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Abstract

Heat/mass transfer characteristics for turbulent flow in rectangular cross-sectioned two-pass channels with a sharp
180-degree turn have been examined experimentally using the naphthalene sublimation method. The channel cross-
section is 50 x 25 mm, and three turn clearances of 30, 50, and 70 mm have been tested under Reynolds numbers of
(2.0-6.0) x 10*. Local mass transfer rates on all walls of the channel have been measured to clarify the three-
dimensional heat and fluid flow characteristics in the channel. Detailed maps of the local Sherwood number are
presented, which make clear the complex and steep changes in the local heat/mass transfer rates in and after the
sharp turn section and their dependency on the turn clearance and Reynolds number. © 1999 Elsevier Science Ltd.

All rights reserved.

1. Introduction

Rectangular cross-sectioned channels with sharp
180-degree turns are often utilized for the passage of
fluids in various types of thermal equipment. One of
the typical applications is found in the internal cooling
passages of gas turbine components exposed to high-
temperature gas flow [1-15]. The flow field in those
channels has a three-dimensional structure due to the
additive effects of the secondary flow induced by the
centrifugal force in flowing around the turn [16] and
the flow separation caused by the abrupt change in the
flow direction in the turn [1]. Therefore, under forced
convection heat transfer, the local heat transfer rates
are expected to change steeply in a complex manner.
Since steep variations in the local heat transfer rates

* Corresponding author. Fax: + 81-52-789-2703.

increase the thermal stresses and affect the lifetime of
the components, detailed data on the local heat trans-
fer in those channels are indispensable for the design
of components used under severe thermal conditions.
Concerning the rectangular channels with ‘mild’
180° turns of large curvature, i.e., U-bends, a number
of research studies have been conducted on fluid flow
and forced-convection heat transfer [17-21]. The flow
structure and local heat transfer characteristics in the
channel with the ‘sharp’ 180° turns are, however, much
more complicated than those in the U-bends due to
the flow separation and reattachment around the turn,
and thus the results obtained in U-bends cannot be
applied directly to channels with sharp 180° turns.
Hence, several studies have been conducted to date on
forced convection heat/mass transfer in rectangular
channels with sharp 180° turns under stationary [2—4]
and rotating conditions [5—8]. Those pioneer studies
contributed much to the understanding of overall or
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U bulk velocity of air

Greek symbols
Pa density of air
v viscosity of air

Nomenclature

C turn clearance

D naphthalene—air molecular diffusion coefficient
dy hydraulic diameter of the channel

hm local mass transfer coefficient

K coeflicient of pressure loss, defined by Eq. (1)
P local pressure

P, atmospheric pressure

Re Reynolds number = U x dj,/v

Sh local Sherwood number = A, x d,/D

Shy block-averaged Sherwood number, defined by Eq. (4)

Shy, mean Sherwood number averaged over whole test section

Shimd Sherwood number averaged in the downstream half of the test section
Shmu Sherwood number averaged in the upstream half of the test section

semi-local characteristics of the heat/mass transfer in
the channel.

In general, however, detailed measurements or nu-
merical predictions of local heat transfer rates in chan-
nels with sharp turns are very difficult even in the
stationary condition because of the complexities in
channel geometry. Therefore, few reports have been
available on local heat/mass transfer characteristics in
the channel. Besserman and Tanrikut [9], Wang et al.
[10], Astarita et al. [11], and Hirota et al. [12] pre-
sented contour maps of local Nusselt or Sherwood
numbers on the channel wall. The contour mapping of
the results was an intuitively clear way to present the
complex distribution of local heat transfer rates on the
channel wall; however, since those results were limited
to the distribution on only one principal wall of the
channel, they were not enough to clarify the three-
dimensional characteristics of local heat transfer in-
herent to the rectangular channel with sharp turns. On
the other hand, Han and his coworkers [13,14] and
Murata et al. [15] measured the local heat/mass trans-
fer rates on all walls of the channel. They revealed
that, due to the three-dimensional flow field in the
channel, the local heat/mass transfer characteristics on
one channel wall are considerably different from those
on the other walls, but the density of the measuring
points in their experiments were not so high as to
enable them to present the contour maps of the local
Nusselt numbers.

