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Abstract

Heat transfer characteristics in rectangular cross-sectioned two-pass channels with an inclined divider (inner) wall
have been examined experimentally. Local heat (mass) transfer rates were measured by the naphthalene sublimation
method; seven kinds of divider inclination angles were tested for three turn clearances under the Reynolds numbers of
(2.0-5.0) x 10*. The influence of the inclined divider wall on the local heat transfer characteristics is discussed in detail.
Then, the optimum combination of the inclination angle and the turn clearance is examined based on the trade-off
between the heat transfer enhancement and pressure loss penalty, and on the improvement of uniformity in the dis-
tribution of local heat transfer rates. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Rectangular cross-sectioned two-pass or three-pass
channels connected by sharp 180° turns are often used as
flow passages in heat exchanging equipment. One of
their typical applications is in internal cooling passages
of gas-turbine blades exposed to high-temperature gas
flow [1-3]. The flow characteristics in such a serpentine
channel with sharp turns are very complex because, in
addition to the secondary flow that presents in the
turning flow, the flow separation and reattachment oc-
cur in and after the turn section [4]. As a result, the local
heat transfer rates around the turn change steeply over a
short distance, and thus the degree of non-uniformity in
their distribution is considerably large there [5-9]. The
non-uniform distribution of the local heat transfer rates
causes large temperature gradients and large thermal
stresses over the heat transfer surface, and thus it affects
the life of the equipment. Therefore, detailed data on the
local heat transfer characteristics of the channels are
indispensable for a critical design of heat exchanging
equipment. Moreover, they are also helpful as the dat-
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abase for a better understanding of the heat transport
process in complex turbulent flows. In response to such
demand, many studies have been conducted to date on
turbulent heat and mass transfer in rectangular cross-
sectioned serpentine channels with sharp 180° turns [1-
13]. The present authors also measured the distributions
of the local heat (mass) transfer rates over all the walls
of the channel by the naphthalene sublimation method,
and made clear the influences of the turn clearance and
flow-inlet condition on the heat transfer characteristics
[14-16].

In these earlier studies, the divider (inner) wall of
the channel has been settled parallel to the outer walls.
In practical thermal equipment, however, it may be
sometimes encountered that the divider wall is settled
obliquely with respect to the outer walls as illustrated
in Fig. 1. In this case, the primary flow in the con-
vergent (or divergent) sections before and after the turn
is accelerated (or decelerated) due to the streamwise
change of the channel cross-sectional area. The influ-
ence of such acceleration or deceleration of the primary
flow is then reflected on the secondary flow distribu-
tion, and on the flow separation and reattachment
around the turn as well. As a result, the local heat
transfer characteristics in the channel can be consider-
ably changed from those in the standard parallel-wall
channel.
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Nomenclature

C turn clearance, see Fig. 3 [mm]

c dimensionless turn clearance=C/W

D naphthalene—air molecular diffusion
coefficient [m?/s]

dy hydraulic diameter of the channel at the
channel entrance =2/ /3 (=33.3 mm)

Bin local mass transfer coefficient [m/s]

K coeflicient of pressure loss, defined by Eq. (2)

Ks coefficient of pressure loss for the standard

channel (¢ = 0° and C* = 1.0)

Kt coeflicient of pressure loss normalized by K

Re Reynolds number defined at the channel
entrance = Uydy /v

Sh local Sherwood number = hyd, /D

Shg  block-averaged Sherwood number, defined by
Eq. 3)

Shy  mean Sherwood number

Shnms mean Sherwood number for the standard
channel (¢ = 0° and C* = 1.0)

Sh} ~ mean Sherwood number normalized by Shms

Shmo  mean Sherwood number for turbulent flow in
a straight pipe, calculated by Eq. (1)

Uy bulk velocity of air at the channel entrance
[m/s]

w spanwise length of the long-side wall at the
channel entrance (=50 mm)

Greek symbols

o inclination angle of the divider wall, see Fig. 3
[degree]

AP pressure difference between two pressure taps
PT, and PT, [Pa]

v kinematic viscosity of air [m?/s]

0 density of air [kg/m?]

o standard deviation of Sh, calculated by
Eq. (4)

Quter wall

End wall
Divider wall

Bottom wall

’470,,, (naphthalene surface)

Fig. 1. Test section (o > 0°).

In applying the serpentine channels to practical
equipment used under severe thermal conditions, it is
important not only to achieve higher heat transfer
rates with lower pressure loss, but also to increase the
uniformity in the distributions of the local heat
transfer rates for decreasing the thermal stresses. Most
of the earlier studies, however, have focused only on
the trade-off between the heat transfer enhancement
and the pressure loss penalty. Very little attention has
been directed to the improvement of the uniformity in
the distribution of local heat transfer rates. In the
serpentine channels with an inclined divider wall, by
inclining the divider wall appropriately, it may be
possible that both the enhancement of heat transfer
and the improvement of local heat transfer uniformity
be achieved concurrently without a serious increase of
pressure loss.

