nant concentration in axial direction is governed by
both the axial convection and the radial diffusion and
is greater than would be expected from molecular dif-
fusion alone. This mechanism is called “augmented
diffusion” and suggests numerous engineering appli-
cations where one is interested in accelerating diffu-
sion.

Analytical studies ([4,5]) showed that for a fixed
dimension of cross-section and a given Schmidt num-
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ber, the normalized effective axial diffusivity (the vir-
tual axial diffusion rate attributed to unit tidal
displacement and unit oscillation frequency) reaches
maximum only for the condition that the radial diffu-
sion time scale and half the oscillation period are com-
parable. This theoretical prediction was confirmed
experimentally by Joshi et al. [2] and Kurzweg [3].

By this line of reasoning, it may be deduced that
when the diffusion augmentation of a poorly diffusible
contaminant (in general, the molecular diffusivity of
liquid soluble material is about four orders of magni-
tude smaller than that of gases) is desired, the opti-
mum oscillation frequency is so low that the diffusivity
possibly approaches zero if all other conditions are
held constant. It is therefore of great practical interest
to find ways to enhance the diffusion by appropriate
modification of the environment.

In this paper, we examined the characteristics of
the longitudinal diffusion of a soluble matter during
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Nomenclature

a constant based on light absorptivity
of tracer

C concentration

Desr effective diffusivity

Dol molecular diffusivity

(Deff)imax maximum value of D.y for given flow
parameter

f oscillation frequency

f(o, Res, Sc) function, cf. Egs. (7) and (8)

I turbulent intensity

L tube length

M amount of tracer

N number of oscillation cycles

Pe Peclet number, 2R/ Do

r radial coordinate

R tube radius

Re Reynolds number, 2Ru/v

Reg Reynolds number based on Stokes
layer thickness, Re/o~/2

K length of expansion section

Sc Schmidt number, v/Dyyo

t time

U voltage output of sensor

U, voltage output of sensor without
tracer

u(t) axial velocity

(u(t)) ensemble-average velocity, cf. Eq. (5)

u'(t) turbulent velocity

i root-mean-square spatially averaged
velocity

V. volume of core region

Vi volume of furrows

Ax tidal displacement

z distance

Greek symbols

o Womersley number, R\/(w/v)
v kinematic viscosity
w angular frequency

oscillatory flows. Motivation for this investigation is
from the fact that there is little published work on
the longitudinal dispersion of soluble liquid material
during oscillatory flows, whereas the gas transport
process mainly concerning the pulmonary ventilation
practices has been studied extensively (e.g. [6,7]).

The separated and turbulent flows caused by the
unsteady flow in wall-modified tubes have assumed
great importance in enhancing mass transfer. In
1973, Bellhouse et al. [8] reported on the success of
a membrane oxygenator which utilized pulsatile
flows across a furrowed membrane and gave good
mass-transfer performance. Sobey [9] made a nu-
merical computation for two-dimensional flow in a
channel with sinusoidal wavy walls. Stephanoff et
al. [10] qualitatively confirmed the computational
results of Sobey by flow visualizations. Nishimura
[11] investigated flow and mass-transfer character-
istics in such a channel for oscillatory flow with the
result showing a maximum mass-transfer enhance-
ment of six-fold in terms of time-averaged Sher-
wood number, which deduces the high efficiency of
the membrane oxygenator developed by Bellhouse et
al.

These studies focus primarily on the mass transfer
from channel walls to working fluid. However, the
longitudinal mass-transport characteristics, which dom-
inate the lateral concentration gradient and therefore
influence the overall performance of the system, have
not been explored yet.

In the present study, we proposed a modified tube
with rectangular grooves equidistantly distributed
along the tube axis as a means of promoting the inter-
action of separated flow with axial convection to
enhance longitudinal diffusion during oscillatory flow.
First, we examined the diffusion rate within the
straight smooth tube over a relatively wide parameter
range to investigate the effect of turbulent fluctuations
on Taylor dispersion. We then performed the tests
with grooved tubes and investigated the characteristics
of longitudinal mass diffusion as well as the effect of
tube dimension and flow parameter on the diffusion
enhancement performance.

