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Abstract

Heat (mass) transfer characteristics for turbulent flow in rectangular cross-sec-
tioned two-pass channels with a sharp turn have been examined experimentally
using the naphthalene sublimation method. It is well known that heat transfer char-
acteristics in such channels are very complex, and they are influenced by many ex-
perimental parameters. Among many possible parameters, main attention of this
study has been directed to the influence of following four parameters on the heat
(mass) transfer characteristics in the channel. (i) Turn clearance, (ii) Reynolds num-
ber, (iii) Flow-inlet condition at the channel entrance, (iv) Inclination angle of the
partition wall. In this paper, detailed maps of the local Sherwood number distribu-
tion 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
these parameters. Then, from a viewpoint of enhancing the mean heat transfer and
improving the uniformity of the local heat transfer rates concurrently without an in-
crease of pressure loss, the optimum channel geometry has been determined based
on the experimental results.
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1. Introduction

The thermal efficiency of modern gas-turbine engines strongly depends on the allowable maxi-
mum gas temperature at a turbine inlet. The turbine-inlet gas temperature is strongly influenced by
the metallurgical limit. Present advanced gas turbines operate at gas entry temperatures much higher
than the metal creeping temperatures; therefore, an intensive cooling of blades is required and it is
essential to the improvement of the engine performance. Inadequate cooling of the blades can lead
to early and disastrous failure of the entire machine; poor heat-exchanging design can cause the
hot spots in which melting of the turbine blade may occur, and overcooling can lead to high ther-
mal stresses and again to failure. Therefore, detailed knowledge of heat transfer characteristics
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associated with the cooling flow of the turbine blade is necessary to achieve the highest acceptable
turbine-blade temperature.

The cooling technology of the gas-turbine blades can be classified into two categories. One is
the external cooling that is represented by the film cooling. The other is the internal cooling, in
which flow passages of cooling air are shaped inside the turbine blade. In advanced gas-turbine
engines, serpentine channels with a rectangular cross-section having sharp 180-degree turns are
usually used as an internal flow passage of cooling air [Metzger et al. (1986); Fan et al. (1987);
Han et al. (1988); Chyu (1991); Besserman and Tanrikut (1992); Murata et al. (1994); Wang and
Chyu (1994); Astarita et al. (1995); Hirota et al. (1997)].

This type of serpentine channel is often used in compact heat exchangers as well. In compact
heat exchangers such as the radiators used in automobiles, they usually consist of two reservoir
tanks (head tank and bottom tank) and straight flow passages connecting them. If the serpentine
channels with a sharp 180-degree turn are used instead of the straight flow passages, only one
reservoir tank (head tank) is needed; this contributes much to the downsizing of the heat exchanger.

It is well known that, in such rectangular channel with a 180-degree turn, the secondary flow
is induced by the centrifugal force in flowing around the turn section [Johnston (1976)]. Moreover,
the separation and reattachment of the flow also occur in and after the sharp turn section [Metzger
et al. (1984)]. Thus, the turbulent flow characteristics in the channel become very complex with a
three-dimensional structure, and the local heat transfer rates are expected to change steeply over
small distances on the heat transfer surface. As mentioned above, the steep variations of the local
heat transfer rates increase the thermal stresses and decrease the life of the equipment. Therefore,
detailed data on the local heat transfer in the rectangular serpentine channels with a sharp turn are
compulsory for the critical design of the gas turbine internal cooling passages, compact heat ex-
changers, and other thermal equipment used under severe thermal condition. Moreover, those data
are also helpful as the database of the heat transfer in complex turbulent flows. In general, how-
ever, detailed measurements or numerical predictions of local heat transfer rates for turbulent flow
in serpentine channels with a sharp turn are very difficult because of complexities in the channel
geometry. Therefore, very few reports have been available to date on the local heat transfer charac-
teristics in those channels.

With these points as background, in this study, detailed characteristics of heat transfer for
turbulent flow in the rectangular cross-sectioned serpentine channels with a sharp turn have been
examined experimentally using the naphthalene sublimation technique. It has been known that the
heat transfer characteristics in such channels are very complex, and they are influenced by many
experimental conditions. Among many possible parameters, main attention of this study has been
directed to the influence of the following four parameters on the heat (mass) transfer characteris-
tics in the channel; (i) Turn clearance, (ii) Reynolds number, (iii) Flow-inlet condition at the chan-
nel entrance, and (iv) Inclination angle of the partition wall. In this paper, the dependency of heat
transfer characteristics in the channels on these experimental parameters is described in detail, and
the optimum combination of those geometric parameters is examined based on the experimental
results.

Nomenclature

C = turn clearance, see Fig. 2.3
D = naphthalene-air molecular diffusion coefficient
dh = hydraulic diameter of the channel = 33.3 mm
hm = local mass transfer coefficient
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hm = mean mass transfer coefficient averaged over whole mass transfer surface
K = pressure loss coefficient, defined by Eq. (2.1)
P = local pressure on the long-side wall
Pa = atmospheric pressure
Re = Reynolds number = U·dh/ν
Sh = local Sherwood number = hm·dh/D
ShB = block-averaged Sherwood number, defined by Eq. (2.4)
Shm = mean Sherwood number averaged over whole test section = hm·dh/D
Shmd = Sherwood number averaged in the downstream half of the test section
Shmu = Sherwood number averaged in the upstream half of the test section
U = bulk velocity of air = U1 averaged over the channel cross-section
U1 = primary flow velocity
u1 = fluctuating velocity in the streamwise direction
α = inclination angle of the partition wall, see Fig. 4.2
ν = kinematic viscosity of air
ρ = density of air

2. Influence of Turn Clearance and Reynolds Number

2.1 Introduction

The flow field in rectangular cross-sectioned channels with sharp 180-degree turns has a com-
plex three-dimensional structure. Therefore, under the forced convection heat transfer, the local
heat transfer rates are expected to change steeply in a very complex manner. For a better under-
standing of the heat transfer characteristics in such channels, it is desirable to measure the local
heat transfer rates on all the channel walls at a high spatial resolution and a high data density.
Detailed experimental data obtained on all the channel walls provide a better database for the evalu-
ation of the results of computer simulation as well as for the design of high-temperature compo-
nents. With these points as background, we conducted an experimental study to make clear the
detailed local heat (mass) transfer characteristics over all the walls of rectangular channel with a
sharp 180-degree turn under the stationary condition [Hirota et al. (1999a)].

It is thought that, in such a serpentine channel with a sharp 180-degree turn, the turn clear-
ance (distance between the divider-wall tip and the end wall) and the Reynolds number are most
dominant parameters to the flow structure and the local heat transfer. Hence, in this chapter, the
results of the pressure measurement and the heat (mass) transfer are presented directing a special
attention to the influences of the turn clearance and the Reynolds number on them. Three turn
clearances were tested under the Reynolds number range of turbulent flow (2.0–6.0) × 104. The
naphthalene sublimation method [Goldstein and Cho (1995)] was used to measure the local heat
(mass) transfer rates with a sufficiently high spatial resolution and a high density of measuring
points. The local pressure distributions on the long-side wall of the channel were measured as well
to estimate the characteristics of the flow field.

2.2 Experimental Apparatus and Procedure

Figure 2.1 shows a schematic diagram of the experimental 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 turbofan. Air flows into the
test channel through a settling chamber in which the entrance condition of the inlet air flow is set
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up. As shown later in detail, a baffle plate is equipped at the entrance of the test channel. The test
channel has a rectangular cross-section of 50 mm × 25 mm (hydraulic diameter dh = 33.3 mm),
and has two sharp 180-degree turns. The mass transfer rates and pressure distributions were mea-
sured in the darkened region of the figure, which includes the first turn section and is positioned
just downstream of the settling chamber. Air contaminated by the naphthalene vapor is then
exhausted from the building by a turbofan.

Figure 2.2 shows a schematic illustration of the test section, i.e., the darkened region of Fig.
2.1. In this study, we measured the local mass transfer rates over all the channel walls shown in
Fig. 2.2, namely, (i) outer wall before the turn, (ii) inner wall before the turn, (iii) outer wall in the
turn (end wall), (iv) inner wall after the turn, (v) outer wall after the turn, and (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

Fig. 2.1 Schematic diagram of the experimental apparatus

Fig. 2.2 Test section
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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. 2.3; the dark region corre-
sponds to the naphthalene surface, and the hatched region is the aluminum frame that supports the
naphthalene surface. The partition (inner) wall is 10 mm thick, which divides the naphthalene sur-
face into two straight sections before and after the turn. By changing the length of this partition
wall, the turn clearance [distance between the inner-wall tip and the end wall, denoted as “C” in
Fig. 2.3] can be set at 30 mm, 50 mm or 70 mm. The distance between the channel entrance and
the inner-wall tip changes in the range from 264 mm (= 7.93 dh) to 304 mm (= 9.13 dh) depending
on the turn clearance. A close-up of the inner-wall tip is also shown in Fig. 2.3. 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. Figure 2.4 shows the details of the
entrance configuration 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 condition with strong turbulence [Sparrow et al. (1982)].

