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Abstract—Flow patterns and mass transfer characteristics in symmetrical two-dimensional wavy-walled
channels are investigated at moderate Reynolds numbers : 20~300. We consider two different wall shapes:
sinusoidal wall and arc-shaped wall. Two wall shapes are quite different in the development from laminar
to transitional flow. In particular, a new flow structure consisting of a regular three-dimensional flow is
observed at a low Reynolds number for the arc-shaped wall. This phenomenon leads to an earlier transition
of turbulence as compared with the sinusoidal wall. Mass transfer characteristics of wavy-walled channels
differ from those of a straight-walled channel when flow separation occurs. The arc-shaped wall has a
larger mass transfer rate than the sinusoidal wall because of an earlier transition of turbulence.

1. INTRODUCTION

THE SYMMETRICAL wavy-walled channel is one of sev-
eral devices employed for enhancing the heat and mass
transfer efficiency of industrial transport processes
having high Peclet numbers. The present authors
{1-3] previously investigated flow and mass transfer
characteristics in a channel with sinusoidal wavy walls
for turbulent flow and concluded that the channel
utilized yields a good mass transfer enhancement as
compared to the corresponding straight-walled chan-
nel owing to an unsteady vortex motion in the furrows
in the wall.

When this kind of channel is employed for medical
devices such as a membrane oxygenator and a kidney
dialyzer for the purpose of enhancing the mass trans-
fer rates, the flow through channels may become lami-
nar due to low Reynolds numbers, i.e. high viscosity
and a narrow channel. The studies of laminar flow are
necessary.

There have been several reports related to this prob-
lem. Sobey [4] performed a numerical computation
assuming two-dimensional flow to examine flow pat-
terns for steady and oscillatory flow in a channel with
sinusoidal wavy walls which is a model of the Oxford
membrane oxygenator operated under large oscil-
lations with a much smaller mean flow (see Bellhouse
et al. [5]). Stephanoff et al. [6] qualitatively confirmed
the computational results of Sobey by flow visu-
alizations. Furthermore, Stephanoff [7] studied the
transition to turbulent flow in the same channel for
steady flow by hot film gauges. On the other hand,
there is little information on mass transfer. Only

Aggarwal and Talbot [8] measured mass transfer rates
in a single cavity for steady flow as a simple model of
the Oxford membrane oxygenator. However, the real
shape of the wall of the Oxford membrane oxygenator
is a series of semi-circular arcs. It appears that the
difference of the wall shapes remarkably affects flow
structures and mass transfer characteristics. This has
not been considered previously.

The purpose of this study is to examine the relation
between flow patterns and mass transfer charac-
teristics in symmetrical wavy-walled channels for two
different wall shapes from laminar to transitional flow
for steady flow.

Although not directly related to the present work,
there have been many studies of transport phenomena
in grooved channels and corrugated channels for lami-
nar flow [9-15). Most of them have been performed
by the computations and have not confirmed the val-
idity of assumptions included in the computations,
e.g. limitations of laminar flow.

2. EXPERIMENTAL APPARATUS AND
PROCEDURE

We have observed steady flow and measured the
mass transfer rate in a rectangular channel in a pur-
pose-built rig. The apparatus is shown schematically
in Fig. 1. Water was pumped through the channel
with a centrifugal pump. The flow rate was determined
with a rotameter, and the fluid temperature was kept
constant by a heat exchanger.

The channel consisted of a pair of undulated plates,

835



836

T. NISHIMURA et al.

NOMENCLATURE
A area of mass transfer surface [m’] Re Reynolds number, UH ,./v [—]
a wave amplitude of wavy wall [m] Sc Schmidt number, v/D [—]
C, concentration of ferricyanide ion Sh Sherwood number, iyH, . /FCy AD [—]
[molm ™3] U velocity based on H,,., Q/(Hmax W)
D molecular diffusivity of ferricyanide ion [ms~]
[m?s~] W width of wavy wall [m].
F Faraday constant [Cmol ']
H,,., maximum spacing between walls [m] Greek symbols
ig diffusional current [A] i wavelength of wavy wall [m}
L mass transfer length [m) A, length of unit cell [m]
1) volumetric flow rate [m*s '] v kinematic viscosity [m?s™'}.