2. Experiments

2.1. Experimental arrangement

2.1.1. Flow system

Fig. 1 shows the experimental arrangement
employed in the present investigation. The tube joining
the two reservoirs was 2 or 3 m long and made of
acrylic pipe which is transparent enough to make use
of photoelectric effect in concentration measurements.
Inside reservoir A there was a fender plate adjacent to
the exit of the cylinder, which plays a role of buffering
and straightening flows in combination with the bell
mouth at the entrance to the test tube. Reservoir B
was open to the atomsphere. The sinusoidal oscillation
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of the fluid inside the tube was imposed by a piston
driven by a DC servomotor through a Scotch-yoke
mechanism. The stroke volume could be varied over
the range 0.78-24 cm’. The frequency of oscillation
was adjustable from 0 to 3 Hz. Further higher fre-
quency could not be used because of the power limi-
tation of the driving system and the sealing quality of
the flow system. The working fluid was city water.

2.1.2. Geometry of tube

Both smooth tube and grooved tubes were used in
the experiments. The smooth test tube was made of
acrylic pipe of 6 mm ID, care was taken in machining
and assembling in order to obtain a smooth connection
between the tubes and the bell mouth. The grooved
test tube was made by assembling the short circular
cylinders into an acrylic pipe of 16 mm ID and thus
had axially periodically changing circular cross-section.
Different configurations of grooved tube were obtained
by varying the assemblege of short circular cylinders.
Of the grooved tubes, the internal diameters of the
contraction section and the expansion section were 6
and 12 mm respectively, the length of contraction sec-
tion was fixed to be 10 mm with the length of expan-
sion section varying from 1 to 40 mm. Including the
smooth one, eight tubes, S = 0, 1, 3, 5, 7, 10, 20, 40
mm, were employed in our tests. Prior to the use of a
newly assembled test tube, the air within the flow sys-
tem was removed completely by filling water into the
system, which was adjusted to the vertical position
then, and imposing some slight vibrations.
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2.1.3. Tracer

A black dye solution of molecular diffusion coeffi-
cient Do = 2.78 x 1073 cmz/s was used as the tracer.
Since the molecular diffusivity of this tracer is con-
siderably small in comparison with that of gas (for
example, the molecular diffusivity of oxygen in air,
Dol = 0.16 cm?/s) we have good reason to expect an
earlier appearance of the effect of turbulent flows on
Taylor dispersion than in gas experiments.

As the dye has a specific gravity greater than the
working fluid, the tracer solutions diluted to 10 and
20% concentration were used for smooth test tube and
grooved test tubes respectively for the purpose of
avoiding density-driven radial mass diffusion to ensure
accurate concentration measurement.

2.1.4. Flow parameters

The flow parameters selected in this investigation
ranged from laminar to turbulent regime. The Rey-
nolds number was from 210 to 13,000 and the
Womersley number was from 3.76 to 10.64. Fig. 2 is
the mapping of flow conditions with the broken line
Res = Re/+/20. = 550 proposed by Hino et al. [12] as
the critical value for the transition to turbulent oscil-
latory flow for smooth circular tube.

2.2. Experimental methods

2.2.1. Velocity measurements

For the diffusion process in a straight smooth tube,
the only factor influencing the Taylor diffusion is the
presence of turbulent flows provided that the density-
driven radial mixing has been eliminated by appropri-
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Fig. 1. Schematic diagram of experimental arrangement.



636 X. Ye, M. Shimizu | Int. J. Heat Mass Transfer 44 (2001) 633—644

ate means. In order to investigate the effect of turbu-
lence on Taylor diffusion, measurements were per-
formed for the velocity component in axial direction
using a LDA (laser-Doppler anemometer) working in
the forward-scatter mode. Measurements were taken
near the midpoint of the test tube with distance
between the measurement point and the tube end
reasonably great (> 170 ID) so that there should be no
influence of the end effect in the velocity data. The
output of the signal processor of LDA system was
digitized by a 12-bit A/D converter at a sampling inter-
val of 0.001 s, the turbulence intensity were calculated
afterwards.

2.2.2. Concentration measurements

The variation of tracer concentration was deter-
mined by measuring the intensity decrement of the
light beam (from a light emitting diode) directed along
the tube diameter perpendicular to the tube axis. The
light detector at the opposite side of the tube was a
photodiode with the peak-sensitive wavelength of 560
nm (Model BS500B, SHARP Co., LTD., Japan). Cali-
bration was made of the concentration-sensor output,
the data fit reasonably to Beer’s law (see Fig. 3).