The local mass transfer coefficient hm 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 µm. It was passed over the naphthalene surface by a computer-controlled two-
dimensional positioning gear 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 hours, so that the maximum sublimation
depth of the naphthalene surface was less than 0.2 mm. The naphthalene surface was made by a

Fig. 2.3 Details of the bottom wall and close-up of the inner-wall tip
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casting process. In order to produce a hydraulically smooth surface, all the casting processes were
carried out in an electric furnace to control the mold temperature accurately; the maximum un-
evenness of the naphthalene surface was less than 20 µm, thus the naphthalene surface can be
regarded as hydraulically smooth. Details of the naphthalene sublimation method and data
processing are described in the reference [Goldstein and Cho (1995)].

The pressure distribution was also measured to estimate the qualitative characteristics of the
flow field. The locations of the pressure taps are shown in Fig. 2.5. Twelve pressure taps were
distributed in the test section; 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

Fig. 2.4 Configuration of the channel entrance

Fig. 2.5 Locations of pressure taps
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clearances mentioned above, the pressure distributions were measured for two more turn clear-
ances of C = 40 mm and 60 mm. The mass transfer experiments and pressure measurements were
conducted under the Reynolds number Re = U·dh/ν of (2.0–6.0) × 104, which corresponds to the
turbulent flow condition.

2.3 Results and Discussion

2.3.1 Pressure Distribution

Figure 2.6 shows the distributions of the dimensionless pressure obtained in the channel with
a medium turn clearance C = 50 mm for various Reynolds number Re. The abscissa shows the
pressure-tap number defined in Fig. 2.5, and the ordinate shows the dimensionless differential pres-
sure. The flow characteristics in the channel can be estimated qualitatively as follows.

The pressure shows the local minimum at the pressure tap numbered 0 (denoted as Tap 0) that
is located near the channel entrance, which then increases once at Tap 1 and decreases monoto-
nously in the flow direction up to Tap 4. This shows that the flow is separated at the edge of the
baffle plate, and that the separated flow reattaches on the channel walls causing the pressure recov-
ery 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. 2.2).

After the pressure reaches its 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 distribu-
tion suggests that the flow is separated at the tip of the partition (inner) wall and that a separation
bubble is formed in the straight section after the turn. The pressure rise observed at Tap 7 is attrib-

Fig. 2.6 Pressure distributions for different Re (C = 50 mm)
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uted to the impingement of the flow passing through the turn clearance against the outer wall (wall
(v) in Fig. 2.2); this mechanism of pressure rise is similar to that encountered at Tap 5. The pres-
sure recovers after the separation bubble, and it approaches an asymptotic value at Tap 11.

Figure 2.7 shows a comparison of the dimensionless pressure distributions obtained for dif-
ferent turn clearances at a constant Re of 3.5 × 104. 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 difference in the pressures at Tap 6 and Tap 8 becomes smaller with
the decrease in the turn clearance, whereas the pressure difference between Tap 7 and Tap 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.

2.3.2 Pressure Loss Coefficient

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

K =
2 ⋅ (P 0 – P 11)

ρ aU 2 (2.1)

P0 denotes the static pressure at the channel entrance, and P11 is that measured at Tap 11 that is
located near the exit of the test section. Since P0 could not be measured directly in the present
channel due to the flow separation 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. Air far from

Fig. 2.7 Pressure distributions for different C (Re = 3.5 × 104)
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the channel entrance is stationary and in the atmospheric pressure Pa. Assuming that the flow ve-
locity at the channel entrance is equal to the bulk air velocity U, P0 is thus given by the following
equation.

P 0 =P a –
ρ aU 2

2
(2.2)

Consequently, K is expressed as follows.

K =
2 ⋅ (P a – P 11)

ρ aU 2
– 1 (2.3)

Figure 2.8 shows the variations of K against Re. K is nearly constant against Re, and C is decisive
for K-values. The values of K generally increase as the turn clearance is decreased, and those for C
= 30 mm are significantly larger than those for wider turn clearances. The solid symbols in the
figure show the results obtained by Metzger et al. (1984) 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.

2.3.3 Mean Sherwood Number

The Sherwood number averaged over the whole naphthalene surface in the test section, i. e.,
mean Sherwood number and denoted as Shm, was calculated from the total amount of naphthalene
sublimated during a data run. Figure 2.9 shows the variations of Shm versus Reynolds number ob-
tained for the medium turn clearance in the present experimental condition C = 50 mm. In addition

Fig. 2.8 Coefficients of pressure loss
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to Shm, the Sherwood numbers averaged in the upstream and the downstream halves of the test
section, denoted as Shmu and Shmd, respectively, are also shown in the figure. Shm, Shmu, and Shmd

increase in proportion to Ren (n = 0.8–1.0). The values of Shmd are 1.3–1.4 times as large as those
of Shmu; this means that the mass-transfer-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 clear-
ances. From a quantitative viewpoint, the values of Shm, Shmu, and Shmd in the channel with the
widest turn clearance of C = 70 mm were almost the same as those for C = 50 mm, while Shm and
Shmd for the narrowest turn clearance of C = 30 mm were 1.2 times and 1.3 times as large as those
for C = 50 mm, respectively. It is thought that the flow acceleration in passing through the narrow
turn clearance enhanced the mass transfer after the turn.

2.3.4 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. 2.10 and calculated the integral-average of
the local Sherwood number in each block on each channel wall. This block-averaged Sherwood
number, ShB, is thus defined by the following equation,

Sh B = 1
∆S

Sh dS
∆S

(2.4)

where ∆S denotes the surface area of each block.
Figure 2.11 shows the typical streamwise variations in ShB obtained on each channel wall for

Fig. 2.9 Mean Sherwood numbers (C = 50 mm)
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C = 50 mm and Re = 3.5 × 104. The abscissa shows the block-numbers defined in Fig. 2.10. As a
general trend, the characteristics of ShB distributions, such as the locations and values of maximum
ShB, on the bottom wall agree well with those on the outer and inner walls. Thus it follows that, for
the purpose of grasping the outline of the ShB distributions, it is enough to measure the mass trans-
fer rates on either the long-side wall or the short-side walls.

ShB 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 concentration boundary layer, and reaches
minimum in Block 6. ShB 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 ShB agrees well with that reported by Chyu (1991). It should be noted that,

Fig. 2.10 Definition of blocks (C = 50 mm)

Fig. 2.11 Block-averaged Sherwood numbers on each channel wall (C = 50 mm)
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although the values of ShB in Block 10 are almost the same as those in Block 1, ShB-values in
Block 11 are much larger than those in Block 2. This suggests that the mass-transfer-enhancement
effect of the sharp 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 the effec-
tive lengths is reflected on the difference between Shmu and Shmd observed in Fig. 2.9. In Block 10,
ShB 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 separated at the inner-wall
tip, on the inner wall. ShB increases again in Block 14 due to the influence of the second sharp turn
located at the end of the test section.

Figures 2.12(a), 2.12(b), and 2.12(c) show the ShB distributions on the bottom wall, outer wall,
and inner wall of the channel, respectively, obtained for different turn clearances. In Fig. 2.12(b),
Blocks 7 and 8 are located on the outer walls (i) and (v) (see Fig. 2.2), respectively, and Blocks 7e
and 8e are on the end wall (iii). As a whole, the values of ShB for C = 50 mm are nearly equal to
those for C = 70 mm on all the walls. On the bottom and outer walls, ShB-values for C = 30 mm are
notably larger than those for the other channels after Block 7 (Fig. 2.12(a)) and Block 7e (Fig.
2.12(b)). However, on the inner wall shown in Fig. 2.12(c), the influence of C on ShB-values is less
pronounced than that observed in Figs. 2.12(a) and 2.12(b). On the bottom and inner walls, simi-
larly to Fig. 2.11, the local maximum of ShB appears in Block 10 irrespective of the turn clearance.
However, on the outer wall for C = 30 mm, the local maximum of ShB appears in Block 8 as well
as Block 10.

2.3.5 Distribution of Local Sherwood Number

Figure 2.13 shows the typical distributions of the local Sherwood number Sh which were ob-
tained under a standard experimental condition in this study, i. e., medium turn clearance C = 50
mm and medium Reynolds number Re = 3.5 × 104. In this section, the general characteristics of the
local heat (mass) transfer obtained in this standard test case are described in detail based on Fig.
2.13. The figure consists of six maps, (i) to (vi), showing the Sh distributions obtained on each
channel wall illustrated in Fig. 2.2. The variations in Sh-values are shown as contrasting light and
dark areas of various shading; the maps become whiter as the values of Sh are increased, and the
regions of Sh > 400 are shown in white. The arrows indicate the flow directions at the entrance or
exit of each section. In Fig. 2.14, the schematic illustration of the time-mean surface flow on each
wall is shown, which was estimated from the pressure distributions (Fig. 2.6) and the local mass
transfer characteristics.