For a better understanding of the forced convection
heat transfer in a rectangular channel with sharp 180°
turns, it is desirable to measure the local heat transfer
rates on all walls of the channel at a high data density

and to present the results in the form of contour maps.
Moreover, detailed experimental data obtained on all
channel walls provide a better database for an evalu-
ation of the results of computer simulation as well as
for the design of high-temperature components. With
these points as background, we have conducted an ex-
perimental study to make clear the detailed local heat/
mass transfer characteristics over all the walls of rec-
tangular channels with a sharp 180° turn under the
stationary condition. Three turn clearances have been
tested under the Reynolds-number range of turbulent
flow (2.0-6.0) x 10* The naphthalene sublimation
method has been used to measure the local heat/mass
transfer rates with a sufficiently high spatial resolution
and a high density of measuring points [22]. We have
also measured the local pressure distributions in the
channel to estimate the characteristics of the flow field.
The distributions of local Sherwood numbers on all
channel walls are presented in the form of contour
maps, and influences of the turn clearance and
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Fig. 1. Schematic diagram of the experimental apparatus.
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Fig. 2. Test section.

Reynolds number on local heat/mass transfer are
examined in detail.

2. Experiments

Fig. 1 shows a schematic diagram of the experimen-
tal apparatus. Since the naphthalene sublimation
method was used to measure the local mass transfer
rate, the apparatus was operated in a suction mode to
exclude a rise in temperature of air caused by a turbo-
fan. Air flows into the test channel through a settling
chamber in which the entrance condition of the inlet
air flow is set up. As shown in detail later, a baffle
plate is equipped at the entrance of the test channel.
The test channel has a rectangular cross-section of 50
x 25 mm (hydraulic diameter ¢, =33.3 mm), and has
two sharp 180° turns. The mass transfer rates and
pressure distributions were measured in the darkened
region of the figure, which includes the first turn sec-
tion and is positioned just downstream of the settling

Aluminum frame

(a) Bottom wall

Aluminum frame—s
Naphthalene—»

.
2
5 L
<
(b) Inner-wall tip of wall (ii}

Fig. 3. Details of the bottom wall and near the inner-wall tip.
(a) Bottom wall; (b) inner-wall tip of wall (ii).

L Baffle Plate

Fig. 4. Configuration of the channel entrance.

chamber. Air contaminated by the naphthalene vapor
is then exhausted from the building by a turbofan.

Fig. 2 shows a schematic illustration of the test sec-
tion, i.e., the darkened region of Fig. 1. In this study,
we measured the local mass transfer rates over all the
channel walls shown in Fig. 2, namely, (i) outer wall
before the turn; (ii) inner wall before the turn; (iii) end
wall; (iv) inner wall after the turn; (v) outer wall after
the turn; (vi) bottom wall (or top wall). The outer,
inner, and end walls are the short-side walls (25 mm
width), and the bottom and top walls are the long-side
walls (50 mm width). We confirmed that the results
obtained on the top wall agreed well with those on the
bottom wall, qualitatively and quantitatively; thus, for
the long-side walls, it suffices to show the results on
the bottom wall only. The details of the bottom wall
in the test section are shown in Fig. 3(a); the dark
region corresponds to the naphthalene surface, and the
hatched region is the aluminum frame that supports
the naphthalene surface. The partition (inner) wall
which divides the naphthalene surface into two straight
sections before and after the turn is 10 mm thick. By
changing the length of this wall, the turn clearance (‘C’
in Fig. 3(a)) can be set at 30, 50 or 70 mm. The dis-
tance between the channel entrance and the inner-wall
tip changes in the range from 264 mm (=7.93d,) to
304 mm (=9.13d},) depending on the turn clearance.
Fig. 3(b) is a close-up of the inner-wall tip. The inner-
wall tip has a square configuration and is made of
aluminum frame; thus, the regions up to 5 mm from
the inner-wall tip on walls (ii) and (iv) are inactive in
mass transfer.