which are the principal walls. Two different undulated
plates were employed to study the effect of wall shapes
on the flow patterns and mass transfer characteristics.
One is a sinusoidal wavy plate, and the other is a plate
forming a series of semi-circular arcs which represents
a real boundary shape of the Oxford membrane oxy-
genator. Figure 2 shows the dimensions of the chan-
nels which have a scale of approximately seven times
that given for the oxygenator. There are 14 furrows
in the wall of the channels ; each furrow is 14 mm long
(4), 3.5 mm deep (2a) and 80 mm wide (). The
maximum gap between the upper and lower walls
H_., is 10 mm. The aspect ratio of the channel based

I

on the maximum gap is 8 and two-dimensional flow
could be observed apart from the side walls. The
experiment was designed so as to allow for measure-
ments in the range of Reynolds number Re = UH,,, /v
that is of particular interest to medical devices, i.e. 10—
500.

Flow visualizations were by means of the aluminum
dust method and the dye injection method. Perfusion
with a suspension of aluminum particles, about 40 yum
in diameter, enabled us to observe path lines cor-
responding to streamlines within the whole field of the
flow. Rhodamine B dye was also injected from the
wall to visualize particularly the wall region of the
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FI1G. 1. Schematic diagram of experimental apparatus.
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flow. Illumination was provided by a 500 W projector
light source.

Since oxygen transport in blood by membrane
oxygenators and urea removal by artificial kidneys
belong to mass transfer with high Schmidt numbers,
the mass transfer rates were obtained by measuring
the diffusional current electrochemically (see. e.g.
Mizushina [16]) to simulate transport of such sub-
stances from membrane surfaces to blood or vice
versa. Three cathodes consisting of nickel-plated brass
(L/A = 1,2 and 3) were used to determine the effect
of the length of the mass transfer section on the aver-
age mass transfer rates. These cathodes were located
from the sixth up to eighth wave sections in the lower
wavy plate as shown in Fig. 3: the sixth wave section
for L/~ = 1, the sixth and seventh wave sections for
L/+ = 2 and the sixth to the eighth wave sections for
L/4 = 3. The upper wavy plate, made of nickel-plated
brass, was used for the anode. The electrolyte used
contained 0.01 N potassium ferri~ferro cyanide and
1.0 N sodium hydroxide.

The Sherwood number Sh is related to the diffu-
sional current iy by

Sh = idea‘/FCbAD.

The physical properties of the electrolyte presented by
Mackley [17] were used in these experiments. The
measurements were performed in the temperature
range 15-30°C, which corresponds to the variation of
Schmidt number (Sc = 1231-2636).

3. EXPERIMENTAL RESULTS AND
DISCUSSION

3.1. Flow pattern in channel with sinusoidal walls
Figure 4 shows photographs of flow. An exposure
time of 0.5 s was used. In the photographs the main-
stream is moving from left to right and the location is
from the sixth to the eighth wave sections in the chan-
nel. The flow is identical for each wave section, which
confirms the fully developed flow. Figure 4(a) shows
that at Re = 20 there is a considerable stagnant region
in the upstream part of each furrow. It is difficult to

determine whether separation has occurred because
the particles move very slowly and are not displaced
a great distance during the exposure time. At a
Reynolds number of 50 (Fig. 4(b)) the recirculation
vortex can be seen in the photograph and the vortices
in the furrows have the same size in the upper and
lower walls indicating a symmetric flow. On Fig. 4(c)
the flow is shown at Re = 100. The vortex fills each
furrow and the vortex center is located slightly down-
stream from the middle part of the furrow. As the
Reynolds number increases further the vortex size
hardly changes but the vortex center shifts to the down-
stream part of each furrow (Figs. 4(d) and (e)). Ulti-
mately the flow becomes unsteady, i.e. shear layer
oscillations, as the Reynolds number exceeds 300.