In this section, the characteristics of Sh distributions are described in detail by dividing the
test channel into the following three sections; (1) straight section before the turn (Blocks 1 to 6 in
Fig. 2.10), (2) turn section (Blocks 7 and 8), and (3) straight section after the turn (Blocks 9 to 14).
(1) Straight section before the turn

At the entrance of the channel, Sh 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. Sh distributions on the bottom wall agree well with those on the outer and inner walls, quali-
tatively and quantitatively. Therefore, it follows that the local mass transfer in this section shows
two-dimensional characteristics in spite of the flow field that is estimated to have a three-dimen-
sional structure.
(2) Turn section

At first, Sh distributions in the upstream half of the turn section, i.e., Block 7 in Fig. 2.10, are
examined in detail. On the bottom wall shown in Fig. 2.13 (vi), Sh increases gradually in the flow
direction, then rises very steeply to attain its local maximum near the junction with the end wall.
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Fig. 2.12 Block-averaged Sherwood numbers for different C (Re = 3.5 × 104)
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Fig. 2.13 Local Sherwood number distribution (C = 50 mm, Re = 3.5 × 104)

Fig. 2.14 Schematic illustration of surface flow (C = 50 mm)
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The relatively gradual increase in Sh mentioned 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. 2.13 (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 (see the end-wall in Fig. 2.14).
This “secondary” flow-impingement causes the local maximum of Sh 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 recirculation zone of low mass transfer rates [Metzger et al. (1984); Wagner et
al. (1991); Liou, et al. (1999)].

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 local 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
resultant decrease in the substantial 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.
2.2, and thus Sh attains its local maximum near the upstream edge of this wall. Similarly to the
case of Block 7, the direction of this impinging flow is changed by the outer wall, then the flow
blows down on the bottom wall (see wall (v) in Fig. 2.14). Thus, Sh 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 it 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 partially reversed toward the end wall and enhances the mass transfer
in Block 8e.
(3) Straight section after the turn

Since the flow exiting the turn section is separated at the tip of the partition (inner) wall, a
separation bubble is formed along the inner wall after the turn [Metzger et al. (1984)]. The mass
transfer is deteriorated in this separation bubble due to the recirculation of the flow, and thus Sh on
the inner wall (Fig. 2.13 (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. 2.13 (v)), the region of relatively
high Sh-values still remains near the spanwise centerline of the wall after the local maximum in
Block 8.

In Block 10, Sh attains its local maximum on all the channel walls, corresponding to the local
maximums of ShB in Fig. 2.11. It is thought that such large mass transfer rates in Block 10 are
caused by the reattachment of the flow which is separated at the inner-wall tip [Metzger et al.
(1984); Wang et al. (1994)]. On the bottom wall, the region of high Sh-values occupies 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 reattachment can change over time.
From the Sh distributions on the short-side walls shown here, it follows that under the present
experimental condition the separated 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 proceeds downstream. A detailed compari-
son of Sh distributions obtained at an equal streamwise location reveals that the values of Sh 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
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with higher velocity toward the outer wall.

2.3.6 Influence of Turn Clearance on Sh Distribution

In this section, the influence of the turn clearance on the local mass transfer characteristics is
examined in detail by showing the results obtained in the test channels of C = 30 mm and C = 70
mm. At first, Fig. 2.15 shows the Sh distributions obtained in the channel with a narrower turn
clearance of C = 30 mm for Re = 3.5 × 104. In the upstream half of the turn section (Block 7), 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. 2.13 (vi),
almost disappears. These results show that the influence of decreasing C on the Sh distribution
appears in the regions not only downstream but also upstream of the turn clearance.

In the downstream half of the turn section, the mass transfer is much enhanced on all the
walls. This is 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
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. 2.13 (iii).

In the straight section after the turn, the values of Sh are much larger than those in Fig. 2.13 to
the exit of the test section; this suggests that the effect of reducing the turn clearance on Sh 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 corresponding to the separation bubble is formed along the inner wall
near its tip, and Sh attains the local maximum in Block 10. The local mass transfer characteristics
in and after Block 10 are, however, remarkably different from those for C = 50 mm. In Figs. 2.13
(iv) and 13 (v), Sh-values in Block 10 on the inner wall were larger than those on the outer wall,
and thus it was estimated that the flow which is 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
Sh 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 separated at the inner-wall tip reattaches on the outer wall in the present
channel. After the flow reattachment, 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 distri-
bution observed in Fig. 2.15 (vi) is more pronounced than that in Fig. 2.13 (vi).

Next, the distributions of Sh obtained for the largest turn clearance of 70 mm are shown in
Fig. 2.16. In the upstream (first) corner of the turn section, the region of low Sh-values correspond-
ing 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, Sh shows the local maximum in Block 7e as similar to
the other channels. However, the second local maximum that was observed in Block 8e of Figs.
2.13 (iii) and 2.15 (iii) does not appear so clearly in Fig. 2.16 (iii); it can be observed in a very
narrow region immediately close to the downstream (second) corner. Moreover, in Block 8 on the
outer wall, Sh is not as high as that in the other channels.

Downstream of the separation bubble that exists along the inner wall after the turn, Sh attains
its local maximum in Block 10 as similar to Figs. 2.13 and 15. In Block 10, the values of Sh on the
inner wall are much larger than those on the outer wall, suggesting that the 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. 2.13, 2.15, and 2.16 reveals that the local maximum of Sh on the short-side
wall after the separation bubble appears around the center of Block 10 irrespective of the differ-
ence in the turn clearance. This means that the streamwise distance from the flow separation, i.e.,
inner-wall tip, to the flow reattachment becomes shorter as the turn clearance is increased.
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Fig. 2.15 Local Sherwood number distribution (C = 30 mm, Re = 3.5 × 104)

Fig. 2.16 Local Sherwood number distribution (C = 70 mm, Re = 3.5 × 104)
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2.3.7 Influence of Reynolds Number on Sh Distribution

Figure 2.17 shows the Sh distributions obtained in the same channel as Fig. 2.13 (C = 50 mm)
under a smaller Reynolds number of 2.0 × 104, and Fig. 2.18 shows those for a larger Re of 5.0 ×
104. In the straight section before the turn and in the turn section, the Sh distributions on all the
channel walls of Figs. 2.13, 2.17, and 2.18 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
follows.

Under a lower Re, Sh on the inner wall shown in Fig. 2.17 (iv) attains its local maximum in
Block 10 after the separation bubble in Block 9; whereas on the outer wall of Fig. 2.17 (v), the
values of Sh in Block 10 are not as large as those on the inner wall. Such characteristics of Sh
distribution are similar to those observed under Re = 3.5 × 104 described in Section 2.3.5. On the
other hand, in Block 10 of Fig. 2.18 for a larger Re, the difference between the Sh-values on the
inner and outer walls is not so large as that observed in Block 10 for smaller Re (Figs. 2.13 and
2.17).

A similar trend as described here was also observed in the channel of larger turn clearance C
= 70 mm. In the case of narrow turn clearance 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 characteristics of Sh distribution were independent of the Reynolds number. From
these results, Re-dependency of the flow field in the present channels can be estimated 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

Fig. 2.17 Local Sherwood number distribution (C = 50 mm, Re = 2.0 × 104)
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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.

2.4 Conclusions

In this chapter, general characteristics have been described on the forced convection heat
(mass) transfer in a rectangular channel with a sharp 180-degree turn under a standard experimen-
tal condition with C = 50 mm and Re = 3.5 × 104. Then, the influences of the turn clearance and
Reynolds number on the local heat (mass) transfer characteristics have been examined in detail.
The main results can be summarized as follows.

(1) In all the channels tested in this chapter, the mean Sherwood number Shm increases in
proportion to Ren (n = 0.8–1.0), 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 Shm for C = 70 mm
are almost the same as those for C = 50 mm, whereas Shm 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 ShB on the long-side
wall are quite similar to those on the short-side walls, and the maximum ShB is observed in Block
10 a few dh downstream of the inner-wall tip irrespective of the turn clearance. On the outer wall
and bottom wall, ShB-values for C = 30 mm are larger than those for other channels in and after the
turn section. On the partition (inner) wall, however, the influence of C on ShB does not appear as
clearly as on the other walls.

(3) In the turn section, the local Sherwood number Sh becomes much larger than that in the
straight section before the turn, but the recirculation zone of low Sh-values appears in the upstream

Fig. 2.18 Local Sherwood number distribution (C = 50 mm, Re = 5.0 × 104)
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(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
downstream (second) corner and is not so clear as that in the other channels. Sh also attains its
local maximum 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 Sh regions corresponding to it appear on
the bottom and inner walls. In the channels of C = 50 mm and 70 mm under a relatively low Re,
this separated flow reattaches on the inner wall (in Block 10) where Sh 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 the 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.

3. Influence of Flow-Inlet Condition

3.1 Introduction

In Chapter 2, the distributions of local Sherwood numbers obtained on all the channel walls
of the rectangular cross-sectioned serpentine channels with a sharp 180-degree turn were presented,
directing special attention to the influences of the turn clearance and Reynolds number. In the ex-
periment described there, the baffle plate was settled at the channel entrance and the air flow
entering the test channel was forcibly separated there.