With these points as background, we have made an
experimental study on forced convection heat transfer in

the two-pass rectangular channels with an inclined di-
vider wall. As the first step of the study, the local heat
(mass) transfer rates on the long-side wall of the channel
(see Fig. 1) have been measured by the naphthalene
sublimation method to elucidate whether or not the in-
clined divider wall is effective to the enhancement of heat
transfer and/or the improvement of the local heat
transfer uniformity. Seven kinds of inclination angles
have been tested for three turn clearances under the
Reynolds number range of (2.0-5.0) x 10*. In this
paper, the influence of the inclined divider wall on the
heat transfer characteristics is discussed in detail based
on the distribution maps of local Sherwood number.
Then, the optimum combination of the inclination angle
and the turn clearance is determined that can achieve
both the enhancement of heat transfer and the im-
provement of heat transfer uniformity concurrently
without a large pressure loss penalty.

2. Experiments

Fig. 2 shows a schematic diagram of the experimental
apparatus. The flow loop is essentially the same as that

Flow meter Fan

Baffle plate

Fig. 2. Schematic diagram of the experimental apparatus.
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used in the preceding studies [14-16]. Air flows into the
test channel through a settling chamber. A baffle plate is
placed at the entrance of the test channel; the air flow
entering the test channel is separated at its sharp edge
and thus has an abrupt contraction-entrance condition
with strong turbulence [16,17]. The heat (mass) transfer
rate is measured in the darkened region in the figure,
which is located just downstream of the settling cham-
ber, by the naphthalene sublimation method [18]. Air
contaminated by naphthalene vapor is then exhausted
from the building by a turbofan.

A schematic illustration of the test section is shown in
Fig. 1. The test channel has a rectangular cross-section;
the spanwise length of the short-side walls (divider,
outer, and end walls) is 25 mm throughout the test
section, while that of the long-side walls (top and bot-
tom walls) is 50 mm at the channel entrance and it varies
in the flow direction depending on the inclination angle
of the divider (inner) wall. The channel aspect ratio at
the entrance is 2:1 in all the channels tested here. This
aspect ratio was chosen because in the earlier experi-
ments we obtained detailed results of heat (mass)
transfer in parallel-wall channels with an aspect ratio of
2:1 [14-16], which were useful as a database to examine
the influence of the inclined divider wall in the present
study. (Since the heat transfer characteristics in the
channels can be influenced by the channel aspect ratio
[9], the authors are now planning to conduct the
measurements in the channels with different aspect ratios
as a next step of this study.) The hydraulic diameter
defined at the channel entrance, d;, is 33.3 mm. The
length from the channel entrance to the end wall is 334
mm = 10d,,. The surface of one long-side wall (bottom
wall) was coated by naphthalene to measure the local
mass transfer rates on it. The other long-side wall and all
the short-side walls were made of smooth aluminum
plates. From a preliminary experiment, it was confirmed
that the Sk distribution obtained under this situation
agreed well with that obtained in the channel which had
the naphthalene-coated surfaces on the both long-side
walls. We also confirmed in the standard channel (o« = 0°
and C* = 1.0), the short-side walls of which were coated
by naphthalene, that the mass transfer from the short-
side walls did not exert appreciable influence on the
distribution of mass transfer rates on the long-side wall.
Thus, it is thought that the results of mass transfer ob-
tained under the present experimental setup are appli-
cable to the case in which all the channel walls are
coated by naphthalene.

Fig. 3 shows the details of the mass transfer surface
in the test section, i.e., the bottom wall in Fig. 1. The
gray region corresponds to the naphthalene surface. The
divider wall is made of a smooth aluminum plate of 10
mm thickness, and it is inclined with respect to the outer
walls. The inclination angle of this divider wall, denoted
as « in the figure, was changed from —6° (clockwise

50

PT2 aphthalene surface c

(4
50 PT1

Fig. 3. Details of the naphthalene surface (bottom wall, « > 0°)
(pressure taps PT; and PT, are on an acrylic resin wall).

direction in the figure) to +6° (counter-clockwise direc-
tion) at 2° intervals; totally seven inclination angles in-
cluding o = 0° (parallel to the outer walls) were tested in
this study. We call the channel with « > 0° divergent
channel, and that with « < 0° convergent channel. The
channel with o = 0° is named as parallel-wall channel.
In all the channels, the edge of the divider-wall tip is
parallel to the end wall. The turn clearance denoted C in
Fig. 3 was changed as 30, 50, and 70 mm. It should be
noted that, in the parallel-wall channel with
C =50 mm, the turn clearance is just equal to the
spanwise length of the long-side wall. This channel has a
standard geometry that has been adopted most often in
earlier studies [4-16], and thus it is called standard
channel. In this paper, the turn clearance is made di-
mensionless (C*) by that of this standard channel,
namely, C* = C/W = 0.6, 1.0, and 1.4 for C = 30, 50,
and 70 mm, respectively.