The concentration measurements were carried out at
the point about one-third of the total tube length from
the tracer injection point which is also equal to about
one-third of the tube length from reservoir B (sce
Fig. 1). We took this measurement configuration in
order to ensure the largest number of concentration
data unaffected by the end effect of diffusion (which
will be explained later), recognizing the fact that the
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Fig. 3. Concentration—voltage calibration curve of photoelec-
tric sensor.

end effect of diffusion spreads in axial direction at the
same speed as original diffusion.

In order to obtain a pulse-like initial concentration
distribution of tracer, injections were executed by an
automatic injection system at the oscillatory phase of
270°. As it was the very moment when the fluid was at
rest (more exactly, the mean fluid flux over the cross-
section is zero) with the maximum displacement, the
effect of the disturbance caused by injection on the
flow inside the test tube is considered to be negligible.

To improve the measurement accuracy, we used
three sensors (their interspacing was 2—5 cm) and took
the average value as the result of each measurement.

2.2.3. Determination of effective diffusivity

As suggested first by Taylor [13], the diffusion of
soluble matter in a moving solvent can be described by
means of a virtual coefficient of diffusion which rep-
resents the combined action of velocity profile over the
cross-section of the tube and molecular diffusion in
radial direction. In the case of oscillatory flow, the
enhanced diffusion process can be treated as a one-
dimensional axial diffusion problem by replacing the
molecular diffusivity term in the basic diffusion
equation with the so-called effective diffusivity whose
value depends on the macroscopic properties of flow
such as mean axial flow velocity, tube diameter,
Schmidt number, also tidal displacement and Womers-
ley number.

The basic equation for one-dimensional dispersion is
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aC 32C
W = Deffa7 (1)

where Deg is the effective diffusivity and have been
used to represent the virtual longitudinal diffusion rate
in oscillatory flows.

When a bolus of tracer were injected into the test
tube in a flash, the initial concentration distribution
would be approximately pulse-shaped and we will have
the time variation of concentration

22

e B 4Dt (2)

C(Z [) — L
T 24/ Desrt

where z is the distance between the injection point and
the measurement point.

Noticeable scatter arose when using all the concen-
tration data at the same phase as that of injection to
fit Eq. (2) to determine D, especially for large tidal
amplitude. Tanaka et al. reported the similar trouble
in his investigation [14].

This uncertainty is produced by the inconsistency of
the real tube to the model from which Eq. (2) was
developed. In contrast to the terse form of Eq. (2)
which was based on the infinitely long tube, only
superfluous expression in the form of a series can be
obtained for the case of tube of finite length because
the Fourier integration over a finite area can only yield
a series-form result. Though, theoretically, the series-
form expression for the concentration variation can be
utilized in the least-squares fitting operations to deter-
mine D, it is nearly impossible in practice to perform
such operation because of the inadequate computing
ability of common PC machines.

The discrepancy between the concentration data and
the theoretical prediction (Eq. (2)) can be considered
to be the result of a special end-effect which is pro-
duced due to the difference in diffusion rate between
the test tube section and reservoirs. Since the working
fluid of present experiments can be treated as an im-
pressible fluid, as the fluid is convected back and forth
during oscillation, this kind of end-effect spreads axi-
ally at the same speed as that of original diffusion pro-
vided that the tube has a macroscopically uniform
cross-section along the axis.

The end-effect of diffusion and that of velocity are
quite different in that the former spreads axially in
Taylor or Taylor-like mechanism while the latter does
not. So the end-effect of diffusion can not be elimi-
nated by, for example, positioning the measurement
spot far enough from the ends of test tube.

Another feature of the end-effect of diffusion is that
before the injected tracer reaches the ends of the test
tube there is no such end-effect within the tube. For
both, the injection point and the measurement spot are
at some distance from the ends of tube, there are cer-
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Fig. 4. An example of extracting the uncontaminated data: (a)
fitting of the data at the injection phase to Eq. (2); (b) deter-
mination of the range in which the concentration data are not
influenced by end-effect; (c) fitting of the uncontaminated
data to Eq. (2).

tainly some uncontaminated concentration data. To
extract these pure data, transformation has to be exe-
cuted on Eq. (2). Taking the logarithm of Eq. (2), we
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have

Uy M z2 1
ln(C\/;) = ln(ﬂaln(v)) = ln<2m> - 4Def['7
(3)

Eq. (3) indicates that, if there were no end-effect of
diffusion, the concentration data at the injection phase
would fall on a straight line with slope equal to —z?/
4D when plotted in In(C4/f)~ 1/t plane. Fig. 4 shows
an example of the effective diffusivity determination
using the so-called pure data.