In applying those serpentine channels to practical thermal equipment, such as the internal cool-
ing passages of gas-turbine blade and the flow passages of compact heat exchangers, fluid may be
supplied to the channels under various inlet conditions at the entrance; the inlet flow can have
variety of velocity distributions, boundary-layer thicknesses, turbulence intensities, etc. [Burggraf
(1970)]. In general, the serpentine channel used in such thermal equipment has a rather short straight
section before the turn. Thus, the flow in it is in the developing condition, and the flow characteris-
tics not only before the turn but also in and after the turn can be significantly influenced by the
flow-inlet condition. As a result, it is possible that whole characteristics of the local heat transfer in
the serpentine channel are also influenced by the flow-inlet condition through the change of the
flow structure. Therefore, it is of fundamental interest and practical importance to elucidate the
influence of the flow-inlet condition on heat transfer characteristics in the serpentine channel with
a sharp turn.

Hence, in this study, we made an attempt to make clear experimentally the influence of the
flow-inlet condition on the local heat transfer characteristics in rectangular cross-sectioned serpen-
tine channels with a sharp 180-degree turn [Hirota et al. (1999b)]. Two contrastive flow-inlet con-
ditions, contracted-flow inlet (inlet condition adopted in Chapter 2) and uniform-flow inlet, were
tested in this study; these conditions are considered to cover the usual extremes encountered in
practical equipment [Kays and Crawford (1980)]. Under these flow-inlet conditions, detailed dis-
tributions of local heat (mass) transfer rates in the serpentine channels were measured by the
naphthalene sublimation method.

3.2 Experimental Apparatus and Procedure

The flow loop and test channels are essentially the same as those used in the experiments
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described in Chapter 2, except for the flow-inlet condition at the channel entrance. Two contrastive
flow-inlet conditions were applied in this study. Details of the entrance configurations are shown
in Fig. 3.1. One is the “contracted-flow inlet” [Fig. 3.1(a)] which is the same condition as adopted
in the experiment in Chapter 2; a baffle plate is placed at the entrance of the test channel to form a
sharp-edged entrance. The air flow entering the test section is separated at the edge of this baffle
plate and thus has an abrupt contraction-entrance condition with strong turbulence [Sparrow et al.
(1982)]. The other is the “uniform-flow inlet” condition [Fig. 3.1(b)]; air is supplied to the channel
through a nozzle which is designed carefully to make the boundary-layer thickness at its exit as
thin as possible. We confirmed that, with this nozzle, the inlet flow had a highly uniform velocity
distribution over the channel cross-section at the entrance, and that the turbulence level was as low
as 0.4 % of the bulk velocity [Hirota et al. (1998)]. It is expected that these two flow-inlet condi-
tions cover the usual extremes encountered in practical applications [Kays and Crawford (1980)].

Figure 3.2 shows the examples of distributions of the primary-flow velocity (U1) and turbu-
lence intensity √

=
u1

2 measured under these flow-inlet conditions. They were obtained in a straight
rectangular channel, which has the same entrance configurations and cross-sectional dimension as
adopted in this study, at a location 8 dh downstream of the entrance [Hirota et al. (1992)]. This
measuring cross-section agrees nearly with the entrance of the turn section in the present test chan-
nels. The left half of Fig. 3.2 shows the distribution of U1 obtained in a half cross-section of the
channel, and the right half shows that of √

=
u1

2; they are made dimensionless by the bulk velocity U.
Under the contracted-flow inlet condition shown in Fig. 3.2 (a), the turbulence intensity at the chan-
nel center is about 5 % of U and thus turbulent boundary layers are formed over the cross-section.
On the other hand, under the uniform-flow inlet shown in Fig. 3.2 (b), the turbulent boundary layer
can be observed only in the vicinity of the wall and thus the flow in the core region is in a laminar
condition. These results suggest that the flow characteristics just before the turn section in the
present serpentine channels can be also greatly influenced by the flow-inlet condition at the chan-
nel entrance.

Experiments were conducted in the Reynolds number range of turbulent flow, Re = (2.0–6.0)

Fig. 3.1 Flow-inlet conditions at the duct entrance
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Fig. 3.2 Distributions of primary-flow velocity (left half) and turbulence intensity (right half) measured at 8.0
dh downstream from the channel entrance
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× 104. In this paper, however, the results obtained at a single Re of 3.5 × 104 are presented. In
addition to the mass-transfer experiment, we measured the pressure distributions along the spanwise
centerline of the bottom wall. The locations of the pressure taps are the same as those shown in
Chapter 2. The pressure measurements were also conducted for two more turn clearances of C =
40 mm and 60 mm. As described later, in addition to the channels of 30 mm, 50 mm, and 70 mm in
which the mass transfer was measured on all the channel walls, the mass transfer measurements on
the bottom wall only were also conducted in the channels of C = 40 mm and 60 mm.

3.3 Results of Experiments

3.3.1 Pressure Distribution and Pressure Loss Coefficient

Figure 3.3 shows the pressure distributions obtained with a medium turn clearance of C = 50
mm under various Re’s. The abscissa shows the pressure-tap number shown in Fig. 2.5, and the
ordinate shows the dimensionless local pressure. Under the contracted-flow inlet shown in Fig.
3.3(a), the pressure shows the local minimum at Tap 0 because of the flow separation at the chan-
nel entrance. The pressure distribution for the uniform-flow inlet shown in Fig. 3.3(b) is qualita-
tively similar to that for the contracted-flow inlet, except that the local minimum at Tap 0 does not
appear. Thus, it follows that the pressure distribution on the bottom wall does not reflect such dif-
ference of the flow characteristics as observed in Fig. 3.2 which is caused by the difference of the
flow-inlet condition.

Next, the coefficient of pressure loss K defined by Eq. (3.1) has been calculated from the
pressure distribution.

K = 2∆ P
ρU 2

(3.1)

∆P for the uniform-flow inlet is the pressure difference between Tap 1 and Tap 11. Definition of
∆P for the contracted-flow inlet is described in Chapter 2. Figure 3.4 shows the variations of K
against Re. The values of K for the contracted-flow inlet are about 20 % larger than those for the
uniform-flow inlet, but qualitative characteristics of K are quite similar to each other. K is nearly
constant against Re, and C is decisive for K-values. The values of K increase as the turn clearance
is decreased, and those for C = 30 mm are significantly larger than those for wider turn clearances.

3.3.2 Mean Sherwood Number

Figure 3.5 (a) shows the variations of the mean Sherwood number Shm against Re obtained
under the both flow-inlet conditions for a medium turn clearance C = 50 mm. In this figure, the
Sherwood numbers averaged in the upstream and downstream halves of the test channel, denoted
as Shmu and Shmd respectively, are also shown. The values of Shm for the contracted-flow inlet are
about 1.2–1.3 times as large as those for the uniform-flow inlet. In particular, Shmu of the con-
tracted-flow inlet is 1.5–1.9 times that of the uniform-flow inlet; such high values of Shmu reflect
the mass transfer augmentation effect of the strong turbulence produced by the flow separation at
the sharp-edged entrance.

Downstream of the turn, Shmd for the contracted-flow inlet is also larger than that for the uni-
form-flow inlet at a low Re. This means that the influence of the flow-inlet condition on the mass
transfer is maintained up to the region downstream of the turn. In the case of the sharp-edged inlet
as well as the uniform-flow inlet, Shmd is larger than Shmu and the same tendency was also observed
in other turn clearances. Therefore it follows that, in the turn clearances tested in this study, the
mass transfer augmentation effect of the sharp turn is larger than that of the sharp-edged entrance.
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Fig. 3.3 Pressure distributions
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Fig. 3.4 Coefficients of pressure loss
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Fig. 3.5 Mean Sherwood numbers
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Figure 3.5 (b) shows the variations of Shm against the turn clearance C. Shm is almost indepen-
dent of the turn clearance in the range of C = 40 mm–70 mm, and Shm-values for C = 30 mm are
exceptionally larger than those for the larger turn clearances. From these results, it follows that Shm

of the present test channels is more influenced by the flow-inlet condition than by the turn clearance.

3.3.3 Block-Averaged Sherwood Number

Similar to Chapter 2, ShB was obtained by dividing the test section into 14 blocks as shown in
Fig. 2.10, and by calculating the integral average of the local Sherwood number in them on each
wall (see Eq. (2.4) for definition). Figure 3.6 shows the distributions of ShB obtained in the channel
of largest turn clearance C = 70 mm; the abscissa in the figure shows the block-number defined in
Fig. 2.10.

The distributions of ShB on the bottom wall are shown in Fig. 3.6 (a). Under the contracted-
flow inlet (shown by the symbol “ ”), ShB shows the maximum in Block 1, then decreases in the
flow direction due to the development of the concentration boundary layer, and reaches the mini-
mum in Block 5. ShB then increases in Blocks 7 and 8, i. e., in the turn section, and attains the local
maximum in Block 10 that is located downstream of the turn section. After Block 10, ShB de-
creases in the flow direction but increases again in Block 14 due to the influence of the sharp turn
located at the end of the test section.

