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Abstract

The present experimental study describes mass transfer enhancement in grooved channels with di�erent cavity
lengths for pulsatile ¯ow. Overall and local mass transfer rates were measured by the electrochemical method with a

high Schmidt number and also the vortical motion within the groove was visualized by the electrolytic precipitation
method. We especially focused on the in¯uence of oscillation frequency on mass transport enhancement. Transport
enhancement by means of ¯uid oscillation is found to be higher in laminar ¯ow than in turbulent ¯ow. There is a

noticeable enhancement at intermediate Strouhal numbers, depending on the cavity length and the net ¯ow
Reynolds number. It is revealed that the mechanism for a peak transport enhancement factor against Strouhal
number is not explained by the hydrodynamic resonance proposed by Patera and Mikic, under a certain

condition. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There have been several studies on heat and mass
transfer in grooved channels, which are applied to

compact heat exchangers, mass transfer devices and

electronics cooling under laminar ¯ow conditions. For
steady ¯ow, experimental and numerical studies [1±5]

show that as ¯ow separates, a periodic redevelopment

of the thermal or compositional boundary layer occurs

from each rib and its contribution is the most signi®-
cant part of the total heat or mass transfer rate. How-

ever, inside the grooves the heat or mass transfer rate

is very small, reducing thus the enhancement of trans-
port rates.
This paper deals with mass transfer enhancement in

grooved channels under pulsatile ¯ow conditions. The
use of forced time-periodic ¯ow is e�ective for trans-
port enhancement in systems with separated ¯ow [6±
15], especially. Nishimura and Matsune [14] studied ex-

perimentally mass transfer with a high Schmidt num-
ber in symmetric and asymmetric wavy-walled
channels for pulsatile ¯ow. They showed that the

enhancement factor for mass transfer increases with
the oscillatory fraction and frequency of the ¯ow rate
and that the Sherwood number for pulsatile ¯ow can

be expressed in terms of the Sherwood numbers for
steady and oscillatory ¯ows. Mackley and Stonestreet
[12] also examined heat transfer and energy dissipation

for pulsatile liquid ¯ow in a ba�ed tube in a wide
range of several ¯ow parameters. On the other hand,
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Patera and Mikic [6] and Greiner [7] found numerically
and experimentally that small ¯uid oscillation at the

natural frequency of the hydrodynamic instability
increases dramatically the amplitude of the instability
within a grooved channel, even for Reynolds numbers

below the critical value at the onset of self-sustained
oscillations, and thus enhances heat transfer. They
called this e�ect resonant transport enhancement.
However, they treated only a grooved channel with

small cavities. The e�ect of cavity length has not been
considered. More recently, Nishimura et al. [15]
studied ¯uid mixing and mass transfer with a high

Schmidt number in grooved channels with di�erent
cavity lengths and found that at high Reynolds num-
bers the mass transfer enhancement factor suddenly

increases at a low oscillatory fraction of the ¯ow rate,
depending on the oscillatory frequency and the cavity
length, in contrast to the cases at low Reynolds num-
bers. However, the con®rmation of hydrodyanamic

resonance proposed by Patera and Mikic [6] has not
been performed yet.
In the present study, we examine experimentally the

in¯uence of the oscillatory frequency on mass transfer
enhancement of grooved channels with di�erent cavity
lengths.

2. Experimental apparatus and procedure

The experimental apparatus is the same as that used

in the previous study [15]. The volumetric ¯ow rate is

Qi � Qs �Qo sin

�
2pt
T

�
�1�

where Qs is the net ¯ow, Qo is the peak ¯ow of ¯uid
oscillation and T is the period of oscillation.

The net ¯ow is provided by a centrifugal pump and
the ¯ow rate is determined with a rotameter. The
imposed oscillatory ¯ow is generated by a pulsatile

pump, driven by a variable speed motor through a
Scotch-Yoke mechanism which allows the length of
the stroke and frequency of the piston to be changed.
The peak ¯ow rate is determined by

Qo � 2psf

�
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4

�
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where s, f (=1/T ) and d are the length of the stroke,
frequency and diameter of the piston, respectively. In
this experiment, s and f are variable, but d is ®xed.
Fig. 1 shows the dimensions of three channels with

di�erent cavity lengths. The channel height, channel
width, cavity pitch and the cavity depth are ®xed (H
= 7 mm, W = 80 mm, L = 33 mm and a = 5.6

mm). The length of the cavity l is variable (l/L = 1/3,
1/2 and 2/3: the so-called S-cavity, M-cavity and L-
cavity).