In Fig. 4(a), the fitting curve is obtained using the
least-squares fitting method based on all the concen-
tration data at the injection phase. It is seen that the
data points do not fall on this curve. In Fig. 4(b)
plotted are the same data as that in Fig. 4(a) but in
In(C/f)~ 1/t coordination system. The upsweeping of
the points for 1/1<1/t, is considered to be due to the
end-effect of diffusion.

In contrast to the discrepancy of the points for
1/t<1/t,, the deviation of the marked points from the
straight line for 1/t > 1/¢; arises because, in the first
several cycles, the tracer concentrations at the injection
phase are so low that the values of In(Uy/U) are near
zero and the values of InC = In(In(Uy/U)) are thus
very sensitive to measurement errors which are liable
to arise because the concentration—voltage calibration
curve is nearly vertical as the concentration approaches
zero (see Fig. 3).

The points show fairly good linearity for 1/t, < 1/t

< 1/t; in Fig. 4(c). This indicates that the concen-
tration data at 7; < ¢t < t, fit well to Eq. (2) and should
be used to determine the effective diffusivity.

3. Results and discussion

3.1. Straight tube

We performed first the experiments with straight
smooth tube in order to get the fundamental infor-
mation of augmented longitudinal diffusivity which is
necessary in evaluating the effectiveness of grooved
tubes. The smooth tube employed was 3 m in length
for the 0.25, 0.5, 1.0 Hz runs and 2 m for the 2.0 Hz
runs.

3.1.1. Turbulence in oscillatory flow

The measurements of velocity were executed at the
radius location r &~ 0.5R. The velocity fluctuation is
defined as

uj (1) = ui(t) — (u(r)) )

where (u(z)) is the ensemble-average velocity and is

obtained by the segmented velocity data for each cycle
u(t)y(i=1,2,...,N), ie.

N
o) = 5 > ) )
i=l

The turbulence intensity is calculated as

1= /() (6)

The calculated values of turbulence intensity are
shown in Fig. 5. It may be seen that, the tendency of
the turbulence intensity for four oscillation frequencies
can be represented by a single curve, indicating that
the turbulence intensity is dependent on Res. Although
the increase of turbulence intensity becomes fast sud-
denly when Res exceeds about 550, turbulent fluctu-
ation exists undoubtedly over the whole flow
parameter range in the present investigation. The incre-
ment in turbulence intensity is steep for
550 < Res < 850, whereas this increment falls when
Res exceeds about 850 probably due to limitation of
the tube cross-section which restrains the bursting and
diffusion of large turbulent eddies.

3.1.2. Effect of turbulence on longitudinal diffusion

Fig. 6 shows the effective diffusivities plotted against
Reynolds number with the solid lines representing the
theoretical predictions for laminar flow values based
on the analytical investigation of Watson [5]. It is seen
that, except a few data for frequency of 0.25 Hz, the
points for D deviate from the corresponding theoreti-
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Fig. 5. Variation of turbulence intensity at the radius r ~
0.5R with Res.
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Fig. 6. Results of effective diffusivity for smooth tube.

cal predictions and the deviations become noticeable as
the Reynolds number increases. This indicates that the
diffusion process is influenced and dominated by the
turbulent diffusion as the Reynolds number increases.

In previous studies on the mass diffusion in oscil-
latory laminar flows, it has been shown that the virtual
longitudinal diffusion is the result of the interaction of
axial convection and radial diffusion and can be
described by [5]

Degr = Dmol(1 +f((xa SC)PC)Z) (7)

where the first term in the right hand side is respon-
sible for the contribution of molecular diffusion of the
tracer and usually negligible for diffusion process in
liquid fluid, the second term accounts for the inter-
action of axial convection with radial diffusion. Eq. (7)
shows that, through an appropriate normalization
treatment, all the data for axial diffusion for a single
tracer can be predicted by a single curve.