Under the uniform-flow inlet [shown by “ ” in Fig. 3.6 (a)], ShB shows the local maximum at
Block 1 but its value is considerably smaller than that for the contracted-flow inlet. After ShB shows
the minimum in Block 2 (this location is different from that for the contracted-flow inlet), it in-
creases in the flow direction to reach the maximum in Block 10. On the bottom wall, the difference
in the ShB distributions due to the flow-inlet condition is observed rather obviously in Blocks 1 to
6. Even in Blocks 7 and 8, i. e., in the turn section, ShB for the uniform-flow inlet is somewhat
smaller than that for the contracted-flow inlet, thus it follows that the influence of the flow-inlet
condition on ShB appears in the turn section as well.

Figures 3.6 (b) and 3.6 (c) show the ShB distributions on the outer wall [walls (i), (iii), and (v)
in Fig. 2.2] and those on the inner wall [walls (ii) and (iv)], respectively. It should be noted that, in
Fig. 3.6(b), Blocks 7 and 8 are located on the outer walls (i) and (v), respectively, and Blocks 7e
and 8e are on the end wall [wall (iii)]. The influence of the flow-inlet condition is observed clearly
in the ShB distribution near the channel entrance of Blocks 1 and 2, but it once disappears in Blocks
3 to 6. In and after the turn section (Blocks 7 to 14), however, the influence of the flow-inlet condi-
tion on ShB emerges again; ShB for the contracted-flow inlet is remarkably larger than that for the
uniform-flow inlet. It follows that, in the region after the turn (Blocks 9 to 14), the ShB distribu-
tions on the short-side walls reflect the flow-inlet conditions more distinctly than those on the
long-side wall.

3.3.4 Distribution of Local Sherwood Number

In this section, similar to Chapter 2, the distributions of the local Sherwood number Sh =
hmdh/D are presented in the form of 2-D maps (Figs. 3.7 to 3.12). We also present the specially
magnified detail maps showing the Sh distribution around the turn section (bottom wall only). The
characteristics of Sh distributions for each turn clearance are described below.
(1) Channel with C = 30 mm

Figures 3.7 (a) and 3.7 (b) show the Sh distributions obtained in the channel with the narrow-
est turn clearance C = 30 mm under the contracted-flow inlet and the uniform-flow inlet condi-
tions, respectively. Details in the turn section on the bottom wall [wall (vi)] are shown in Fig. 3.8.
The characteristics of Sh distributions are described below by dividing the whole test section into
three parts; (a) straight section before the turn (b) turn section, and (c) straight section after the
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Fig. 3.6 Comparison of Block-averaged Sherwood numbers (C = 70 mm)
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turn.
(a) Straight section before the turn (Blocks 1 to 6) Under the contracted-flow inlet condi-

tion [Fig. 3.7 (a)], Sh shows the local maximum at the entrance and decreases as the flow proceeds
downstream; very large values of Sh are caused near the entrance by the strong turbulence pro-
duced in the shear layer of the separated flow and by the leading-edge effect of the concentration

Fig. 3.7 Distributions of local Sherwood number (C = 30 mm)

Fig. 3.8 Details of local Sherwood number around the turn (C = 30 mm)
left; Contracted-flow inlet, right; Uniform-flow inlet
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boundary layer. Sh shows quite uniform distributions in the spanwise direction on all the walls.
On the other hand, under the uniform-flow inlet condition shown in Fig. 3.7 (b), the triangu-

lar-shaped low Sh regions are observed on all the walls in the straight section before the turn. In
the preceding experiment on the developing mass transfer in a straight rectangular channel, it was
found that a laminar boundary layer first developed near the entrance and its transition to turbulent
one initiated from the channel corner [Hirota et al. (1998b)]. The transitional region with higher
mass transfer rates then developed toward the core region as the flow proceeded downstream, and
consequently a triangular-shaped laminar mass transfer region of low mass transfer rates remained
on the channel wall. The triangular-shaped low Sh region in Fig. 3.7 (b) corresponds to such lami-
nar mass transfer region. On the bottom wall shown in (vi), the apex of this triangular region devi-
ates from the spanwise centerline toward the inner-wall side near the entrance of the turn section
(in Block 6). This suggests that the influence of the turn on the flow field already appears in the
region upstream of the turn.

On the outer and inner walls [(i) and (ii)], the triangular shaped low Sh region disappears at
the more upstream location, around Block 2, than that on the bottom wall. This is explained as
follows. Because the spanwise length of the inner and outer walls (short-side walls) is just the half
of that of the bottom wall (long-side wall), the transitional regions on the former walls [(i) and (ii)]
developing from the corners reach the spanwise centerlines of those walls earlier than that on the
bottom wall. Thus, the laminar mass transfer regions on the short-side walls disappear around Block
2 located relatively near the entrance. The influence of this earlier transition can be also observed
in the distributions of the block-averaged Sherwood numbers ShB on the short-side walls shown in
Figs. 3.6 (b) and 3.6 (c). That is, no significant influence of the flow-inlet condition can be
observed in Blocks 3 to 6 which correspond to the transitional region on the short-side walls.

(b) Turn section (Blocks 7 and 8) In the turn section, the qualitative characteristics of Sh
distributions for the contracted-flow inlet mostly agree with those for the uniform-flow inlet. Since
the detailed characteristics of local mass transfer in the turn section were already described in Chap-
ter 2, only the influence of the flow-inlet condition on the Sh distributions in the turn section is
examined here based on Figs. 3.8 (a) and 3.8 (b).

In the upstream half of the turn section, Sh distribution for the contracted-flow inlet agrees
qualitatively well with that for the uniform-flow inlet, but the Sh-values for the uniform-flow inlet
are generally smaller than those for the contracted-flow inlet. Such quantitative difference in Sh-
values is observed distinctly in the region near the junction with the end wall in which Sh attains
the local maximum; the high Sh region of Sh > 450 (white region) for the contracted-flow inlet
appears in a larger area than that for the uniform-flow inlet. Moreover, near the corner in Block 7
under the uniform-flow inlet, the low Sh region corresponding to the recirculation zone appears
more clearly and Sh-values in it is smaller than that for the contracted-flow inlet. In the down-
stream half of the turn section, the values of Sh for the uniform-flow inlet are also lower than those
for the contracted-flow inlet, but such difference in Sh-values seems to be rather small compared
to that observed in the upstream half.

(c) Straight section after the turn (Blocks 9 to 14) Under both flow-inlet conditions, as
observed in Fig. 3.7, the low mass transfer region is formed near the inner-wall tip (in Block 9),
and Sh attains the local maximum in Block 10. In Block 10, the values of Sh on the outer wall
[wall (v)] are much larger than those on the inner wall [wall (iv)]; moreover, on the bottom wall,
the high Sh region deviates to the outer-wall side. These results clearly show that, irrespective of
the flow-inlet condition, the flow which is separated at the inner-wall tip forms a separation bubble
along the inner wall and reattaches in Block 10 on the outer wall. After the flow reattachment, the
deflection of the high Sh region to the outer-wall side is observed up to the end of the test section.

There appears very little difference between the Sh distributions for the contracted-flow inlet
and the uniform-flow inlet in the section after the turn. Therefore, it follows that, in the channel
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with a narrow turn clearance, the influence of the flow-inlet condition on the local mass transfer
characteristics diminishes to a large extent after the flow passes through the turn clearance. A close
comparison of Sh-values in Block 10 on the outer wall in Fig. 3.7 (a) and Fig. 3.7 (b), however,
reveals that the Sh-values around the flow-reattachment point for the former (contracted-flow in-
let) are slightly larger than that for the latter (uniform-flow inlet). This suggests that the flow
characteristics near the exit of the turn section are rather sensitive to the flow-inlet condition.
(2) Channel with C = 50 mm

Next, the Sh distributions in the channel with a medium turn clearance of C = 50 mm, which
is just the same as the spanwise length of the long-side wall, are shown in Figs. 3.9 (overall view)
and 3.10 (turn section). The Sh distributions in the straight section before the turn are qualitatively
and quantitatively similar to those in the channel with C = 30 mm; namely, in Fig. 3.9 (b), the
triangular-shaped low Sh regions which are peculiar to the uniform-flow inlet are observed on all
the walls.

In the upstream half of the turn section (Block 7) also, Sh distributions in the present channel
show the qualitatively similar characteristics as those in the channel with C = 30 mm. That is, the
values of Sh obtained under the uniform-flow inlet condition are somewhat smaller than those for
the contracted-flow inlet, and this tendency can be observed most distinctly in the recirculation
zone near the upstream corner in the turn section and in the high Sh region on the bottom wall near
the junction with the end wall.

In the downstream half of the turn section (Block 8), Sh-values are smaller than those for the
channel with C = 30 mm under both flow-inlet conditions. This decrease in Sh-values in the present
channel is especially pronounced on the outer wall [wall (v)]. This is explained by the decrease of
flow velocity that impinges on this wall after passing through a wider turn clearance. From Fig.
3.10, it is also found that Sh-values for the uniform-flow inlet are smaller than those for the con-
tracted-flow inlet in not only the upstream half but also the downstream half of the turn section. In
particular, a detailed comparison of Fig. 3.8 and Fig. 3.10 reveals that, in the downstream half of
the turn section, the influence of the flow-inlet condition on Sh distribution appears more clearly in
the present channel than the case of the narrower turn clearance of C = 30 mm.