Fig. 4 shows the details of the entrance configur-
ation of the channel. A baffle plate was placed at the
entrance of the test channel to form a sharp-edged
entrance, which ensured that the air flow entering the
test section had an abrupt contraction-entrance con-
dition with strong turbulence [23]. This flow-inlet con-
dition was selected rather arbitrarily to simulate the
channels used in compact heat exchangers which have
a wide range of flow-inlet conditions [24]. Here, it
should be noted that, in conducting the mass transfer
experiment, only the wall on which the local mass
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Fig. 5. Locations of pressure taps.

transfer rates were measured had a naphthalene surface,
while other walls were made of aluminum plates. Since
no concentration boundary layers exist on the aluminum
walls, the values of local Sherwood numbers measured
under this situation may be somewhat different from
those obtained under the condition in which all wall sur-
faces are coated by naphthalene. It is, however, thought
that such differences in local Sherwood numbers are
rather small, because the turbulent mixing is so strong in
the present flow condition that the naphthalene vapor is
expected to have a uniform concentration profile in a
cross-section in the present experimental setup.

The local mass transfer coefficient h,, was calculated
from the difference in the naphthalene surface profiles
before and after each data run, which were measured
by a digital linear gage with an accuracy of 1 um. It
was passed over the naphthalene surface by a com-
puter-controlled two-dimensional positioner at a
0.2 mm pitch in the streamwise direction and at a
2.5 mm pitch (long-side wall) or 1.25 mm pitch (short-
side wall) in the spanwise direction. In each data run,
the naphthalene surface was exposed to the air flow
for 1-1.5 h, so that the maximum sublimation depth
of the naphthalene surface was less than 0.2 mm.

The pressure distribution was also measured to esti-
mate the qualitative characteristics of the flow field.
The locations of the pressure taps are shown in Fig. 5.
Twelve pressure taps were distributed in the test sec-
tion; one pressure tap was on the outer wall near the
channel entrance, and eleven taps were on the spanwise
centerline of the bottom wall. In addition to the three
turn clearances mentioned above, the pressure distri-
butions were measured for two more turn clearances
of C=40 and 60 mm. The mass transfer experiments
and pressure measurements were conducted under the
Reynolds number Re of (2.0-6.0) x 10*, which corre-
sponds to the turbulent flow condition.

3. Results and discussion
3.1. Pressure distribution

Fig. 6 shows the distributions of the dimensionless

Rex10™
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Fig. 6. Pressure distributions for different Re (C =50 mm).

pressure obtained in the channel with a medium turn
clearance C=50 mm for various Re. The abscissa
shows the pressure-tap number defined in Fig. 5, and
the ordinate shows the dimensionless differential press-
ure. The flow characteristics in the channel can be esti-
mated qualitatively as follows.

The pressure shows the local minimum at the press-
ure tap numbered 0 (denoted as Tap 0) that is located
near the channel entrance, which then increases once
at Tap 1 and decreases monotonously in the flow
direction up to Tap 4. This shows that the flow is sep-
arated at the edge of the baffle plate, and that the sep-
arated flow reattaches on the channel walls causing the
pressure recovery at Tap 1, with the resulting pressure
loss caused by the wall friction after Tap 1. At Tap 5,
located in the upstream half of the turn section, the
pressure slightly increases; this pressure rise is caused
by the impingement of the flow, which enters the turn
section through the straight section, against the end
wall (wall (iii) in Fig. 2). After the pressure reaches its
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Fig. 7. Pressure distributions for different C (Re=3.5 x 10%.
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local minimum at Tap 6, it increases once at Tap 7
and then decreases very steeply to attain the minimum
at Tap 8. This complex change in pressure distribution
suggests that the flow is separated at the tip of the
inner wall and that a separation bubble is formed in
the straight section after the turn. The pressure rise
observed at Tap 7 is attributed to the impingement of
the flow passing through the turn clearance against the
outer wall (wall (v) in Fig. 2); this mechanism of press-
ure rise is similar to that encountered at Tap 5. The
pressure recovers after the separation bubble, and it
approaches an asymptotic value at Tap 11.