The measurement procedure of the local mass
transfer coefficient A, is the same as that of the earlier
experiments [14-16]. It was calculated from the differ-
ence in the naphthalene surface profiles before and after
each data run, which were measured by a digital linear
gage with a resolution of 1 pm. It was passed over the
naphthalene surface by a computer-controlled two-
dimensional positioning gear at 0.2 mm pitch in the
streamwise direction and 2.5 mm pitch in the spanwise
direction. We also measured the pressure distribution to
calculate the pressure loss coefficient of the channel. It
was measured under a non-sublimating condition by
replacing the naphthalene-coated bottom wall with an
acrylic resin wall, on which the pressure taps of 0.4 mm
diameter were distributed on the spanwise centerline
[15]. The locations of the pressure taps used to obtain
the pressure difference AP, which is included in the
definition of the pressure loss coefficient K, are shown in
Fig. 3 as PT, and PT,. The maximum uncertainties in
the evaluation of the local mass transfer coefficient and
the pressure difference were estimated to be about +6%
and +4%, respectively. The experiments were conducted
under the Reynolds number range of 2.0 x 10*-5.0 x
10*, where Re was defined with U, and d,, at the channel
entrance. In this paper, the main results are shown for
Re = 3.5 x 10*.
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3. Results and discussion

3.1. Mean Sherwood number and coefficient of pressure
loss

Fig. 4 shows the variation of the mean Sherwood
number Sh,, against the inclination angle of the divider
wall o obtained for all turn clearances under a single Re
of 3.5 x 10*. Here, the mean Sherwood number for fully
developed turbulent flow in a straight pipe calculated by
the following modified Dittus—Boelter’s correlation [19]
(denoted as Shn) is about 150 for Re = 3.5 x 10*:

Shmo = 0.0243Re*3Sc™*  (Sc : Schmidt number). (1)

Thus, it follows that the sharp turn enhances the mean
heat (mass) transfer rates up to 1.5-2 times that of the
straight pipe.

In the convergent channels of o < 0°, Sk, increases in
proportion to ||, and Shy, for o = —6° is about 20-30%
larger than that for the parallel-wall channels. On the
other hand, in the divergent channels of o > 0°, Sh,, is
nearly constant (C*=1.0 and 1.4) or decreased
(C* = 0.6) against o. In general, Sh,, shows higher values
as the turn clearance is decreased. The dependency of
Sh,, on C* is, however, rather weak in the divergent
channels, and Sh,, for o = +6° is almost independent of
C*.

The coefficient of pressure loss of the channel K [1],
which is defined by Eq. (2), was calculated from the
pressure distribution, and the result for Re = 3.5 x 10*is
shown in Fig. 5.

P )
pU?

AP is the pressure difference between two pressure taps

PT, and PT,; the former is located 50 mm downstream

from the channel entrance, and the latter is 50 mm up-

stream from the end of the test section (see Fig. 3). In
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Fig. 4. Mean Sherwood number (Re = 3.5 x 10%).
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Fig. 5. Coefficient of pressure loss (Re = 3.5 x 10%).

both the convergent and the divergent channels, K in-
creases as |o| is increased or as C* is decreased. Similar to
the case of the parallel-wall channel [15], the values of K
for C* = 0.6 are considerably larger than those for a
wider turn clearance. This is attributed to the large
pressure loss that arises when the flow passes through a
narrower turn clearance. Moreover, the dependence of
K on « in the channel with C* = 0.6 is somewhat dif-
ferent from that in other channels; K becomes minimum
not in the case of o = 0° but in o = +4°. The mechanism
for such unique behavior of K in the channel with
C* =0.6 is not clear at the present stage. From the
pressure distributions measured on the wall, however, it
could be estimated that the scale of the separation
bubble after the turn exit became smallest at o« = +4° in
the channel with C* = 0.6; this may be a reason for the
minimum K at o = +4° for C* = 0.6. As a whole, the
difference in K values ascribed to C* is smaller in
the divergent channels than in the convergent channels;
this tendency is quite similar to that of the Sh,, distri-
bution described above.

A comparison of Sh, and K leads to a conclusion
that, from the viewpoint of a trade-off between the heat
transfer enhancement and the pressure loss penalty, the
convergent channel is better than the divergent channel
for the case of C* = 1.0 and 1.4. The heat transfer per-
formance of the channel with C* = 0.6 seems to be in-
ferior to that of the other channels with larger C*.
Details on the optimum inclination angle and turn
clearance are discussed later in this paper.

3.2. Block-averaged Sherwood number

In order to grasp the global characteristics of the
local heat transfer, we have divided the mass transfer
surface into 14 blocks as shown in Fig. 6 and calculated
the values of Sherwood number averaged in each block
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Fig. 6. Definition of blocks (C* = 1.0 and « > 0°).