In the case of turbulent flows, the second term in
the right hand side of Eq. (7) will be no longer a func-
tion only of the Womersley number o but a function
of o« and other flow parameters such as Reynolds num-
ber because the lateral mixing is influenced by turbu-
lent diffusion. For the present experiments for smooth
tube, we found that the results can be correlated by

Deit = Dot (1 4 flot, Res, Sc)Pe?) 8)
with
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Fig. 7. Correlation of the normalized diffusivity to turbulent
intensity.

The molecular diffusion coefficient of the tracer we
used is so small that f(a, Res, Sc) can be considered as
the contribution of the turbulent mixing to the longi-
tudinal diffusion.

In comparison to liquid tracer, the transport process
of gas during oscillatory flow of air seems somewhat
strong to the influence of turbulence owing to its rela-
tively large molecular diffusion coefficient. Joshi [2]
reported in his gas transport experimental research
that no obvious effect of turbulent flows on Taylor dif-
fusion was observed for flows of Res up to 300. In
another gas transport investigation employing a similar
system [15], however, the existence of turbulent flows
at Res = 300 was confirmed.

Fig. 7 shows the correlation of longitudinal diffu-
sivity to turbulent intensity. The data for diffusivity
here were normalized using the factor Ax’w for its
rationality, because during oscillation both the con-
centration gradient in radial direction and the area
of the contacting surface of the concentration
boundary layer and core are proportional to the
tidal displacement, and  is a measure of the num-
ber of oscillation cycles per unit time. The data of
Fig. 7 indicate that for weak turbulent flows the
longitudinal diffusion rate becomes great as the tur-
bulent intensity increases, while when the turbulent
intensity exceeds a certain value the lateral mixing
raised by the turbulent diffusion worsen the effi-

8.14 x 1073

—1.94 x 10"2(1 4 4.97 x 10~*Re;)

flo, Res, Sc) =

24 oXP| 32 s 2)2 10
Re?(Res — 1.69 x 103) "+7.18 x 105(Re; — 5.83 x 102) "+4.3 x 10
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ciency of axial diffusion, exhibiting the tuning effect
of turbulent flows. Similar to the diffusion in lami-
nar oscillatory flow, the peak of the normalized
effective diffusivity corresponds to the circumstance
that the radial mixing time scale is comparable to
half the oscillation period.

It is also seen from Fig. 7 that, though the scat-
ters make the location of peaks vague to some
extent, the normalized effective diffusivities yield
their maximum values in a manner that higher is
the oscillation frequency the higher will be the
peak-corresponding Res. This is because the turbu-
lence intensity is a monotonic increment function of
the Stokes layer Reynolds number and the optimum
condition for higher frequency thus corresponds to
higher Re;.

Nishida [15] investigated experimentally the longi-
tudinal transport of gas in a straight smooth tube
using the flow parameter over laminar and turbulent
flow regimes. The results showed a considerable trans-
port augmentation due to the turbulent diffusion. It is
difficult, however, to make a direct comparison
between Nishida’s investigation and our present work
because of the essential difference between the two
works. The factor contributing to this difference is not
only the difference in the molecular diffusivity between
the tracers used, which influence the strength and the
acting range of the molecular diffusivity, but also the
unique feature of the oscillating gas flow is that, during
oscillation, the phase and the tidal displacement are
position dependent due to the compressibility of the
tracer; the effective diffusivity determined experimen-
tally is a resultant reflection of the dispersions contrib-
uted by the oscillating flows of different tidal
displacements and different phases lags over the whole
tube length. In spite of this, it is found that the data of
Nishida’s experiments yield a maximum effective diffu-
sivitiy of approximately the same order in value as
that of ours (taking into account the ratio of ampli-
tudes of cross-sectional mean velocity to amplitudes of
piston velocity) if normalized by Ax 2.
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3.2. Grooved tubes

3.2.1. Features of diffusion in grooved tubes

For simplicity we approximate the grooved tube in a
two-layer model with the tube divided into a core
region having the same cross-section dimension as con-
traction sections, and an outer layer region composed
of the ring-shaped furrows. Under the condition of os-
cillation, the fluid in core region is, in view of macro-
structure, convected back and forth like in smooth
tube, with the fluid in outer layer region recirculating
within furrows (eddy-like internal motion). The dis-
turbing effect of the roughened tube wall makes the
radial velocity profile of the core region blunt, yielding
a large radial velocity gradient between the two regions
(refer to Fig. 8).