In an attempt to investigate the assumption of two-
dimensional flow we observed the behavior of the
accumulation of aluminum particles on the lower wall.
The fluid motion was two-dimensional for most of the
width of the channel in the range of Reynolds number
considered here. A typical photograph is shown in
Fig. 4(f) at Re = 100. The particles accumulate uni-
formly on the downstream part of each furrow where
the flow is particularly slow.

The features shown in these photographs are con-
sistent with two-dimensional numerical results of the
previous study 1] as shown in Fig. 5. in particular the
occurrence of separation near Re = 20 and the rapid
growth of vortex to fill the furrow as the Reynolds
number increases to near 100. The maximum value of
the stream function within the vortex is shown in Fig.
6, which is obtained from the numerical computation.
As the Reynolds number increases from 30 to 100
there is a rapid increase in the maximum stream func-
tion which corresponds to a rapid growth of the vortex
size. These are similar to the results by Sobeyv [4], but
the dimensions of the channel are slightly different,
i.e.2a/H . = 0.35vs 0.33 and A/H,, = 1.4 vs 1.33.

3.2. Mass transfer in channel with sinusoidal walls
The mass transfer rates at the sixth wave section for
L/; = 1 are presented in Fig. 7 as Sh/Sc' * vs Re. Since



838 T. NISHIMURA ef ol

Re =50

(f)

F1G. 4. Flow patterns for sinusoidal walls.

it is experimentally and theoretically well known that
the Sherwood number is proportional to the 13
exponent of the Schmidt number for mass transfer of
straight-walled channels with high Schmidt numbers.
the data have been normalized with respect to Sc'°?
to confirm the Schmidt number dependence for this
channel. Three regions are clearly distinguished for
the variation of the Sherwood number with the
Reynolds number in this figure. We refer to these as

Regions I, II and III. In particular the Sherwood
numbers in Region II have a larger variation with
the Reynolds number than those in Regions I and III,
where there is a rapid growth of the vortex size and a
rapid increase in the value of stream function within
the vortex as mentioned above.

Figure 8 shows the effect of the mass transfer length.
In Region I, the effect of the mass transfer length
clearly appears and the Sherwood number is approxi-
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mately proportional to the — 1/3 exponent of the mass
transfer length, which is similar to that of the straight-
walled channel obtained by Leveque theory also
shown in this figure. Thus it is deduced that the effect
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of the flow separation is small in the initial stage of
the recirculation vortex development and the con-
centration boundary layer is developed along the
wavy surface (the sixth to eighth wave sections for
L/4 = 3). In Region 11, the effect of the mass transfer
length becomes smaller as the Reynolds number
increases. That is. the Reynolds number dependence
increases for larger values of the mass transfer length.
In Region III, the effect of the mass transfer length
becomes insignificant. Thus the Sherwood number
even for L/A=1 can be regarded as the fully
developed value. The reason for this is considered
to be that since the thickness of the concentration
boundary layer for a system with high Schmidt num-
ber is very thin, the concentration boundary layer is
cut off easily even by the steady recirculation vortex
within each furrow of the channel and is periodically
renewed from the reattachment point in each wavy
section.

The present data connect well with the dotted line
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Fi1G. 9. Flow patterns for arc-shaped walls.

also shown in this figure which represents the result
for turbulent flow in the wavy-walled chanriel having
a scale of two times that given for the present study
(see ref. {2]). A significant increment of the mass trans-
fer rate at about Re = 400 is due to the transition to
wrbulent flow.

To examine the enhancement provided by the chan-
nel with wavy walls, the comparison of Sherwood

number is performed between the wavy-walled chan-
nel and the straight-walled channel with the same gap
as H,,. in this figure under equal volumetric flow rate
condition. The enhancement is scarcely expected in
Region I. but becomes remarkable in Regions Il and
HI. The trend is more significant with an increase
in the mass transfer length. This is effective for the
enhancement device.
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F1G. 10. Patterns of accumulation of aluminum particles on the lower wall.

3.3, Flow pattern and mass transfer in a channel with
arc-shaped walls

Since this channel has a sharp edge at the crest in
contrast to the case of a channel with sinusoidal walls,
the nature of the separation will be affected by the
sharpness and if so, the mass transfer of the channel
will also be affected. Recently Greiner et al. [18] have
identified that the critical Reynolds number for the
onset of shear layer oscillations is very low in the case
of an asymmetrically cusped wall channel.