[12]. This semi-regional Sherwood number, denoted as
block-averaged Sherwood number Skg, is defined by the
following equation:

1

AS denotes the surface area of each block, and it varies
depending on « as recognized from Fig. 6. The boundary
between Block 7 and Block 8 also moves depending on
o. Here it should be noted that this definition of Shg is
not so usual in the case of heat transfer experiments such
as stainless-foil heating, in which the block-averaged
Nusselt number is obtained from the difference of the
bulk temperatures of air flow before and after the block.
The definition of Eq. (3) was used here because the direct
measurement of the averaged-concentration difference
before and after the block was impossible in the present
experimental setup with the naphthalene sublimation
method. In this method, the wall boundary condition
corresponds to the constant-wall-temperature heating in
heat transfer experiments, and thus the values of Shp
calculated by Eq. (3) agree with those obtained from the
bulk-temperature (averaged-concentration) difference.
The streamwise variations of Shg obtained for
C* = 1.0 and Re = 3.5 x 10* are shown in Figs. 7 and 8
for the divergent and the convergent channels, respec-
tively. The abscissa shows the block number defined in

ST TTTT]
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Fig. 7. Block-averaged Sherwood number in the divergent
channels (C* = 1.0, Re = 3.5 x 10%).
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Fig. 8. Block-averaged Sherwood number in the convergent
channels (C* = 1.0, Re = 3.5 x 10%).

Fig. 6. It was confirmed that Shg for C* = 0.6 and 1.4
showed qualitatively similar distributions to these fig-
ures.

In the divergent channels, the distributions of Shg in
Blocks 1-7 are similar to that in the parallel-wall chan-
nel, and the characteristics of Shy distribution for
smaller o agree well with those for larger «. It thus fol-
lows that the influence of o on Shp values does not ap-
pear so clearly in the upstream half of the test section
despite the decrease of the primary flow velocity caused
by the divergence of the channel. Shg shows the local
maximum at the entrance of the channel, and it de-
creases in the streamwise direction up to Block 5. Then
Shp begins to increase in the turn section (Blocks 7 and
8), and reaches the maximum in Block 9 (« = +4° and
+6°) located just downstream of the turn exit or in Block
10 (¢ = 0° and +2°) a few d, downstream from the turn
exit. Shy after Block 10 decreases in the streamwise di-
rection, and it increases again in Block 14 due to the
influence of the second turn connected at the exit of the
test section. In the downstream half of the test section
(Blocks 8-14), contrary to the upstream half, the values
of Shp increase as o is increased; this increase of Shp is
most pronounced in Blocks 9 and 10, in which Shp at-
tains the maximum.

In the convergent channels shown in Fig. 8, the in-
fluence of o on Shy can be observed clearly in the whole
region except for Blocks 9 and 10, and thus the quali-
tative characteristics of Shy distribution, as well as
quantitative ones, are quite different from those in the
divergent channels. In Blocks 1-4, Shg decreases in the
downstream direction; it shows larger values as || is
increased because of higher degree of the acceleration in
the primary flow. Shg begins to increase at Block 5, and
attains the first local maximum in Block 7 (¢ = —6°) or
Block 8 (x = —2° and —4°) in the turn section. Then Shy
once again decreases in Block 9, and increases again in
Block 10 to attain the second local maximum. The first
local maximum becomes larger with the increase of |o],
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whereas the second one is almost constant irrespective of
o. It is also observed that, in the channels with o0 = —4°
and —6°, the first local maximum is larger than the
second one. After Block 11, Shy decreases in the
streamwise direction; similar to the case of Blocks 1-4,
Shy shows higher values in the channel with larger |«|. A
close comparison of Shy values in this region of Figs. 7
and 8 reveals that higher values of Shg are maintained
after Block 11 in the convergent channels than in the
divergent channels.

From these Shy distributions, it is thought that in the
divergent channels the degree of non-uniformity in the
distribution of local heat transfer rates is intensified,
because the maximum Shg in Block 9 or 10 further in-
creases by inclining the divider wall to the positive di-
rection. On the contrary, in the convergent channels, Shy
increases in the whole region except for Blocks 9 and 10,
and thus such non-uniformity of the local heat transfer
rates may be lessened. The uniformity in the distribution
of local heat transfer rates is discussed quantitatively in
detail later.

3.3. Local Sherwood number distributions for a medium
turn clearance (C* = 1.0)

The distributions of local Sherwood number Sh
obtained in the channels with different inclination an-
gles are presented in the form of a two-dimensional
map. In all the maps of Figs. 9-11, the turn clearance is
at a medium value of C* = 1.0 and Re is 3.5 x 10*. At
first Sh distribution in the parallel-wall channel is re-
viewed briefly [15], then Sk maps obtained in the di-
vergent and the convergent channels are presented.
Note that all the maps presented here show the Sh
values normalized by the mean Sherwood number for
the fully developed turbulent flow in a straight pipe,
Shmo, given by Eq. (1).

s

3.3.1. Parallel-wall channel

Fig. 9 shows a distribution of Sh/Shy, obtained in the
parallel-wall channel [15]. The variations in the values of
Sh/Shyo are shown as contrasting light and dark areas.
The map becomes whiter as Sh/Shy is increased; the
very high mass-transfer region of Sh/Shyo > 3.0 is
shown in white. The arrows present the flow direction at
the entrance and exit of the test section. The broken lines
show the boundaries of the blocks defined in Fig. 6.