Fig. 3.9 Distributions of local Sherwood number (C = 50 mm)
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The flow that exits the turn section is separated at the inner-wall tip, as similar to the case of
C = 30 mm, and the low Sh region corresponding to the separation bubble is formed along the
partition (inner) wall just after the turn in Block 9 under both flow-inlet conditions. In Block 10,
Sh attains the local maximum on all the walls. The influence of the flow-inlet condition on the
local mass transfer characteristics can be observed in Block 10 on the short-side walls as follows.
Under the contracted-flow inlet shown in Fig. 3.9 (a), Sh-values on the inner wall [wall (iv)] are
larger than those on the outer wall [wall (v)] if compared at the same streamwise location in the
block. This means that, under the contracted-flow inlet, the flow separated at the inner-wall tip
reattaches on the inner wall. On the other hand, in case of the uniform-flow inlet [Fig. 3.9 (b)], Sh
in Block 10 on the inner wall is almost in the same values as that on the outer wall. Therefore, in
this case, the short-side wall on which the separated flow reattaches can not be specified so clearly
from the Sh distributions. These results show that, in the present channel with a medium turn clear-
ance C = 50 mm, the influence of the flow-inlet condition on the local mass transfer is still main-
tained in the region after the turn. It is thought that the flow separation and reattachment around
the inner-wall tip have unsteadiness in nature, and that such unsteadiness in the flow characteris-
tics may be intensified under the uniform-flow inlet relative to the case of contracted-flow inlet.
This means that, under the uniform-flow inlet, the flow separated at the inner-wall tip reattaches
on both the inner wall and outer wall alternately, and consequently Sh-values on the outer wall
become as large as those on the inner wall in Block 10.

On the bottom wall, the Sh distributions in Block 10 show quite a different tendency from
those on the short-side walls. Under the contracted-flow inlet, the region of high Sh-values occu-
pies most part of Block 10 and spanwise variations of Sh are not observed so clearly; whereas,
under the uniform-flow inlet, the high Sh region is deviated to the inner-wall side. These character-
istics of Sh distributions on the bottom wall are just opposite to those expected from the results on
the short-side walls. This suggests that the mechanism of mass transfer enhancement in Block 10
on the short-side walls is different from that on the long-side wall. The high mass transfer rates on
the short-side walls are mostly caused by the reattachment of the flow that is separated at the in-

Fig. 3.10 Details of local Sherwood number around the turn (C = 50 mm)
left; Contracted-flow inlet, right; Uniform-flow inlet
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ner-wall tip. The mechanism of the mass transfer enhancement on the bottom wall is not so clear at
the present stage of the study. It may be possible that some longitudinal vortices that are formed
after the turn section and are rotating in the direction opposite to the turn-induced Dean vortices
[Mochizuki et al. (1998)] contribute to the mass transfer from the bottom wall.

After Block 11, Sh decreases gradually in the flow direction. A detailed comparison of Sh
distributions obtained at an equal streamwise location reveals that Sh-values in the outer-wall side
are larger than those in the inner-wall side. Such spanwise non-uniformity of Sh distribution after
the turn appears more obviously under the uniform-flow inlet than the contracted-flow inlet. From
a comparison of the present results with those for C = 30 mm, it is found that the influence of the
flow-inlet condition on Sh distribution is maintained over a longer distance after the turn in the
present channel with a larger turn clearance. The reason will be described later in Section 3.4.
(3) Channel with C = 70 mm

Sh distributions in the channel with the largest turn clearance of C = 70 mm are shown in
Figs. 3.11 and 3.12. The distributions of Sh in the straight section before the turn agree well with
those in other channels with smaller turn clearance described above. In the upstream half of the
turn section (Block 7), the low Sh region near the corner is observed more clearly than that in the
other channels with smaller C. Moreover, the tendency that this low Sh region under the uniform-
flow inlet occupies larger area on the bottom wall than that for the contracted-flow inlet is most
pronounced in the present channel.

In the downstream half of the turn section, because of the deceleration of the flow in passing
through the larger turn clearance and resultant decrease of the flow velocity reversing to the end
wall, Sh shows the local minimum in the downstream edge of the end wall. This local minimum on
the end wall of the present channel is just opposite to the local maximum observed in the other
channels. It is recognized from a comparison of Fig. 3.12 (a) with Fig. 3.12 (b) that, as similar to
the other channels, Sh for the uniform-flow inlet shows smaller values than that for the contracted-
flow inlet. It is also found that this tendency appears more clearly in the present channel than the
case of smaller turn clearances.

In the straight section after the turn, the characteristics of Sh distributions in the present channel

Fig. 3.11 Distributions of local Sherwood number (C = 70 mm)
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are quite similar to those in the channel with C = 50 mm. After the low Sh region that corresponds
to the separation bubble formed along the partition (inner) wall, Sh reaches the local maximum in
Block 10. The influence of the flow-inlet condition on the Sh distributions, which is similar to that
observed in the channel with C = 50 mm, is clearly observed there. That is, under the contracted-
flow inlet the Sh-values on the inner wall are larger than those on the outer wall, while in case of
uniform-flow inlet Sh in Block 10 on the inner wall is almost the same values as that on the outer
wall. Moreover, the Sh distributions in Block 10 on the bottom wall are inconsistent with those on
the short-side walls. From a comparison of Fig. 3.7, Fig. 3.9 and Fig. 3.11, it can be concluded
that, as the turn clearance is increased, the flow-inlet condition tends to exert greater influence on
the mass transfer characteristics in and after the turn section.

3.4 Discussion

As have been described so far, in the rectangular serpentine channels with relatively short
flow passages tested here, the flow-inlet condition at the entrance exerts considerable influence on
the local mass transfer characteristics in the whole regions of the channel. After the turn section,
however, such influence becomes weaker as the turn clearance is decreased. The reason for such
tendency can be qualitatively explained as follows.

In general, fluid lumps in the core region just before the turn section are convected to the
vicinity of the channel walls after the turn by the secondary flow that arises in the turn. As shown
in Fig. 3.2, in the flow near the entrance of the turn section for the uniform-flow inlet, turbulence is
restricted in narrow regions near the channel walls and the core region is still in a laminar flow
condition. On the other hand, under the contracted-flow inlet, higher turbulence intensity can be
observed in the whole cross-section and thus the flow is in a fully turbulent condition. Therefore,
the turbulence intensity in the fluid lumps which are convected to the vicinity of the walls after the
turn by the secondary flow changes considerably depending on the flow-inlet condition at the chan-
nel entrance. This change in the turbulence intensity then influences the local mass transfer after

Fig. 3.12 Details of local Sherwood number around the turn (C = 70 mm)
left; Contracted-flow inlet, right; Uniform-flow inlet
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the turn, and causes such difference of Sh distributions due to the flow-inlet condition as described
above.

In the channel with a narrow turn clearance, the flow velocity increases in passing through the
turn clearance and large production of turbulence occurs around the inner-wall tip. As a result, at
the exit of the turn section, there exists strong turbulence over the whole channel cross-section and
it dominates the mass transfer after the turn. Therefore, the influence of the turbulence existing
before the turn on the local mass transfer after the turn becomes relatively weak, and consequently
the Sh distribution after the turn becomes less sensitive to the flow-inlet condition than the case of
the larger turn clearance.

3.5 Conclusions

In this chapter, the influence of the flow-inlet condition at the channel entrance on the local
heat (mass) transfer characteristics in the channels has been examined. Two contrastive flow-inlet
conditions, contracted-flow inlet and uniform-flow inlet, have been tested for three turn clearances.
Main results are summarized as follows.

(1) In the straight section before the turn, the influence of the flow-inlet condition on the
local Sherwood number (Sh) distributions appears very clearly. Under the uniform-flow inlet, the
triangular shaped low Sh region corresponding to the laminar mass transfer appears on all the walls.
On the other hand, under the contracted-flow inlet, such a laminar mass transfer region does not
appear at all, and Sh shows quite uniform distributions in the spanwise direction.

(2) In the upstream half of the turn section, under both flow-inlet conditions, Sh attains the
local maximums on the end wall and on the bottom wall near the junction with the end wall, while
a low Sh region corresponding to the recirculation zone appears near the corner. The Sh-values for
the uniform-flow inlet are somewhat smaller than those for the contracted-flow inlet irrespective
of the turn clearance.

(3) In the downstream half of the turn section, the qualitative characteristics of the Sh distri-
bution do not change so distinctly depending on the flow-inlet condition. The Sh-values for the
uniform-flow inlet are, however, generally smaller than those for the contracted-flow inlet; this
tendency appears more clearly in the channels with a larger turn clearance.

(4) In the straight section after the turn with a larger turn clearance, the influence of the
flow-inlet condition appears most distinctly in the Sh distributions around the flow-reattachment
point (Block 10). Under the contracted-flow inlet, Sh on the inner wall shows higher values than
that on the outer wall. On the other hand, under the uniform-flow inlet, there appears very little
difference between the Sh-values on the inner wall and outer wall. As the turn clearance is de-
creased, however, such influence of the flow-inlet condition on the Sh distributions in Block 10
becomes weaker.