Fig. 7 shows a comparison of the dimensionless
pressure distributions obtained for different turn clear-
ances at a constant Re of 3.5 x 10*. The pressure at
Tap 6 diminishes as the turn clearance is decreased,
because the decrease in the turn clearance causes an
acceleration of the flow passing through it. The differ-
ence in the pressures at Taps 6 and 8 becomes smaller
with the decrease in the turn clearance, whereas the
pressure difference between Taps 7 and 8 is almost
constant irrespective of the turn clearance except for
the case of C=30 mm. It can be estimated that the
flow structure after the turn for C=30 mm has some
unique characteristics which are different from those
for larger turn clearances.

3.2. Coefficient of pressure loss

Based on the pressure distributions shown above,
the coefficient of pressure loss K, which is defined by
the following equation, was calculated.

:2><(P0—P11)

K
pU?

(M

Py denotes the static pressure at the channel entrance,
and P;; is that measured at Tap 11 located near the
exit of the test section. Since P, could not be measured
directly in the present channel due to the flow separ-
ation at the channel entrance, it was obtained by
applying Bernoulli’s equation to the flow far from the
channel entrance and that at the channel entrance; the
former is stationary and in the atmospheric pressure
P,. Assuming that the flow velocity at the channel
entrance is equal to the bulk air velocity U, Py is given
by the following equation.

U2
Py= Py =P @
Consequently, K is expressed as follows.
2x(P,—P
K- ><(‘;211)_1 3)
pU

Fig. 8 shows the variations of K against Re. K is nearly
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Fig. 8. Coefficients of pressure loss.

constant against Re, and C is decisive for K-values.
The values of K generally increase as the turn clear-
ance is decreased, and those for C=30 mm are signifi-
cantly larger than those for wider turn clearances. The
solid symbols in the figure show the results obtained
by Metzger et al. [1] in the channel which is equivalent
to that of C=50 mm in the present experiment. The
present results of K for C=50 mm agree well with
their results.

3.3. Mean Sherwood number

The Sherwood number averaged over the whole
naphthalene surface in the test section, denoted as
Shm, was calculated from the total amount of naphtha-
lene sublimated during the data run. Fig. 9 shows the
Sh,, distributions vs Re obtained for C=50 mm. In
addition to Sh,,, the Sherwood numbers averaged in
the upstream half and downstream half of the test sec-
tion, denoted as Shy,, and Sh,g, respectively, are also
shown. Sh,, Shmu, and Shy,g increase exponentially
with Re. The values of Sh,q are 1.3-1.4 times as large
as those of Shp,; this means that the mass-transfer-

500 T
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(%400 A Before Turn, Shmu /
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<300
w
w200 /j// /

100

2.0 3.0 40 50 6.0
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Fig. 9. Mean Sherwood numbers (C=50 mm).
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Fig. 10. Definition of blocks (C=50 mm).

enhancement effect of the sharp turn is greater than
that of the sharp-edged entrance. Qualitatively similar
results have been obtained in other test channels with
different turn clearances. From a quantitative view-
point, the values of Shy,, Shyy, and Shyg in the chan-
nel of C=70 mm were almost the same as those for
C=50 mm; while Sh,, and Shy,q for C=30 mm were
1.2 times and 1.3 times as large as those for C=50 mm,
respectively.

3.4. Block-averaged Sherwood number

In order to obtain an overall view of the local mass
transfer characteristics in the channel, we divided the
test section into 14 blocks as shown in Fig. 10 and cal-
culated the integral-average of the local Sherwood
number in each block on each channel wall. This
block-averaged Sherwood number, Sy, is thus defined
by the following equation,

1
Shy = B‘J LS Shds @)

where AS denotes the surface area of each block. Here
it should be noted that this definition of Shg is not so
usual in the case of heat transfer experiment such as
stainless-foil heating, in which block-averaged Nusselt
number is obtained from the difference of the bulk
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Fig. 11. Block-averaged Sherwood numbers on each channel
wall (C=50 mm).

temperatures of air flow before and after the block.
The definition of Eq. (4) was used here because the
direct measurement of the bulk-concentration differ-
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Fig. 12. Block-averaged Sherwood numbers for different C.
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Fig. 13. Local Sherwood number distribution (C=50 mm, Re=3.5 x 10%).

ence before and after the block was impossible in the
present experimental setup with the naphthalene subli-
mation method. In this method, the wall boundary
condition corresponds to the constant-wall-temperature
heating in heat transfer experiment, and thus the
values of Shp calculated by Eq. (4) agree with those
obtained from the bulk-temperature difference.