Three ¯ow parameters characterize the pulsatile
¯ow: the net ¯ow Reynolds number based on the chan-
nel height, the oscillatory fraction of the ¯ow rate and

Nomenclature

a cavity depth
d piston diameter
D molecular di�usivity of the ferricyanide ion

E enhancement factor for mass transfer =
Shp=Shs

f oscillatory frequency of piston

fn frequency for self-sustained oscillation
H channel height
L cavity pitch

Lm mass transfer length
l cavity length
k average mass transfer coe�cient
k� local mass transfer coe�cient

P oscillatory fraction of the ¯ow rate = Qo=Qs

Qi instantaneous ¯ow rate
Qo peak ¯ow rate of oscillatory component

Qs net ¯ow rate
Rec critical Reynolds number for self-sustained os-

cillation in steady ¯ow

Res Reynolds number for steady component

s stroke of piston
Sc Schmidt number = n=D
Shp average Sherwood number for pulsatile ¯ow =

kH/D
Sh�p local Sherwood number for pulsatle ¯ow =

k�H/D

Shs average Sherwood number for steady ¯ow
Sh�s local Sherwood number for steady ¯ow
St Strouhal number for pulsatile ¯ow =2pfH=us

Stn Strouhal number for self-sustained oscillation
= 2pfnH=us

T period of oscillation = 1/f
t time

us average velocity through the channel =
Qs=HW

W channel width

Greek symbol
n kinematic viscosity
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Strouhal number

Res � usH

n
�3�

P � Qo

Qs

�4�

St � 2pfH
us

�5�

where us is the average velocity through the channel
�� Qs=HW � and n is the kinematic viscosity of the
¯uid.

Experiments were carried out in the following ranges
of ¯ow parameters: 40 < Res < 1400, 0 < P < 11 and
0.035 < St < 5.61. The net ¯ow Reynolds number

range belongs to laminar and turbulent ¯ow regimes.
The uncertainties in dimensionless parameters are
within the limits of a 3% maximum error.

Flow was visualized by means of the aluminum dust
method and the electrolytic precipitation method. Per-
fusion with an aqueous suspension of aluminum par-

ticles, about 40 mm in diameter, enabled the
observation of the pathlines approximately correspond-
ing to streamlines. The elctrolytic precipitation method
was employed to observe the behavior of ¯uid

exchange between the channel and groove parts. Mass
transfer rates were measured by the electrochemical
method, which can be applied to pulsatile ¯ow [16].

The electrochemical reaction used is the cathodic re-
duction of ferricyanide ions to ferrocyanide ions at the
cathode. Three cathodes of nickel placed in the 5th,

6th and 7th grooves from upstream of the channel
were used to determine the e�ect of length of the mass
transfer section on the average mass transfer rates as
shown in Fig. 2. Furthermore, the local mass transfer

rates along the bottom of the groove were measured.
The electrolyte used contained 0.01 N potassium ferri-
ferrocyanide and 1.0 N sodium hydroxide, and its tem-

perature was kept at 258C by a heat exchanger (Sc =
1570). Under the analogy between heat and mass

transfer, this system is equivalent to a high Prandtl
number heat transfer.

3. Results and discussion

3.1. Steady ¯ow experiment (P = 0.0)

In this experimental range, ¯uid ¯ow under a con-
stant ¯ow rate for the grooved channels changes from
a steady to oscillatory state at a critical value of the
Reynolds number, smaller than for the grooveless

channel. Self-sustained oscillation characteristics in
these channels have been described in the previous
¯ow studies [17,18]. The critical Reynolds number for

the onset of self-sustained oscillation depends on the
cavity length and its value becomes smaller when the
cavity length increases, i.e., Rec � 300 for L-cavity,

450 for M-cavity and 1000 for S-cavity. These oscil-
lations correspond to Tollmien±Schlichting traveling
waves and the dimensionless natural frequency �Stn �
1:92� closely matches that for the grooveless channel

¯ow with the same channel height. Fig. 3 shows mass
transfer results for steady ¯ow. The average mass
transfer rates measured in the 5th groove are presented

in Fig. 3(a) as Shs=Sc
1=3 vs. Res: The dependence of

the Reynolds number on the Sherwood number
increases after the onset of self-sustained oscillation for

L-cavity and M-cavity. While, for S-cavity a slight
increment of the Reynolds number dependence is
identi®ed before the oscillatory ¯ow. The solid line in

the ®gure denotes the mass transfer of the gooveless
channel obtained by Leveque theory [19]. At high Rey-
nolds numbers, all of the grooved channels have larger
Sherwood numbers than the grooveless channel.