Figure 9 shows photographs of the flow. Ata small
Reynolds number (Fig. 9(a)) there is a stagnant region
in the upstream part of each furrow. As the Reynolds
number increases the recirculation vortex is clearly
observed. At Re = 50 (Fig. 9(b)), the separation point
is located near the crest of the wall and the vortex

size is slightly larger than that observed at the same
Reynolds number in the case of sinusoidal walls (Fig.
4(b)). The main stream moves straight through the
channel and thus the flow is symmetric at that stage.

An unexpected flow pattern is observed at
Re = 100. The photograph of Fig. 9(g) represents the
behavior of the accumulation of aluminum particles
on the lower wall. In contrast to the case of sinusoidal
walls (Fig. 4(f)), a periodical pattern with a constant
wavelength 4, is formed in the spanwise direction and
also undergoes a 180° phase shift between adjacent
furrows, which indicates three-dimensional flow with
a regular structure. Figures 9(c) and (d) show the
flows at two different longitudinal cross sections
(A-A’ and B-B’) separated by a distance of a half
wavelength 1,2;,. From the comparison of both fig-
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ures, the main stream alternately deflects per one wave
section through the channel, forming an asymmetric
flow and also the deflection is reversed between the
cross sections A—A’ and B-B’, but the flow behavior
is identical. We focus on the flow within the furrows.
At the lower furrows shown in Fig. 9(c), if seems as
if the fluid springs from the upstream part of the sixth
furrow, then enters the seventh furrow and is sucked
into the upstream part. The eighth furrow has the
same flow pattern as the sixth furrow. Thus the fluid
in each furrow is not isolated but there is fluid com-
munication among the furrows. The details are

10 11
FiG. 11. Flow patterns within furrows: (a) Re = 60; (b) Re = 80.

described later. As the Reynolds number exceeds 100
the flow becomes unsteady. Figures 9(¢) and (f) show
the results at the cross section B-B’ for Re = 200 and
300, respectively. Unsteady asymmetric flow develops
and also turbulence exists. In the case of arc-shaped
walls, the onset of turbulence occurs at a lower
Reynolds number than in the case of sinusoidal walls.

We examine the structure of a new flow pattern
observed in the present study. The behavior of the
accumulation of aluminum particles on the lower wall
is again shown in a magnified scale in Fig. 10. We call
the region of one wavelength of 4, ‘a unit cell’. There
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are dense parts near the cell boundaries and a sparse
part in the cell centerline, as depicted in the schematic
diagram. Contrasting Figs. 9(c), (d) and (g), the fluid
in the upstream furrow enters the aimed furrow from
the cell centerline, while the fluid in the aimed furrow
jumps over the crest near the cell boundary and enters
the downstream furrow. Thus the fluid in each furrow
enters at the cell centerline and leaves at the cell
boundary, i.e. inflow—outflow process, which leads to
a regular three-dimensional structure. Some aspects
of the pattern are still not clear, however. For instance,
the question of fluid communication between inflow
and outflow within each unit cell is not answered. The
streakline of dye in furrows is observed to answer
the question. Figure 11 shows some results. As the
Reynolds number exceeds Re = 55, the main stream
slightly deflects, i.¢. transition of symmetric to asym-
metric flow. As shown in the photograph at Re = 60
of Fig. 11(a), the dye streak moves with swirling from
the cell centerline toward the cell boundary. Namely
the vortex axis is not straight in the spanwise direction
but is distorted having a transverse wave, which leads
to the onset of the inflow—outflow process. A further
increase of Reynolds number significantly changes the
flow structure but the width of the unit celf 4, is
constant as shown in Fig. 11(b). The dye streak forms
a large loop between the cell centerline and the cell
boundary. It is evident that the fluid within the unit
cell exhibits a pair of tornado-like motions the axis of
which is normal to the wall. The tornado-like motion
causes a dense area of aluminum particles as shown
in Fig. 10.