Fig. 11 shows the typical streamwise variations in
Shg obtained on each channel wall for C =50 mm and
Re=3.5 x 10*. The abscissa shows the block-numbers
defined in Fig. 10. As a general trend, the distributions
of Shy on the bottom wall agree well with those on the
outer and inner walls, qualitatively and quantitatively.
Thus it follows that, for the purpose of grasping the
outline of the Shp distributions, it is enough to

measure the mass transfer rates on either the long-side
wall or the short-side walls.

Shg shows the maximum in Block 1 located at the
entrance of the test section, then decreases in the flow
direction because of the development of the concen-
tration boundary layer and reaches minimum in Block
6. Shy then increases in the turn section, i.e., Blocks 7
and 8, and attains its local maximum in Block 10
which is located one block downstream of the turn
exit. This location of the local maximum Shg agrees
well with that reported by Chyu [4]. It should be noted
that, although the values of Shy in Block 10 are almost
the same as those in Block 1, Shg-values in Block 11
are much larger than those in Block 2. This suggests
that the mass-transfer-enhancement effect of the sharp
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turn is maintained over a longer distance after the turn
than the effect of the abrupt-contracted flow inlet is
maintained after the channel entrance. This difference
in effective length is reflected in the difference between
Shpu and Shy,g observed in Fig. 9. In block 10, Shg on
the inner wall is larger than that on the other walls; as
described in detail later, this high mass transfer rate is
caused by the reattachment of the flow, which is separ-
ated at the inner-wall tip, on the inner wall. Shgy
increases again in Block 14 due to the influence of the
second sharp turn located at the end of the test sec-
tion.

Figs. 12(a), (b), and (c) shows the Shy distributions
on the bottom wall, outer wall, and inner wall of the
channel, respectively, obtained for different turn clear-
ances. In Fig. 12(b), Blocks 7 and 8 are located on the
outer walls (i) and (v) (see Fig. 2), respectively, and
Blocks 7e and 8e are on the end wall (iii). As a whole,
the values of Shg for C=50 mm are nearly equal to
those for C=70 mm on all walls. On the bottom and
outer walls, Shg-values for C=30 mm are notably lar-
ger than those for the other channels after Block 7
(Fig. 12(a)) and Block 7¢ (Fig. 12(b)). However, on the
inner wall shown in Fig. 12(c), the influence of C on
Shp-values is less pronounced than that observed in
Fig. 12(a) and (b). On the bottom and inner walls,
similarly to Fig. 11, the local maximum of Shg appears
in Block 10 irrespective of the turn clearance.
However, on the outer wall for C=30 mm, the local
maximum of Shy appears in Block 8 as well as Block
10.

3.5. Local Sherwood number

Fig. 13 shows the typical distributions of the local
Sherwood number S/ which were obtained under the
experimental condition of C=50 mm and Re=3.5 x
10*. The figure consists of six maps, (i) to (vi), showing
the Sh distributions obtained on each channel wall il-
lustrated in Fig. 2. The variations in Sh-values are
shown as contrasting light and dark areas of various
shading; the maps become whiter as Sh-values increase,
and the regions of Sh>400 are shown in white. The
arrows present the flow directions at the entrance or
exit of each section. The characteristics of Sh distri-
butions are described in detail by dividing the test
channel into the following three sections; (1) straight
section before the turn (Blocks 1-6), (2) turn section
(Blocks 7 and 8), and (3) straight section after the turn
(Blocks 9-14).

3.5.1. Straight section before the turn

At the entrance of the channel, Si shows the local
maximum on both the short-side and long-side walls;
these large mass transfer rates are caused by the strong
turbulence produced at the sharp-edged entrance and

by the leading-edge effect of the boundary layer. Sh
then decreases gradually in the flow direction due to
the development of the concentration boundary layer
on each channel wall. S/ distributions on the bottom
wall agree well with those on the outer and inner
walls, qualitatively and quantitatively.