In the straight section before the turn (Blocks 1-6),
Sh shows the local maximum at the entrance, then it
decreases in the flow direction due to the development of
the concentration boundary layer. In the turn section
(Blocks 7 and 8), Sh increases gradually in the flow di-
rection; near the end wall in Block 7 and near the outer
wall in Block 8, it rises very steeply to attain the local
maximums. These local maximums of Sk are caused by
the following mechanism [15]. In Block 7, the flow that
enters the turn section first impinges on the end wall.
The direction of this flow is then changed by this wall,
and the flow partly impinges again on the bottom
wall. This second flow impingement causes the local
maximum of Sk near the end wall in Block 7. The high-
Sh region near the outer wall in Block 8 is also caused by
a similar mechanism.

In the straight section after the turn (Blocks 9-14), a
region of relatively low Sh appears near the divider-wall
tip in Block 9. Sk then increases in the streamwise di-
rection, and attains the local maximum in Block 10. This
Sh distribution suggests that the flow is separated at the
divider-wall tip, forms a separation bubble with low heat
(mass) transfer rates along the divider wall in Block 9,
and then reattaches in Block 10. From a preceding
measurement of Sh on the short-side walls, it was found
that the flow separated at the divider-wall tip reattaches
again on the divider wall in Block 10 [15]. After Block
11, Sh is decreased in the streamwise direction; if com-

Sh/Shmo 0 1.0 3.0

Fig. 9. Distribution of Sh/Shy in the parallel-wall channel with C* = 1.0 (Re = 3.5 x 10%).
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Sh/Shmo 0 1.0 2.0 3.0

1.0 2.0 3.0

(c)

f

Sh/Shmo Q1.0 2.0 3.0

Fig. 10. Distributions of Sh/Shyo in the divergent channels with C* = 1.0 (Re = 3.5 x 10*): (a) o = +2°; (b) & = +4°; (¢) o = +6°.

pared at the same streamwise location, Sk in the outer-
wall side shows larger values than that in the divider-
wall side. This suggests that the primary flow velocity
near the outer wall in this region is higher than that near
the divider wall.

3.3.2. Divergent channel (o0 > 0°)

Figs. 10(a), (b), and (c) show the maps of Sh/Shyg
obtained in the divergent channels with o = +2°, +4°,
and +6°, respectively. In the divergent section be-
fore the turn of all the channels, there appear spots of
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Fig. 11. Distributions of Sh/Shy in the convergent channels with C* = 1.0 (Re = 3.5 x 10%): (a) « = —2° (b) & = —40; (c) & = —6°.

relatively low Sh in Blocks 4 and 5; these low-Sh In the upstream half of the turn section (Block 7), a
spots tend to increase in area as o is increased. low-Sh region can be observed near the first outer corner
Such deterioration of heat (mass) transfer in this sec- and it occupies larger area as o is increased. This is be-
tion is ascribed to the deceleration of the primary cause a separation bubble is formed in this corner re-

flow. gion, and the flow tends to be stagnant there. In the
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downstream half of the turn section, on the other hand,
Sh becomes larger as o is increased and shows higher
values than in Block 7.

The characteristics of Sk distribution after the turn
are much influenced by «. At first, the Sh distribution for
o = 42° shown in Fig. 10(a) is examined in detail. Near
the divider-wall tip, a region of relatively low Sh value
corresponding to the separation bubble is observed, but
its scale is considerably smaller than that in the parallel-
wall channel. In Block 9, Sh shows remarkably large
values outside this separation bubble (Sh/Shyo > 2.5)
and near the outer wall (Sh/Shyy > 3.0); the high-Sh
region in the divider-wall side (outside the separation
bubble) occupies a major part of Block 10 as well. Such
increase of Sh in Blocks 9 and 10 is caused by the ac-
celeration of the primary flow which passes through a
narrower turn exit, and by high turbulence which is
produced in the shear layer outside the separation
bubble. After Block 11, Sk is decreased as the flow
proceeds downstream. The values of Sk in this region of
this divergent channel are in the same level as those in
the corresponding region of the parallel-wall channel.

As o is increased, as shown in Figs. 10(b) and (c) for
o = +4° and +6°, respectively, the values of Sh after the
turn become larger because the flow velocity at the turn
exit is increased. In particular, the separation bubble
near the divider-wall tip disappears and, in the channel
of oo = +6°, the region of very high Sh (Sh/Shyo > 3.0)
occupies almost the whole area of Blocks 9 and 10. As
recognized from the Shp distribution shown in Fig. 7 as
well, the maximum Sk in the divergent channels of
o =+44° and +6° appears in Block 9 located just
downstream of the turn exit. After these high Si values,
Sh decreases rapidly in the flow direction. A comparison
of Figs. 10(a), (b), and (c) reveals that Sk after Block 11
becomes larger as « is increased.