There is no clear guide to the existence of the regular

three-dimensional flow. One possible cause of the -

effect is an instability of the purely two-dimensional
motion to a perturbation of the separated shear layer
position between the main stream and the recir-
culation vortex. In the case of arc-shaped walls, a
sharp edge at the crest causes an asymmetric flow in
spite of the symmetric channel as mentioned above.
This phenomenon is known as the Coanda effect and
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there are similar observations in other flow fields, e.g.
a two-dimensional symmetrical expanded channel.
Although physical reasons for the occurrence of the
asymmetric flow are not completely provided in the
previous reports, Cherdron er al. {19} suggest that
the origin of the asymmetry is related to eddy-like
structures within the shear layers. Recently Sobey and
Drazin {20] found by numerical calculation of flow in
a two-dimensional symmetric indented channel that
the Coanda effect is shown as a break in the symmetry
of flow following a pitchfork bifurcation.

When the flow becomes asymmetric in wave sec-
tions for the arc-shaped wall system, the fluid leaves
the furrow at the station where the separated shear
layer is deflected upward. Continuity implies that
the fluid has to enter the same furrow at the other
station, where the separated shear layer is deflected
downward. Such an explanation would show that the
regular three-dimensional flow could exist. A similar
observation has been reported for a single cavity in
turbulent boundary layer flows by Maul and East {21]
and Kistler and Tan [22], but it is not evident whether
the reason for the three-dimensional flow is identical.

Figure 12 shows the results of mass transfer. As a
whole, the mass transfer characteristics are similar
to those for sinusoidal walls, i.e. the effect of the
mass transfer length becomes small with increasing
Reynolds number. The dotted line also shown in
this figure indicates the case of sinusoidal walls at
L{4 = 3. At Reynolds numbers less than 55 which
represents the boundary between symmetric and
asymmetric flows, arc-shaped walls have a smaller
Sherwood number than sinusoidal walls. However,
the tendency is reversed as the Reynolds number
exceeds 55. This is due to the onset of turbulence
following the three-dimensional flow as mentioned
above.

4. CONCLUSIONS

We examined the relation between flow patterns
and mass transfer characteristics in the symmetrical
wavy-walled channels for two different wall shapes at
moderate Reynolds numbers. The main results are as
follows.

(1) The wavy-walled channels are characterized by
flow separation within each furrow. At low Reynolds
numbers the flow is kept two-dimensional for both
sinusoidal and arc-shaped walls. However, as the
Reynolds number increases, the wall shapes affect the
flow structures. In particular for arc-shaped walls, 2
regular three-dimensional flow is generated due to
asymmetric flow at a Reynolds number before the
flow becomes unsteady. This phenomenon leads to
an earlier transition of turbulence as compared with
sinusoidal walls.

{2) Flow separation reduces the effect of the mass
transfer length for both of the wall shapes, which
implies a renewal of the concentration boundary layer
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for a mass transfer system considered here. This yields
mass transfer enhancement for laminar flow, but the
degree of enhancement is smaller than that for tur-
bulent flow. The mass transfer rates strongly depend
on the strength of flow separation and the type of
flow transition, and thus the difference in wall shapes
affects the mass transfer rates.

Although wavy-walled channels with large cross-
sectional aspect ratios would normally be considered
to have two-dimensional flow, there is a possibility
that an unexpected flow pattern such as a reguiar
three-dimensional flow is generated by a wall shape.
Thus the experimental study, as well as the com-
putational study, is needed to know accurate flow
patterns even at low Reynolds numbers.
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OBSERVATION DES CARACTERISTIQUES DE L’ECOULEMENT ET DU TRANSFERT
THERMIQUE DANS DES CANAUX SYMETRIQUES A PAROI ONDULEE POUR
DES ECOULEMENTS PERMANENTS A NOMBRE DE REYNOLDS MODERE