3.5.2. Turn section

At first, Sh distributions in the upstream half of the
turn section, i.e., Block 7, are examined in detail. On
the bottom wall shown in Fig. 13 (vi), Sh increases
gradually in the flow direction, then rises very steeply
to attain its local maximum near the junction with the
end wall. The relatively gradual increase in Sh men-
tioned in the former is caused by the secondary flow,
which transports fresh air from the core region with
low naphthalene-vapor concentration to the vicinity of
the bottom wall. On the end wall shown in Fig. 13
(iii), Sh attains the local maximum near the center of
Block 7e; this high Sh region is brought about by the
impingement of the flow that enters the turn section
through the straight section before the turn. The
impinging flow is then forced to change its direction
by the end wall, and impinges again on the bottom
wall. This ‘secondary’ flow-impingement causes the
local maximum of S on the bottom wall described
above. On the other hand, in the corner of the bottom
wall and the end wall, there appears a region of low
Sh-values. This suggests that, near the corner in the
upstream half of the turn section, the flow separation
occurs due to the abrupt change in the flow direction
at the sharp turn, resulting in the formation of a recir-
culation zone of low mass transfer rates [1,15].

In the downstream half of the turn section, i.e.,
Block 8, the values of Sh on the bottom wall are larger
than those in Block 7. This enhancement of mass
transfer is caused by an increase in the primary flow
velocity, which occurs due to the flow separation at
the inner-wall tip and a resulting decrease in the sub-
stantial cross-sectional area of the flow passage. This
accelerated flow passing through the turn clearance
then impinges on the outer wall after the turn, wall (v)
in Fig. 2, and thus S/ attains its local maximum near
the upstream edge of this wall. Similarly to the case of
Block 7, this flow impinging on the outer wall then
impinges again on the bottom wall, and thus S/ in
Block 8 on the bottom wall shows quite large values
along the junctions with the outer wall. On the end
wall, Sh decreases once in the flow direction after its
local maximum in Block 7e, but increases again to its
local maximum near the downstream edge of the wall.
This suggests that the above-mentioned flow impinging
on the outer wall is then reversed toward the end wall
and enhances the mass transfer in Block 8e.
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Fig. 14. Local Sherwood number distribution (C=30 mm, Re=3.5 x 10%.

3.5.3. Straight section after the turn

Since the flow exiting the turn section is separated at
the tip of the inner wall, a separation bubble is formed
along the inner wall after the turn [1]. The mass trans-
fer is deteriorated in this separation bubble due to the
recirculation of the flow, and thus S/ on the inner wall
(Fig. 13(iv)) and on the bottom wall reaches its local
minimums near the tip of the inner wall. On the other
hand, in Block 9 on the outer wall (Fig. 13(v)), the
region of relatively high Sh-values still remains near
the spanwise centerline of the wall after the local maxi-
mum in Block 8.

In Block 10, Sh attains its local maximum on all
channel walls, corresponding to the local maximums of
Shy in Fig. 11. It is thought that such large mass trans-
fer rates in Block 10 are caused by the reattachment of

the flow which is separated at the inner-wall tip [1,10].
On the bottom wall, the region of high Sh-values oc-
cupies most of Block 10, and no spanwise deviations
are observed clearly in the Sh distribution. On the
other hand, on the short-side walls, Sh-values on the
inner wall are larger than those on the outer wall if
compared at the same streamwise location in Block 10.
It is thought that the flow separated at the inner-wall
tip is unsteady, and that the location of the flow reat-
tachment can change over time. From the Sh distri-
butions on the short-side walls shown here, it follows
that under the present experimental condition the sep-
arated flow reattaches on the inner wall, in Block 10,
in the sense of time-mean location averaged during the
period of data run.