3.3.3. Convergent channel (o < 0°)

The maps of Sh/Shyo obtained in the convergent
channels with o = —2°, —4°, and —6° are shown in Figs.
11(a), (b), and (c), respectively. In the convergent section
before the turn, the primary flow is accelerated due to
the decrease of the cross-sectional area of the flow
passage. Thus, Sh in this section becomes larger with the
increase of |«|, and it shows higher values than those
observed in the corresponding region of the parallel-wall
and the divergent channels.

In the turn section also, S# in the convergent channels
is generally larger than that in the other channels. Sim-
ilar to the case of the parallel-wall channel, Sk shows the
local maximums near the end wall in Block 7 and near
the outer wall in Block 8. These high-S/ regions extend
from the vicinity of the short-side walls into the inside of
the turn section as |a| is increased; in the channel of
o = —6°, the region of Sh/Shyy > 3.0 occupies a rather
large part of the turn section. It is thought that these

high heat (mass) transfer rates near the short-side walls
are caused by the same mechanism as that in the par-
allel-wall channel described above. As |« is increased,
the flow that impinges on the end wall (and on the
bottom wall as well) has higher velocity and conse-
quently the high-Sh regions extend inside the turn.

In Block 9 just after the turn, the low-Sh region
corresponding to the separation bubble is observed near
the divider wall. This low-Sh region occupies larger area
than that appearing in the parallel-wall channel, and it
extends upstream into the turn in case of large |o|. On
the other hand, in the outer-wall side of Blocks 9 and 10,
Sh shows rather large values and it becomes larger with
the increase of |o|. These characteristics of Sh distribu-
tion in Fig. 11 suggest that, after the turn section of the
convergent channel, a separation bubble with a large
scale is formed along the divider wall, and the flow in the
outer-wall side is accelerated due to the decrease of the
substantial cross-sectional area of the flow passage. This
accelerated flow enhances the heat (mass) transfer near
the outer wall in these blocks.

As shown in Fig. 8, the values of Shp in Blocks 9 and
10 of the convergent channels are nearly constant
against o. This is explained as follows based on Fig. 11.
In Blocks 9 and 10, the low Sk region and the high Sk
region coexist near the divider wall and the outer wall,
respectively, and both of them become larger in scale as
| is increased. In calculating Shp based on Eq. (3), the
influence of the low-Sh region is cancelled by its coun-
terpart, and thus Shp in these blocks shows nearly con-
stant values irrespective of o.

After Block 11, Sh shows higher values in the channel
with larger |«|. It should be also noted that Sk in this
region of the convergent channels is generally larger
than that in the corresponding region of the parallel-wall
and the divergent channels.

3.4. Influence of the turn clearance on Sh distribution

The Sh distributions obtained in the channels with
different C* are compared to one another. At first, the
distributions of Sh/Shy in the divergent channels with
o = 44° are shown in Figs. 12(a) and (b) for C* = 0.6
and 1.4, respectively. As a whole, the global character-
istics of Sh distributions in the divergent channels with
different C* agree qualitatively with one another, albeit
quantitative differences are observed in and after the
turn as follows.

In the turn section for C* = 0.6, the low-Sh region
that is observed in the first outer corner for C* = 1.0 and
C* =14 is decreased in scale (this region cannot be
expressed so clearly in Fig. 12(a) because of the limita-
tion of the gradation resolution in the figure), and Sh
shows higher values than that for larger C*. In Blocks 9
and 10 after the turn also, Sk for C* = 0.6 is remarkably
larger than that for C* = 1.0 and 1.4; this high S& after
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Fig. 12. Distributions of Sk/Shyo in the divergent channels with o = +4° (Re = 3.5 x 10%): (a) C* = 0.6; (b) C* = 1.4.

the turn is brought about by the acceleration of the flow
that passes through the narrow turn clearance and the
narrow turn exit. After Block 11, however, such differ-
ence in Sh values attributed to the turn clearance is
diminished, and SZ near the channel exit in Figs. 12(a)
and (b) is almost in the same values as that for C* = 1.0
(Fig. 10(b)). From a close comparison of Sk distribu-
tions in Blocks 11-14 in Fig. 10 and those in Fig. 12, it is
found that the difference of Sk values caused by different
o is larger than that caused by different C*. Thus, it
follows that the local heat (mass) transfer rates after
Block 11 of the divergent channels are more influenced
by « than by C*.

Next, Sh maps of the convergent channels (az = —4°)
with C* = 0.6 and 1.4 are shown in Fig. 13. For any C*,
a low-Sh region corresponding to the large separation
bubble is formed near the divider-wall tip, whereas there
appears a high-Sh region in the opposite outer-wall side.
Thus, the Sh distributions for different C* are quali-
tatively similar to one another.