Résumé—On étudie, pour des nombres de Reynolds modérés, les configurations d’écoulement et les
caractéristiques de transfert thermique dans des canaux bidimensionnels & parois symétriques ondulées,
On considére deux formes différentes de paroi: sinusoidale et arquée. Elles sont trés différentes vis-d-vis
du passage de P'écoulement laminaire 4 la transition. En particulier, une nouvelle configuration d’écoulement
consistant en un écoulement tridimensionnel régulier est observé pour un nombre de Reynolds faible avec
Ia paroi arquée. Ce phénoméne conduit & une transition & la turbulence anticipée en comparaison avec la
paroi sinusoidale. Les caractéristiques de transfert de masse pour les canaux i parois ondulées différent de
celles pour les canaux a parois planes lorsque se produit la séparation d’écoulement. La paroi arquée a un
plus grand transfert que 1a paroi sinusoidale 4 cause de la transition & la turbulence anticipée.
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STROMUNGSFORM UND STOFFUBERGANG IN KANALEN MIT SYMMETRISCH
GEWELLTEN SEITENWANDEN BEI STATIONARER STROMUNG FUR
MITTLERE REYNOLDS-ZAHLEN

Zusammenfassung—Stromungsform und Stoffiibergang in Kanilen mit zweidimensional symmetrisch
gewellten Seitenwinden werden fiir mittlere Reynolds-Zahlen (20-300) untersucht. Zwei verschiedene
Wandprofile (kreisbogenformig und sinusformig) werden betrachtet, bei denen die Entwicklung von
laminarer zur Ubergangsstromung ziemlich unterschiedlich ist. Im besonderen wird bei kleinen Reynolds-
Zahlen bei der bogenformig ausgehildeten Wand eine neue Stromungsform beobachtet, die eine drei-
dimensionale regelmiBige Strémung aufweist. Der Ubergang zur Turbulenz findet hier frither statt als bei
der sinusformig ausgebildeten Wand. Der Stoffiibergang in Kanilen mit gewellten Wianden unterscheidet
sich von dem in Kanilen mit geraden Wanden—sobald Stromungsabldsung eintritt. Die bogenformig
ausgebildete Wand fiihrt wegen des friiheren Ubergangs zur Turbulenz zu einem besseren Stoffiibergang
als die sinusf6rmig ausgebildete Wand.

HCCIIEQOBAHUE IMOTOKOB H XAPAKTEPHUCTHK MACCOITEPEHOCA B
CHUMMETPHYHBIX KAHAJIAX C BOJIHUCTBIMH CTEHKAMH IPH YMEPEHHBIX
YUCJIAX PERHOJIBACA B CIIVIYAE YCTAHOBUBIEIOCA TEYEHHA

Ammorams—HccnenyoTcs XapTHHL TCUEHHS H XADAKTEPHCTHKH MACCONEPEHOCa B CKMMETPHIHLIX IBY-
MCPHMX KAHAJIAX C BOJHMCTHMHE CTCHKAMH IPH YMEPCHHMIX JHAYCHHAX wncaa Pe#tnonbaca, mamensio-
mmxct » gmanajorne 20-300. PaccMaTpmBaioTCa nme padIMiHbie GOPMEI CTEHOK: CHHYCORIA/ILHAR H
AyrooGpasnas. OGe GOpMbI PAIMHYHO BIHAOT HA PAIBHTHE TEHCHHSA OT NAMHHAPHOTO K MEPEXOMHOMY.
B uacTHOCTR, B CTyae QyrooBpa3HOf CTeHKE NpH HEMIXKEX 3HaweHHsX 'wucna Peftnonsaca naGmonserca
HOBas CTPYKTYpa, npeacrasasiomas coGoil npaBrILEOe TPEXMEPHOC TedeHHe. JTO mpuBOMHMT K Gonee
panueil TypGyaH3ammm moToka, %€M B CIywac CHHYCORAANLHOR CTeHKH. XapaKTEpPBECTHKH Maccomepe-
HOCA B KaHANAX C BONHNCTHIMH CTCHKAMM OT/MSAIOTCE OT XAPAKTEDPHCTHK, NONYICHHMX NPH OTPHIBE
TCUCHHN B KAHANC C MPAMLIME CTeHKaMH. B cirywae nxyroo6pasuolt crenxs macconepenoc Gonee mHTER-
CHBCH, 4eM B CTydae CHHycOMIa/mLHON’ GopMbL, ¥To ob6bacaseTca Gonee pannelt Typ6ymaianmet noroxa.
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