The lateral mass exchange and mixing take place
between the two regions due to flow separation, turbu-
lent entrainment, vortex ejection and, of course, mol-
ecular diffusion. The turbulent flows in the core region
play an important role of leveling concentration distri-
bution over the cross-section and make the mixing
more efficient. Concerning the fluid in furrows, the
concentration distribution is leveled greatly by the
recirculating motions in combination with turbulent
fluctuations. The mass mixing between such two
regions is something like the heat transfer between two
layers of material of excellent heat conductivity with
the exception that, for the mass mixing during oscil-
latory flow, the ejecting of vortex from furrows into
the mainstream, which is considered to contribute
greatly toward the lateral diffusion, occurs as the flow
reverses. These approximations are consistent with the
observations in the present investigation and other re-
lated experimental works (e.g. [11,16]).

Now we have a circumstance that as the fluid in
core region is convected in axial direction back and
forth, lateral mixings occur with high efficiency in the
vicinity of the interface of the core region and the
outer layer region, where both the velocity gradient
and concentration gradient are large.

As the forgoing approximation implies, despite the
peculiar geometry of grooved tube, the diffusions are

OUTER LAYER

_} / REGION

Fig. 8. Simple model for grooved tube.
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similar, in mechanism, to that in smooth tube. Thus
the factor used to normalize the effective longitudinal
diffusivity for smooth channel is still valid reasonably
for grooved tubes.

It should be noted that the validity of the so-called
two-layer model is questionable for very low Reynolds
number flows and for the tubes having relatively long
expansion sections, because under such conditions no
complete recirculating motion and strong turbulence
could be expected.

3.2.2. Effects of flow parameters
Experiments were conducted with grooved tubes
over the same range of flow parameter and in the same
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operation sequences as with smooth tube. Fig. 9 shows
the results in dimensionless form plotted against the
Stokes layer Reynolds number Res; which was calcu-
lated using the internal diameter of the contraction sec-
tion. Though there are other appropriate forms of
Reynolds number, for example, the Reynolds number
based on the average cross-section of the channel as
proposed by Nishimura et al. [11], we used the Rey-
nolds number mentioned above because a grooved
tube is modified from a smooth tube by fitting furrows
equidistantly along the axis and evaluate the effective-
ness of a grooved tube by comparing its effective diffu-
sivity with the corresponding smooth tube value.

Fig. 9 shows that both flow and geometric par-
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Fig. 9. Results of effective diffusivity for grooved tubes.
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ameters influence the effectiveness of grooved tubes
considerably with the greatest augmentation of about
two orders of magnitude for the present experimental
system. Since every figure corresponds to a fixed fre-
quency, the shape of curves indicates the dependence
of effective diffusivity on the tidal displacement of os-
cillation. Except a few data for the tube of S = 20
and 40 mm at the frequency of 0.25 Hz, the points in
four figures vary in a similar manner, implying that
the effect of frequency is, in comparison to the effects
of the tidal volume and the geometry of tube, small.
This makes the performance of the grooved tubes
insensitive to oscillation frequency and facilitates the
parameter setting in practical applications.
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Though distorted by the experimental error to some
extent, from the tendency of the experimental data we
have reason to believe that every set of data for a
given tube has its peak though some peaks are
obviously located out of the range of the present test
parameters.

The information about the dependence of peak-cor-
responding Res on tube geometry can be utilized in
designing application devices. The results of our exper-
iments indicate that the grooved tube with relatively
long expansion section may be used in, for example,
blood oxygenators and bioreactors where the viscous
liquids containing shear-sensitive biomaterials such as
animal cells and plant cells are processed.
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Fig. 10. Effect of tube geometry on effective longitudinal diffusivities.
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By comparison with other three figures, the left
hanging down of the curves for the grooved tubes of S
= 20 and 40 mm in Fig. 9(a) is exceptional. Tests
were made of the distance over which the tracer-con-
taining fluid was convected by one oscillation cycle
and the result showed that, under the condition of
small tidal displacement and frequency of 0.25 Hz, the
tracer in a contraction section could not be transmitted
satisfactorily to the adjacent. In other tests with higher
oscillation frequencies, this phenomenon was not
observed.