The e�ect of mass transfer length for S-cavity is
shown in Fig. 3(b) as an example. This result indicates

Fig. 2. Positions of electrodes and electrical circuit.Fig. 1. Details of test section.
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that unlike the grooveless channel, the presence of per-
iodic grooves retards the development of the concen-

tration boundary layer along the lower wall of the
channel, although the experimental data are slightly
scattered due to the uncertainties of the setting of each

electrode used for the mass transfer measurement.
Local Sherwood numbers measured in the 5th

groove for S-cavity is shown in Fig. 3(c). The incre-

ment of the Sherwood number against the Reynolds
number at the rib (electrode D) is not so large even

after the onset of self-sustained oscillation �Rec �
1000�: On the other hand, the variation of the Sher-

wood numbers along the bottom of the groove (elec-
trodes A, B and C) with the Reynolds number is
complicated, which suggests a remarkable change in

the vortical motion within the groove in the Reynolds
number range from 100 to 1000, prior to the onset of
self-sustained oscillation. Fig. 4 shows ¯ow visualiza-

tion photographs for three di�erent Reynolds num-
bers. The electrolytic precipitation method was
employed and the smoke of a white metallic compound

was electrochemically produced from an electro-con-
ductive paint on the bottom of the groove. The pri-
mary vortex and the upstream secondary vortex are
clearly visible. It is noticeable that the secondary vor-

tex becomes more signi®cant as the Reynolds number
increases, which indicates the breakdown of the con-
centration boundary layer along the bottom of the

groove for a system with high Schmidt number, lead-
ing to promotion in the local Sherwood numbers (elec-
trodes A and B) at Reynolds numbers greater than 600

as shown in Fig. 3. Unfortunately, this ¯ow visualiza-
tion was not discernible at lower Reynolds numbers.
However, according to the previous numerical ¯ow

analysis [17], the absolute value of the wall shear rate
at the upstream part of the groove corresponding to
the position of electrode A has a maximum near Res �
150 due to the occurrence of the secondary vortex, in

contrast to that at the downstream part (electrodes B
and C). The behavior of the wall shear rate due to the
secondary vortex seems to lead to a small reduction of

the local Sherwood number for electrode A in the Rey-
nolds number range from 100 to 250. At higher Rey-
nolds numbers, the concentration boundary layer

develops from the upstream part due to the secondary
vortex growth, which appears to again increase the
Sherwood number as shown in Fig. 4. Thus the occur-
rence of the secondary vortex is found to provide a sig-

ni®cant in¯uence on the local mass transfer within the
groove even before the onset of self-sustained oscil-
lation, which corresponds to the result of the average

mass transfer as shown in Fig. 3(a). The mass transfer
characteristics for L-cavity has been reported in refer-
ence [20].

3.2. Pulsatile ¯ow experiment (P> 0.0)

As mentioned above, the e�ect of mass transfer
length in the grooved channels is insigni®cant. So we

measured the time-averaged mass transfer rates in the
5th groove for pulsatile ¯ow. Sherwood numbers for
pulsatile ¯ow are normalized by their respective steady

values, de®ning the mass transfer enhancement factor,
E � Shp=Shs: Fig. 5 shows the relationship between the
enhancement factor and the oscillatory fraction of the