After Block 11, Sh decreases gradually as the flow
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Fig. 15. Local Sherwood number distribution (C=70 mm, Re=3.5 x 10%).

proceeds downstream. A detailed comparison of Sh
distributions obtained at an equal streamwise location
reveals that the values of Sk in the outer-wall side are
larger than those in the inner-wall side. This spanwise
non-uniformity of Sh distribution suggests that the
flow field after the turn section has a deflection in the
primary flow with higher velocity toward the outer
wall.

3.6. Influence of turn clearance on local Sherwood
number

Fig. 14 shows the Sh distributions obtained in the
channel with a narrower turn clearance of C=30 mm
for Re=3.5x 10*. In the upstream half of the turn sec-

tion, the region of high Sh-values occupies a rather
large area on the bottom wall near the junction with
the end wall, and the recirculation zone of low Sh,
such as observed in the corner of Fig. 13(vi), almost
disappears. These results show that the influence of
decreasing C on the Sh distribution appears in the
regions not only in the downstream regions but also
upstream of the turn clearance.

In the downstream half of the turn section, the mass
transfer is much enhanced on all walls because the
flow impinging on the outer wall is accelerated by
reducing the turn clearance and, as a result, the flows
blowing down on the bottom wall and reversed to the
end wall after impinging on the outer wall have higher
velocities. Near the streamwise midpoint of the end
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Fig. 16. Local Sherwood number distribution (C=50 mm, Re=2.0 x 10%).

wall, however, Sh reaches its local minimum as in the
case of C=50 mm, and its value is almost the same as
that shown in Fig. 13(iii).

In the straight section after the turn, the values of
Sh are much larger than those in Fig. 13 to the exit of
the test section; this suggests that the effect of reducing
the turn clearance on S/ is maintained down to the
region located far from the turn section. As in the case
of C=50 mm, the low mass transfer region corre-
sponding to the separation bubble is formed along the
inner wall near its tip, and Sk attains the local maxi-
mum in Block 10. The local mass transfer character-
istics in and after Block 10 are, however, remarkably
different from those for C=50 mm. In Fig. 13(iv) and
13(v), Sh-values in Block 10 on the inner wall were lar-
ger than those on the outer wall, and thus it was esti-

mated that the flow which separated at the inner-wall
tip reattaches on the inner wall. In contrast, in Block
10 of the present channel with C=30 mm, the local
maximum of S/ on the outer wall is larger than that
on the inner wall. This means that, as opposite to the
case of C=50 mm, the flow which separated at the
inner-wall tip reattaches on the outer wall in the pre-
sent channel. After the flow attachment, the deflection
of the high Sh region to the outer-wall side is also
observed to be similar to the case of C=50 mm, but
the spanwise non-uniformity of Sh distribution
observed in Fig. 14(vi) is more pronounced than that
in Fig. 13(vi).

Fig. 15 shows the Sh map obtained for the largest
turn clearance of 70 mm. In the upstream (first) corner
of the turn section, the region of low Sh-values corre-
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sponding to the recirculation zone occupies a larger
area on the bottom and end walls than that for the
smaller turn clearances. On the end wall, Si shows the
local maximum in Block 7e¢ as similar to the other
channels, but the second local maximum that was
observed in Block 8e of Figs. 13(iii) and 14(iii) does
not appear so clearly in Fig. 15(iii); it can be observed
in a very narrow region immediately next to the down-
stream (second) corner. Moreover, in Block 8 on the
outer wall, S/ is not as high as that in the other chan-
nels.

Downstream of the separation bubble that exists
along the inner wall after the turn, Sh attains its local
maximum in Block 10 similar to Figs. 13 and 14. In
Block 10, the values of Sh on the inner wall are much
larger than those on the outer wall, suggesting that the

400 500

distribution (C=50 mm, Re=5.0 x 10%).

flow which separated at the inner-wall tip reattaches
on the inner wall as in the case of C=50 mm.
Moreover, a detailed comparison of Figs. 13-15
reveals that the local maximum of S/ on the short-side
wall after the separation bubble appears around the
center of Block 10 irrespective of the difference in the
turn clearance. This means that the streamwise dis-
tance from the flow separation, i.e., inner-wall tip, to
the flow reattachment becomes shorter as the turn
clearance is increased.