3.2.3. Effects of tube geometry

It is of interest to note that even the tube roughened
slightly by the narrow furrows (S = 1 mm) can
enhance the longitudinal diffusion greatly (see Fig. 9).
Though it is sure that the geometry of the grooved
tube influences the longitudinal diffusivity, the pattern
of the influence is hard to grasp due to the overlapping
of the effect of flow parameters and tube geometry.
From the essential mechanism of augmented diffusion
in oscillatory flows, it is reasonable to anticipate that
the lateral mixing and therefore the longitudinal diffu-
sion rate are dominated intrinsically by the ratio of the
volume of core region to furrows. As the Reynolds
number increases, the efficiency of the exchange
between the two regions will reaches gradually its limit
and the intrinsic effect of the tube geometry will
become visible. In Fig. 9, when the Reynolds number
is large enough, the ranking of the grooved tubes in
regard to the normalized effective diffusivity becomes
gradually fixed.

Using the dimensionless effective diffusivity to evalu-
ate the performance of the tubes, we see that for rela-
tively low Reynolds number flow, the most efficient
tube is that with relatively long expansion section; as
the Reynolds number increases, the length of the
expansion section corresponding to the most efficient
grooved tube decreases with the asymptotic value S =
5 mm.

The effect of the tube geometry is demonstrated
explicitly in Fig. 10 where the vertical coordinate was
normalized so that the maximum value for each set of
data is approximately 1.0. The phenomenon that for
large Reynolds number the grooved tube of S = 5
mm performs most efficiently is of interest because it
corresponds to the condition that the ratio of the
volume of furrows to fluid core, V;/V., equals 1.0.
The mass exchange and/or mixing between two
regions contacting with each other is analogous to the
charge/discharge between two electric condensers pro-
vided that the concentration distributions in the two
regions are uniform respectively. It can be simply veri-
fied that when the two condensers are equal in ca-
pacity, the amount of the electric charge exchanged

between the two condensers of different initial voltage
is largest.

Figs. 9 and 10 show that when the Reynolds number
is not large enough, the most efficient transport process
is realized by the tube of § > 5 mm. In the low Rey-
nolds number flows, owing to the relatively weak tur-
bulence and flow separation, the completeness of the
radial mixing is lower than would be expected in its
limit case, in other words, the equivalent volume par-
ticipated in the radial mixing is smaller than the calcu-
lated and, therefore, a larger volume of furrows than
that for S = 5 mm would be needed to carry out the
most efficient lateral mixing.

4. Concluding remarks

We conducted the experiments on the augmented
longitudinal diffusion of soluble matter during oscil-
latory flows in straight smooth tube and grooved
tubes.

The result of the experiments with smooth tube indi-
cated that the Taylor dispersion was influenced by tur-
bulent flows greatly. In the present investigation, all
the experimental data, except a few data for very low
frequency and small tidal displacement, deviate from
the theoretical predictions by the laminar diffusion
model. Due to the very small molecular diffusivity
of the tracer used in our tests, the effects of turbulent
diffusion on longitudinal dispersion appear much
earlier than that in gas experiments of other investi-
gators.

The experiments with grooved tubes show that the
ring-shaped furrows distributed equidistantly along the
tube axis play a very important role in enhancing
longitudinal mass diffusion. By using the grooved
tubes, high efficient diffusion can be expected even at
considerably low Reynolds number which would yield
only a poor longitudinal diffusion in the case of
smooth tube.

For the diffusion in grooved tubes, both flow par-
ameter and tube geometry influence the lateral mix-
ing and, as the Reynolds number increases, the
effect of oscillation frequency becomes weak whereas
the ratio of the volume of furrows to core region
influence dominantly the efficiency of the tubes in
enhancing longitudinal diffusion. For high Reynolds
number flows, the most efficient axial diffusion is
realized by the tube of § = 5 mm, of which the
volumetric ratio is equal to 1.0.

The dependence of the behavior of longitudinal dif-
fusion in grooved tubes on molecular diffusivity has
not been tested in our experiments since we used a
single tracer. The experiments with other tracers are
under projection.
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