Fig. 3. Sherwood number vs. Reynolds number for steady

¯ow.
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¯ow rate at three Reynolds numbers. At Res � 56 as

shown in Fig. 5(a), as the oscillatory fraction P

increases, the enhancement factor E becomes increas-

ingly larger than unity and its value hardly depends on

the Strouhal numbers St for each cavity. The reason

for this is not evident at the present time although the

¯ow patterns strongly depend on the oscillation fre-

quency as discovered by the previous ¯ow analysis

[21]. Similar experimental results for transport

enhancement have been obtained in other wavy-walled

channels [13,14]. The dotted line in each ®gure denotes

a referential line, with no physical meaning, drawn

only to compare the enhancement factors for di�erent

cavity lengths. The enhancement factor tends to

increase as the cavity length becomes large. On the

other hand, at Res � 692 as shown in Fig. 5(b), the

e�ect of Strouhal number is remarkable, although

depending on the cavity length. That is, the enhance-

ment factor increases with decreasing Strouhal number

in this experimental range. Unfortunately, the presence

Fig. 4. Flow visualizations for steady ¯ow.
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of resonant transport enhancement at this Reynolds
number is not evident, because the Strouhal number

range is below the dimensionless natural frequency
Stn � 1:92 mentioned in the steady ¯ow experiment,
due to limitations of the pulsatile pump. Also, the

enhancement factor of M-cavity has a large value, rela-
tive to those for other cavities. However, with a further
increase of the Reynolds number (see Fig. 5(c)), the

enhancement factor for S-cavity tends to have a large
value, although the e�ect of Strouhal number remains
the same. The reason for this is that the critical Rey-

nolds number for S-cavity is considerably larger than
those for other cavities as mentioned in the steady ¯ow

experiment. It seems that an optimum Reynolds num-
ber for maximum enhancement is in the neighbour-
hood of the critical Reynolds number for each cavity.

Similar results have been experimentally obtained for
the mass transfer in a furrowed channel with arc-
shaped walls [13]. Furthermore, Valencia [22] studied

numerically the e�ect of pulsating inlet of turbulent air
¯ow and heat transfer past a backward-facing step and
found that the pulsatility of the inlet ¯ow does not

Fig. 5. Enhancement factor vs. oscillatory fraction of the ¯ow rate for di�erent Reynolds numbers.
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impact the heat transfer. Thus we conclude that the

transport enhancement by means of ¯uid oscillation is

higher in laminar ¯ow than in turbulent ¯ow, which is

important from practical applications. The use of pul-

satile ¯ow is e�ective to the design of electrysers and

membrane bioreactors operated at low Reynolds num-

bers. Furthermore, if the optimum ¯uid-mechanical

conditions for mass transfer are considered in terms of

the energy e�ciency of a pulsatiling pumping system,

the increase in power dissipation has to be reduced.

In Fig. 5, resonant transport enhancement proposed

by Patera and Mikic [6] is not con®rmed. So we exam-

ined this transport enhancement under a certain con-

dition. Fig. 6 shows the relationship between the

enhancement factor and the Strouhal number for
di�erent cavity lengths at two Reynolds numbers. The
oscillatory fraction of the ¯ow rate, P is less than

unity and it is set close to 0.4. The enhancement factor
increases with Strouhal number, but tends to decrease
above a certain Strouhal number. The features depend

on the cavity length and the Reynolds number. That
is, the enhancement factor increases at Res � 234 and

500 as the cavity length becomes large. According to
hydrodynamic resonance, it is expected that a peak of
the enhancement factor appears near the Strouhal

number corresponding to self-sustained oscillation for
steady ¯ow, i.e., Stn � 1:92: The trend is di�erent

between Res � 234 and 500. That is, at Res � 500, the
peak value of the enhancement factor appears near the
Strouhal number of self-sustained oscillation for each

cavity. While, at Res � 234, the feature for L-cavity is
quite di�erent from those for M-cavity and S-cavity,
i.e., no sharp peak is observed and there is a plateau

in the Strouhal number range from 0.4 to 1.3. So we
measured local enhancement factors for Res � 234 and

P � 0:43: As shown in Fig. 7, there is no substantial
enhancement at the rib (elecrode D) for both S-cavity
and L-cavity. On the other hand, the local enhance-

ment factors along the bottom of the groove (elec-
trodes A, B and C) strongly depend on the Strouhal
number and the cavity length. In particular, the

enhancement factor at the upstream part (electrode A)
is greatly a�ected. For S-cavity, the maximum value

appears near St � Stn, while for L-cavity, it occurs at
a smaller Strouhal number than the value of Stn: Thus
it is revealed that the Strouhal number for a maximum

transport enhancement does not correspond to the
dimensionless natural frequency, for L-cavity under a
certain condition, in contrast to S-cavity, and it seems

that the vortical structures within the groove are quite
di�erent between S-cavity and L-cavity.