3.7. Influence of Reynolds number on local Sherwood
number

Fig. 16 shows the Sk distributions obtained in the
same channel as Fig. 13 (C=50 mm) under a smaller
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Reynolds number of 2.0 x 10%, and Fig. 17 shows
those for a larger Re of 5.0 x 10*. In the straight sec-
tion before the turn and in the turn section, the Sh dis-
tributions on all channel walls of Figs. 13, 16, and 17
agree qualitatively well with one another. After the
turn section, however, the influence of the Reynolds
number on the Sh-distribution can be described as fol-
lows.

Under a lower Re, Sh on the inner wall shown in
Fig. 16(iv) attains its local maximum in Block 10 after
the separation bubble in Block 9; whereas on the outer
wall of Fig. 16 (v), the values of S/ in Block 10 are
not as large as those on the inner wall. Such character-
istics of Sh distribution are similar to those observed
in Fig. 13 (iv) and (v) for Re=3.5 x 10*. On the other
hand, in Block 10 of Fig. 17 for a larger Re, the differ-
ence between the Sh-values on the inner and outer
walls is not so large as that observed in Block 10 of
Figs. 13 and 16.

A similar trend as described here was also observed
in the channel of C =70 mm. In the case of C=30 mm,
however, the values of Sh in Block 10 on the outer
wall were much larger than those on the inner wall
under any Re tested here, and the qualitative charac-
teristics of Sk distribution were independent of the
Reynolds number. From these results, Re-dependency
of the flow field in the present channels can be esti-
mated as follows. In the channel with a relatively large
turn clearance, the flow which separated at the inner-
wall tip mostly reattaches on the inner wall under a
low Re condition; as Re is increased, however, the
unsteadiness of the flow after the turn is intensified,
and this separated flow tends to occasionally reattach
on the outer wall as well as on the inner wall. On the
other hand, in the channel with a small turn clearance,
the unsteadiness of the flow reattachment is weaker
than in the case of a larger turn clearance, and the
flow field after the turn is somewhat insensitive to the
Reynolds number.

4. Conclusions

1. In all channels tested in this study, the mean
Sherwood number Sh,, increases exponentially with
the Reynolds number, and the Sherwood number
averaged in the downstream half of the test section
is 1.3-1.4 times as large as that of the upstream
half. The values of Sh, for C=70 mm are almost
the same as those for C=50 mm, whereas Sh,, for
C=30 mm is 1.3 times as large as that for
C =50 mm.

2. The global distributions of the block-averaged
Sherwood number Shg on the long-side wall are
quite similar to those on the short-side walls, and
the maximum Shyg is observed in Block 10 a few d},

downstream of the inner-wall tip irrespective of the
turn clearance. On the outer wall and bottom wall,
Shg-values for C=30 mm are larger than those for
other channels in and after the turn section. On the
inner wall, however, the influence of C on Shy does
not appear as clearly as on the other walls.

3. In the turn section, the local Sherwood number S
becomes much larger than that in the straight sec-
tion before the turn, but the recirculation zone of
low Sh-values appears in the upstream (first) corner
of the turn. On the end wall, there appear two local
maximums of Sh; the first one is observed in the
upstream half of the wall, and the second one
appears near the downstream edge of the wall. In
the channel of C=70 mm, however, the latter
appears in a very narrow region near the down-
stream (second) corner and is not so clear as that in
the other channels. S/ also attains its local maxi-
mum on the outer wall in the downstream half of
the turn section due to the flow that impinges
against this wall after passing through the turn
clearance.

4. In the straight section after the turn, the flow which
is separated at the inner-wall tip forms a separation
bubble along the inner wall, and low Sk regions cor-
responding to it appear on the bottom and inner
walls. In the channels of C=50 and 70 mm under a
relatively low Re, this separated flow reattaches on
the inner wall (in Block 10) where S/ attains its
local maximum. As Re is increased, however, the
local maximums of Sh tend to appear not only on
the inner wall but also the outer wall. In the channel
of C=30 mm, the separated flow reattaches on the
outer wall irrespective of Re. In all channels tested
here, Sh in the outer-wall side shows larger values
than that in the inner-wall side in the region after
the flow reattachment.
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