From a quantitative viewpoint, however, Sh values
are much influenced by C*. In the channel with C* = 0.6,

Sh in the downstream half of the channel is much larger
than that for C* = 1.0 and 1.4 because of the contraction
and acceleration of the primary flow at the narrow turn
clearance. In particular, Sk shows remarkably high val-
ues of Sh/Shyo > 3.0 in large areas near the outer wall in
Blocks 7-10. On the other hand, in the channel with
C* = 1.4, the high-Sh regions in these blocks are con-
siderably reduced in scale. Such dependence of S% values
on C* appears clearly in the region after Block 11 as well
as in and just after the turn section. This tendency is
quite different from that of the divergent channel men-
tioned above. It thus follows that, in the convergent
channel, the influence of the turn clearance on Sk values
after the turn appears more remarkably than in the di-
vergent channel, and both o and C* are dominant to the
local heat (mass) transfer characteristics after the turn.

3.5. Influence of Reynolds number on Sh distribution
The maps of Sh/Shye in the divergent channel

(¢ = +4° and C* = 0.6) obtained under Re = 2.0 x 10*
and 5.0 x 10* are shown in Figs. 14(a) and (b), respec-
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Fig. 13. Distributions of Sh/Shyo in the convergent channels with o = —4° (Re = 3.5 x 10*): (a) C* = 0.6; (b) C* = 1 4.

tively. Fig. 15 shows the results of the convergent
channel. As a whole, in both channels, the distributions
of Sh/Shy obtained under different Reynolds numbers
are similar to one another, qualitatively and quanti-
tatively. That is, in the divergent channel, Sk shows very
large values of Sh/Shyo > 3.0 just after the turn section
and the separation bubble is diminished. In the con-
vergent channel, a large separation bubble accompanied
by low Sk is formed along the divider wall after the turn,
and a high-Sh region appears in the opposite outer-wall
side. Similar results were obtained for other combina-
tions of C* and «. These results suggest that the data
obtained under a single Re condition can be reasonably
applied to the estimation of the Si distribution for dif-
ferent Reynolds numbers.

4. Assessments of heat-transfer performance

When these channels are applied to practical equip-
ment used under severe thermal conditions such as in-
ternal cooling passages of gas turbine blades, it is

important not only to achieve higher mean heat transfer
rates with lower pressure loss, but also to increase the
uniformity in the distributions of the local heat transfer
rates for decrease in the thermal stresses. Hence, in this
study, we have evaluated the overall heat-transfer per-
formance of the channels from the following two view-
points: (1) trade-off between the heat transfer
enhancement and the pressure loss penalty, and (2) de-
gree of uniformity in the distribution of the local heat
transfer rates. Then, the optimum condition of « and C*
is determined that can achieve both the enhancement of
mean heat transfer and the improvement of the local
heat transfer uniformity concurrently without a consid-
erable increase of pressure loss. Here, note that all the
heat-transfer performance has been evaluated based on
the data for Re = 3.5 x 10*.

At first, the trade-off between the heat transfer en-
hancement and the pressure loss penalty is examined
based on Sh, and K for Re = 3.5 x 10*. This kind of
evaluation is usually made under a constraint of con-
stant pumping power. In the present study, however, the
experimental range of Re was so limited that we could
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Fig. 14. Distributions of Sh/Shy in the divergent channels with « = +4° and C* = 0.6: (a) Re = 2.0 x 10*; (b) Re = 5.0 x 10*.

not evaluate the heat-transfer performance of the
channel under this constraint. Hence, as an alternative
method, we made the evaluation based on Sk /K*,
where Sh and K* denote the mean Sherwood number
and coefficient of pressure loss normalized by Sh,, and K
for the standard channel with « = 0° and C* = 1.0, re-
spectively (i.e., Sh! = Shy,/Shns and K' = K/Kg).
Sht /K" is equal to unity in the standard channel, and it
becomes larger when a higher mean heat (mass) transfer
rate and/or a lower pressure loss can be achieved. This
parameter can be regarded as a measure to evaluate the
trade-off between the heat transfer enhancement and the
pressure loss penalty under a constraint of constant
Reynolds number, i. e., a constraint of constant flow
rate in the present experiment. Thus, the optimum
condition of « and C* determined by this assessment can
be somewhat different from that determined under a
constraint of constant pumping power. Fig. 16 shows
the variation of Sh! /K* against « and C*. In general, the
value of Sk} /K™ is increased as the turn clearance is
widened, and it reaches the maximum under the con-
dition of C* = 1.4 and o = 0° or —2°. Therefore, from a

viewpoint of the trade-off between the heat transfer en-
hancement and the pressure loss penalty, the optimum
channel specification is given by C* = 1.4 and o = 0° or
—2°.