As shown in the previous study [15], a comparison
between the aluminum dust method, from an Eulerian
view, and the electrolytic precipitation method, from a

Lagrangian perspective, demonstrates that the com-
bined e�ect of the separated vortex and ¯uid oscil-

lation promotes the exchange of ¯uid between the
channel and groove parts, leading to mass transfer
enhancement along the bottom of the groove as shown

in Fig. 7. In particular, the ejection of ¯uid within the
groove into the mainstream at the moment of t=T �
0:0 is observed. The e�ect of Strouhal number for
both cavities at Res � 234 and P � 0:43 is shown in
Fig. 8. As the Strouhal number increases, the ejection

of ¯uid within the groove for S-cavity is gradually pro-
moted. In other words, the smoke of a white metallic
compound produced from the bottom of the groove

does not persist within the groove. However, above a
certain value of Strouhal number, the ejection is

Fig. 5 (continued)
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reduced (see the result at St � 3:43). While, the ¯uid
ejection process for, L-cavity is more complicated in

the upstream part of the groove than that for S-cavity,
and also a larger amount of ¯uid is ejected even at
lower Strouhal numbers than the value of Stn: How-

ever, it should be noted that at high Strouhal numbers,
the ejection process becomes identical for both cavities,
indicating the reduction in ¯uid ejection. The reason

for this may be due to viscous e�ects at high oscil-
latory frequencies indicated in the previous numerical
¯ow analysis [2]. These ¯ow visualization results corre-

spond well to the behavior of transport enhancement
as shown in Figs. 6 and 7.
At higher Reynolds numbers, the electrolytic precipi-

tation method is not applicable, because the smoke

produced from the electro-conductive paint rapidly dif-
fuses. Flow visualization photographs by the combi-
nation of aluminum dust method and electrolytic

precipitation method indicate that the ¯uid exchange
between the channel and groove parts is more signi®-

cant with increasing the Strouhal number and the ¯ow
seems to include turbulence, but not shown here due

to limitations of the space.
Thus we con®rm that there is a substantial enhance-

ment at intermediate Strouhal numbers, depending on

the cavity length and the Reynolds number. The mech-
anism for a peak transport ehnancement against Strou-
hal number is not explained by only the hydrodynamic

resonance proposed by Mikic and Patera [6], under a
certain condition. Although the reason for this is not
evident at the present time, one possible cause of the

e�ect of Strouhal number on transport enhancement is
related to Kelvin±Helmholtz instability, in addition to
Tollmien±Schlichting instablity for pulsatile ¯ow.
Because the separated shear layer above the groove is

likely to grow up for a large cavity length. More
recently, the present authors [23] performed numerical
¯ow analysis for L-cavity and S-cavity under the same

¯uid mechanical conditions and discovered a signi®-
cant oscillatory shear stress due to the contribution of
the oscillating components in velocity, near St � 0:8

Fig. 7. Local enhancement factor vs. Strouhal number for S-

cavity and L-cavity.

Fig. 6. Enhancement factor vs. Strouhal number for di�erent

Reynolds numbers.
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for L-cavity, unlike the case of S-cavity. Also Chun
and Sung [24] found experimentally that the shear
layer structure for laminar separation over a back-

ward-facing step is signi®cantly altered at a certain fre-
quency of forced perturbations. Further understanding
of physical processes of transport enhancement for

di�erent cavity lengths is needed.

4. Conclusions

The experimental study of mass transfer with a high

Schmidt number in grooved channels for pulsatile ¯ow
has been performed in a wide range of ¯ow par-
ameters. We especially focused on the in¯uence of os-

cillatory frequency on mass transport enhancement.

The following conclusive remarks were drawn:

1. Mass transfer enhancement by means of ¯uid oscil-
lation is higher in laminar ¯ow than in turbulent

¯ow. There is no substantial enhancement at the

rib, whereas it is remarkable at the bottom of the

groove.
2. There is a noticiable enhancement at intermediate

Strouhal numbers, depending on the cavity length

and Reynolds number. The mechanism for a peak
transport enhancement factor against Strouhal

number is not explained by only the hydrodynamic

resonance proposed by Patera and Mikic [6], under

a certain condition. This is subject of a future
work.

Fig. 8. E�ect of Strouhal number on ¯uid exchange at Res � 234: P = 0.43 for S-cavity and L-cavity.
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