(5) In Block 10, the characteristics of Sh distribution on the bottom wall are inconsistent
with those on the short-side walls. That is, under the contracted-flow inlet the entire area of Block
10 is occupied by a high Sh region and no spanwise variations appear in the Sh distribution, whereas
under the uniform-flow inlet the high Sh region tends to deviate toward the inner-wall side. Such
characteristics of Sh distributions on the bottom wall are just opposite to those expected from the
results on the short-side walls described above in (4).
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4. Influence of Inclination Angle of Partition (Inner) Wall

4.1 Introduction

As described in Chapter 2 and Chapter 3, the local heat (mass) transfer rates in the rectangu-
lar channels with a sharp 180-degree turn change very steeply in and after the turn section, and the
non-uniformity of their distributions becomes quite large there. The non-uniform distribution of
the local heat transfer rates causes large temperature gradients and consequently increases the ther-
mal stress. Therefore, in applying those serpentine channels to practical equipment used under se-
vere thermal conditions, it is important not only to enhance the heat transfer but also to increase
the uniformity in the distributions of the local heat transfer rates. In most studies conducted to
date, however, only the enhancement of heat transfer was studied intensively and no attention was
directed to the improvement of the uniformity in the distribution of local heat transfer rates.

Hence, in this study, we have made an attempt to enhance the overall heat transfer rate and
concurrently to improve the uniformity of the local Nusselt (Sherwood) number distributions in
the serpentine channel with a sharp turn [Hirota et al. (1999c)]. As a means to accomplish this
purpose, we have tested the “inclined partition (inner) wall” (see Fig. 4.1). By inclining the inner
wall with respect to the outer walls, the primary flow in the convergent (or divergent) sections
before and after the turn is accelerated (or decelerated) due to the streamwise change of the chan-
nel cross-sectional area. The influence of such acceleration or deceleration of the primary flow can
be then reflected on both the distributions of the secondary flow velocities and the characteristics
of flow separation and reattachment around the turn section. As a result, the local heat transfer
characteristics in the channel may be considerably altered from those in the standard parallel-walled
channel. It can be expected that, by selecting some optimum condition of the inclination angle,
both the improvement of the local heat transfer uniformity and the enhancement of the mean heat
transfer be achieved concurrently without a considerable increase in the pressure loss.

In this chapter, we show the results of an experimental study on heat (mass) transfer in rectan-

Fig. 4.1 Test section
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gular cross-sectioned serpentine channels with an inclined partition wall. As the first step of the
project, we have measured mass transfer rates on the long-side wall of the channel only (see Fig.
4.1) to elucidate whether or not this inclined partition wall is effective to the enhancement of heat
transfer and/or the improvement of the heat transfer uniformity. Six inclination angles were tested
for three turn clearances under a single Reynolds number. In this chapter, the detailed results of
heat transfer obtained in the channels are shown and, based on the experimental results, the opti-
mum combination of the inclination angle and the turn clearance that can achieve both the
enhancement of heat transfer and the improvement of heat transfer uniformity is examined.

4.2 Experimental Apparatus and Procedure

The flow loop is essentially the same as that used in the preceding experiments described in
Chapters 2 and 3. A schematic illustration of the test section is shown in Fig. 4.1. The test channel
has a rectangular cross-section; the short-side length is 25 mm and is constant throughout the test
section, while the long-side length is 50 mm at the channel entrance and varies in the flow direc-
tion depending on the inclination angle of the inner wall. The hydraulic diameter defined at the
entrance of the channel, dh, is 33.3 mm. As shown in Fig.4.1, the surface of one long-side wall was
coated by naphthalene, and the local mass transfer rates on it were measured. The other long-side
wall and all short-side walls were made of smooth aluminum plates, corresponding to the adiabatic
thermal condition.

Figure 4.2 shows the details of the naphthalene surface in the mass transfer test section. The
partition (inner) wall which divides the test section into two-pass passages is made of a smooth
aluminum plate with 10 mm thick. The inclination angle of this partition wall, denoted as α in the
figure, was changed from –6° (clockwise direction in the figure) to +6° (counter-clockwise direc-
tion) at 2° intervals; totally six inclination angles except for α = 0° were tested in the present study.
In this paper, the channels with α < 0° are called “convergent channels”, and those with α > 0° are
called “divergent channels.” The channels with α = 0° having a parallel partition wall are called
“standard channels”; they are same as the channels used in the preceding experiments described in
Chapters 2 and 3. The turn clearance, denoted C in Fig. 4.2, was varied from 30 mm to 70 mm at
20 mm pitch. The edge of the partition-wall tip is parallel to the end wall.

Fig. 4.2 Details of mass transfer surface
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The measurement procedure of mass transfer coefficients by the naphthalene sublimation
method is the same as that of the preceding experiment. The present study was conducted under
the contracted-flow inlet condition, which is the same as that described in Chapters 2 and 3. The
experiments were conducted under a single Reynolds number Re = Udh/ν = 3.5 × 104, which was
defined by the bulk velocity and hydraulic diameter at the channel entrance.

4.3 Results and Discussion

4.3.1 Mean Sherwood Number and Pressure Loss

Figure 4.3 shows the variation of the mean Sherwood number Shm against the inclination angle
of the partition wall α obtained for all turn clearances. Here, it should be noted that the present Shm

was calculated based on the mass transfer rate averaged over the bottom wall, not all channel walls;
thus its definition is different from that of Shm presented in Chapters 2 and 3. In the channels of α
< 0°, i. e., in the convergent channel, Shm increases in proportional to the inclination of the parti-
tion wall for all turn clearances, and Shm for α = –6° is about 20 %–30 % larger than that for the
standard channel with a parallel partition wall (α = 0°). On the other hand, in the divergent channel
of α > 0°, Shm is almost constant against α for C = 50 mm and 70 mm and it decreases with α for C
= 30 mm. In general, Shm shows higher values as the turn clearance C is decreased. The depen-
dence of Shm on the turn clearance, however, is rather weak in the divergent channels and, in the
channels of α = 4° and 6°, Shm-values for different C agree one another irrespective of the turn
clearance.

The coefficient of flow resistance K defined by Eq. (2.1) was also obtained by measuring the
pressure distribution, and the result is shown in Fig. 4.4. In both the convergent channels and the
divergent channels, K increases as the inclination of the partition wall (absolute value of α) is in-
creased or as the turn clearance is decreased. Similar to the case of the standard channel described
in Chapters 2 and 3, K for C = 30 mm are significantly larger than those for wider turn clearances
in the divergent and the convergent channels as well. However, such a difference in K-values caused
by C becomes smaller in the divergent channels; this tendency is quite similar to Shm.

A comparison of Shm with K shown above leads to a conclusion that, from a viewpoint of a

Fig. 4.3 Mean Sherwood numbers (Re = 3.5 × 104, C = 50 mm)
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trade-off between the mean heat transfer rate and the pressure loss, the partition wall of the chan-
nel should be inclined to the clockwise direction to form the convergent channel of α < 0°. Details
on this subject, including the uniformity in the distributions of the local heat transfer rates, are
discussed later in Section 4.4.

4.3.2 Block-Averaged Sherwood Number

In order to grasp the global characteristics of the local mass transfer, we calculated the block-
averaged Sherwood number ShB [defined by Eq. (2.4)] for all combination of α and C. The blocks
are defined in Fig. 4.5; the boundary between Blocks 7 and 8 changes depending on the inclination
angle of the partition wall. The streamwise variations of ShB obtained for a medium turn clearance
of C = 50 mm are shown in Fig. 4.6. The abscissa shows the block-number defined in Fig. 4.5, and
the parameter in the figure is the inclination angle of the partition wall. It was confirmed that ShB

Fig. 4.4 Coefficient of flow resistance (Re = 3.5 × 104, C = 50 mm)

Fig. 4.5 Definition of blocks  (divergent channel of α > 0° and C = 50 mm)
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Fig. 4.6 Block-averaged Sherwood numbers (C = 50 mm)

for C = 30 mm and 70 mm shows quite similar distributions as Fig. 4.6.
In the divergent channels of α > 0° shown in Fig. 4.6(a), ShB shows the local maximum at the

entrance of the test section and decreases in the flow direction up to Block 6. The influence of
inclining the partition wall on the ShB distribution can not be observed so clearly in the region
before the turn. In the region after Block 8, namely in the downstream half of the test section, the
values of ShB increase as the inclination angle is increased. As a whole, in the present divergent
channels, the qualitative characteristics of ShB distributions for smaller α agree well with those for
larger α. It should be, however, noted that ShB attains the maximum in Block 10 for relatively
small α (α = 0° and +2°) but, in the channels with larger α, the maximum ShB appears in Block 9
which is located just downstream of the turn section.
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Figure 4.6(b) shows the results for the convergent channel. In contrast to the divergent chan-
nel in Fig. 4.6(a), the influence of the inclination angle on ShB can be observed in the whole region
of the mass transfer test section, and the qualitative characteristics of ShB distribution, as well as
quantitative ones, change remarkably with the inclination angle α. As the inclination of the parti-
tion wall is increased, ShB increases in all blocks except for Block 9, and the local maximums of
ShB tend to appear not only in Block 10 but also in Blocks 7 and 8, i. e., inside the turn section. The
local maximums in Blocks 7 and 8 become larger with the increase in α, whereas those in Block
10 are almost independent of α. Under the condition of large inclination angles, quite high values
of ShB are maintained in the convergent section after the turn.