Next, the uniformity in the distributions of local heat
(mass) transfer rates is examined quantitatively.
Although the qualitative trend of the uniformity in Sh
distributions can be understood from the distributions
of Shp and Sh itself, we have evaluated it quantitatively
based on the standard deviation of S% (denoted as o)
defined by the following equation:

N

o= \j;] > (Shi — Shw)’. 4)

i=1

N denotes the total number of the measuring points of
Sh in a channel, and it is about 6.5 x 10*. It follows that
lower values of ¢ correspond to higher degree of uni-
formity in the distribution of local heat (mass) transfer
rates. The variations of ¢/Sh, against C* and o are
shown in Fig. 17. As a general trend, o/Sh, in the
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Fig. 16. Trade-off between the heat transfer enhancement and
the pressure loss penalty.

convergent channels is smaller than that in the divergent
channels, and it becomes lower as C* is increased. o/Shy,
can be minimized under the condition of C* = 1.4 and
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Fig. 17. Standard deviation of local Sherwood number.

o = —2° or —4°; this channel specification, i.e., conver-
gent channels with a wide turn clearance, is thus the
optimum one determined from the uniformity in the Sh
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distribution. The tendency that ¢/Sh,, in the convergent
channels generally shows smaller values than that in the
divergent channels is consistent with the aforementioned
observation of Shg.

The optimum values of C* and « determined based
on Sk /K" overlap those determined from ¢/Sh,,, and
the overall heat-transfer performance of the channel
becomes highest under the overlapped condition of C*
and o. Therefore it follows that, under the present ex-
perimental condition, the highest heat-transfer per-
formance can be obtained in the channel with C* = 1.4
and o = —2°. With this channel specification, both the
enhancement of mean heat transfer and the improve-
ment of local heat transfer uniformity can be realized
concurrently without a serious pressure loss penalty.

Here, it should be noted that the present results are
obtained based on the Si distribution on the long-side
wall of the channel only; the optimum condition of C*
and o may be slightly modified if the heat-transfer per-
formance is evaluated based on Sk distributions on all
the channel walls. Moreover, the heat transfer charac-
teristics are significantly influenced by channel geometry
such as aspect ratio, channel-entrance configuration,
divider-wall thickness, corner radius, duct length, etc.
Thus, the results obtained in the present study are not
general to all types of two-pass channels but applicable
only to the limited channel geometry described in Sec-
tion 2. At the present stage, however, it would be
possible to remark that, in applying the two-pass ser-
pentine channels with a sharp turn to thermal equip-
ment, the convergent channel with a wide turn clearance
can be more advantageous than the divergent channel
with a narrow turn clearance.

5. Conclusions

Heat (mass) transfer characteristics have been elu-
cidated experimentally for turbulent flow in rectangular
cross-sectioned serpentine channels with an inclined
divider wall. The main results are summarized as fol-
lows.

1. The mean Sherwood number S4,, in the convergent
channels increases as |«| is increased, whereas Shy, in the
divergent channels is almost constant or decreased
against «. In general, Sh,, shows higher values as the turn
clearance is decreased, but the dependence of Sh,, on C*
is rather weak in the divergent channels. The coefficient
of pressure loss increases with an increase of || in both
the convergent and the divergent channels.

2. The distribution of block-averaged Sherwood
number Shp in the divergent channel is qualitatively
similar to that in the parallel-wall channel. The maxi-
mum Shy appears in Block 9 or 10 located near the turn
exit, and it becomes larger with the increase of «. In the
convergent channel, as |«| is increased, Shp increases in

the whole test region except for Blocks 9 and 10. The
local maximums of Shg appear in two locations in and
after the turn, and thus the Shp distribution is quali-
tatively different from that in the divergent channel.

3. In the divergent channels, the local Sherwood
number Sh before the turn (Blocks 1-6) is smaller than
that in the parallel-wall channel. In Blocks 9 and 10 near
the turn exit, a low-Sk region corresponding to a sep-
aration bubble, which appears clearly near the divider-
wall tip in the parallel-wall channel, becomes smaller in
scale, and high-S% regions are formed outside this sep-
aration bubble and near the outer wall. Sk in these
blocks becomes larger as « is increased. After these high-
Sh regions, Sh decreases in the streamwise direction but
Sh for larger o still keeps higher values.

4. In the convergent channels, S in the upstream half
of the test section is larger than that in the parallel-wall
channel. After the turn, a low-Sh region corresponding
to a rather large separation bubble is formed along the
divider wall, while there appears a high-Sk region in the
opposite outer-wall side. The Sk values near the outer
wall become larger with the increase of |x|. Downstream
of this separation bubble, Sh shows larger values than
that in the corresponding region of the parallel-wall and
the divergent channels.

5. In the divergent channels, the global characteristics
of Sh distributions for different C* agree qualitatively
with one another. The influence of C* on Sk appears
only in a limited region near the turn exit, and « is more
dominant to the Si distribution than C*. In the con-
vergent channels, the Sh distribution is influenced by C*
over the whole region after the turn, and both « and C*
are dominant to the local heat transfer characteristics
after the turn.

6. Judging from (i) trade-off between the heat transfer
enhancement and pressure loss penalty, and (ii) uni-
formity in the distribution of local heat transfer rates,
the higher heat-transfer performance can be obtained by
widening the turn clearance and inclining the divider
wall to the convergent side. Under the present exper-
imental condition, the highest heat-transfer performance
can be achieved in the convergent channel with C* = 1.4
and o = —2°.
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