From the ShB distributions shown here, it is expected that the uniformity in the distribution of
the local heat transfer rates can be improved in the convergent channels, whereas the non-unifor-
mity of the local Sherwood number distribution may be increased in the divergent channels. In
order to examine the local heat (mass) transfer characteristics in these channels in more detail, the
maps of the local Sherwood numbers are presented in the next section.

4.3.3 Local Sherwood Number Distribution for a Medium Turn Clearance

Figure 4.7 shows the typical distribution of the local Sherwood number Sh which was ob-
tained in the standard channel with a parallel partition wall (α = 0°) and a medium turn clearance
(C = 50 mm). Here, at first, the characteristics of Sh distribution in the standard channel shown in
Fig. 4.7 are reviewed briefly. Then, Sh maps obtained in the channels with an inclined partition
wall for the medium turn clearance of C = 50 mm are shown, and in the next section the influence
of the turn clearance C on the local mass transfer characteristics is discussed.
(1) Standard channel (α = 0°)

This result is the same as that shown in Fig. 2.13 but, in order to examine the influence of the
inclination of the partition wall on the Sh distribution, the local heat (mass) transfer characteristics
in this standard channel are briefly reviewed here.

In the straight section before the turn of Fig. 4.7, Sh shows remarkably large values near the
entrance of the channel, and then it decreases in the flow direction due to the development of the
concentration boundary layer. In the turn section, Sh increases gradually in the flow direction, and
it rises very steeply to attain the local maximums near the junction with the end wall in Block 7
and the junction with the outer wall in Block 8. On the other hand, in the corner of the upstream
half of the turn section, there appears a low Sh region that corresponds to the flow separation caused
by the abrupt change of the flow direction.

In the straight section after the turn, there appears a region of relatively low Sh along the wall

Fig. 4.7 Local Sherwood number distributions in the standard channel
(α = 0°, C = 50 mm)



43Heat (Mass) Transfer Characteristics in Serpentine Flow Passages with a Sharp Turn

near the tip of the partition wall. Sh then increases in the streamwise direction, and attains the local
maximum in Block 10. This means that the flow separates at the partition-wall tip, forms a separa-
tion bubble along the partition (inner) wall, and then reattaches in Block 10. In Block 10, the re-
gion of high Sh-values occupies most part of the block and no spanwise deviations are observed in
Sh distribution; thus the location of flow reattachment can not be specified from this Sh map on the
bottom wall. As described in Chapter 2, however, it has been elucidated from the Sh distributions
on all channel walls that this separated flow reattaches on the inner wall.
(2) Divergent channel (α > 0°)

Next, the results obtained in the divergent channels are examined in detail. Figures 4.8 (a), 4.8
(b), and 4.8 (c) show the Sh maps for α = +2°, +4°, and +6°, respectively, with a medium turn

Fig. 4.8 Local Sherwood number distributions in the divergent channels (C = 50 mm)
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clearance C = 50 mm. In the divergent section before the turn, there appear the regions of rela-
tively low Sh near the short-side walls in Blocks 4 and 5, and these low Sh regions tend to extend
toward the central area of the channel as the inclination angle is increased.

In the upstream half of the turn section (Block 7) of all divergent channels presented here, as
similar to the standard channel shown in Fig. 4.7, Sh increases gradually in the flow direction and
attains the local maximum near the junction with the end wall. Near the corner in Block 7, the low
mass transfer region which corresponds to the flow separation and recirculation can be observed,
and Sh in this region becomes lower as the inclination angle or divergence of the flow passage is
increased. As a whole, Sh-values in the upstream half of the turn section in the divergent channels
are smaller than those in the standard channel. In the downstream half of the turn section (Block
8), Sh shows larger values as α is increased. Such increase of Sh in Block 8 with α can be recog-
nized more clearly from the distribution of block-averaged Sherwood numbers shown in Fig. 4.6
(a), in which ShB-values in Block 8 of the divergent channels are larger than those of the standard
channel.

Characteristics of the Sh distribution after the turn, in Blocks 9 to 14, are much influenced by
the inclination angle of the partition wall. At first, the Sh distribution for α = +2° shown in Fig. 4.8
(a) is examined in detail. Near the partition-wall tip in Block 9, the region of relatively low Sh
corresponding to a separation bubble is observed, but the scale of this low Sh region is consider-
ably smaller than that appears in the standard channel shown in Fig. 4.7. Similar to the standard
channel, Sh shows rather high values in a narrow region along the outer wall in and after the turn
section (Blocks 8 and 9). The major high Sh region of Fig. 4.8 (a), however, appears in the parti-
tion-wall side after the separation bubble in Blocks 9 and 10 (white region in the figure). Such a
deflection of the high Sh region to the partition-wall side, which was not observed in the standard
channel, suggests that the flow separated at the partition-wall tip reattaches on the partition wall.
The maximum Sh that appears in Block 10 is much larger than that observed in the standard
channel. After Block 11, Sh distribution in Fig. 4.8 (a) is quite uniform in the spanwise direction.

As the inclination angle of the partition wall is increased, the values of Sh in the divergent
section after the turn become larger. In Fig. 4.8 (b) showing the Sh map obtained in the channel of
α = +4°, the low Sh region corresponding to the separation bubble disappears and Sh attains the
maximum in Block 9, not in Block 10, located just downstream of the turn section. In the channel
of α = +6° shown in Fig. 4.8 (c), the white region of Sh > 400 occupies almost whole area of
Blocks 9 and 10 and, as recognized from the ShB distribution shown in Fig. 4.6 (a), the maximum
Sh appears in Block 9 as similar to the channel of α = +4°. It is thought that such high mass trans-
fer rates near the turn exit for larger inclination angles are caused by the primary flow with high
velocity, which is accelerated in flowing through the narrow turn exit, rather than by the reattach-
ment of the flow separated at the partition-wall tip. Because the primary flow after the turn is
decelerated in the streamwise direction due to the divergence of the flow passage, Sh decreases
quite rapidly in the flow direction after the high Sh-values in Blocks 9 and 10. Influence of the
inclination angle on Sh-values can be still observed near the exit of the test section.
(3) Convergent channel (α < 0°)

The Sh maps obtained in the convergent channels with α = –2°, –4°, and –6° are shown in
Figs. 4.9 (a), 4.9 (b), and 4.9 (c), respectively. The turn clearance C is 50 mm in all channels. 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, and thus Sh in all convergent channels presented in Fig.4.9
shows larger values than that observed in Figs. 4.7 and 4.8. As recognized from the ShB distribu-
tions as well, Sh in this section before the turn becomes larger as the inclination of the partition
wall is increased.

In the turn section also, Sh in the channel with a larger inclination angle generally shows higher
values. In particular, near the end wall in Block 7 and the outer wall in Block 8, there exist the high
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mass transfer regions of Sh > 400 (white regions). They expand as the inclination of the partition
wall is increased and, in the channel of α = –6° shown in Fig. 4.9 (c), the region of Sh > 400
occupies most part of the turn section. The mechanism of such high mass transfer rates near the
short-side walls is considered to be similar to that for the standard channel, and it can be explained
as follows. The primary flow that enters the turn section from the convergent section once im-
pinges on the end wall, and then this impinging flow is forced to change its direction by the end
wall and it partly impinges again on the long-side wall, i. e., on the mass transfer surface. This
second flow-impingement on the long-side wall causes the high Sh-values near the end wall. As
the inclination angle is increased, the cross-sectional area at the turn entrance is decreased and
consequently the flow that impinges on the end wall (and on the long-side wall as well) has higher

Fig. 4.9 Local Sherwood number distributions in the convergent channels (C = 50 mm)
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velocity. As a result, in the convergent channel with a larger inclination angle, the local mass trans-
fer near the end wall is enhanced more effectively. The high Sh region observed near the outer wall
in Block 8 is also produced by the similar mechanism as that near the end wall.

In Block 9 located just downstream of the turn exit, the low mass transfer region which corre-
sponds to the separation bubble is observed near the partition-wall tip of all channels in Fig. 4.9.
This low Sh region occupies larger area than that observed in the standard channel (Fig. 4.7), and it
expands upstream toward the turn section (Block 8) as the inclination angle is increased. On the
other hand, near the outer wall in Blocks 9 and 10 of the convergent channels, Sh shows relatively
large values. These characteristics of Sh distribution observed in Fig. 4.9 suggest that, in the con-
vergent channels, a rather large separation bubble is formed near the partition-wall tip, and the
separated flow reattaches on the outer wall. The wall on which the flow reattachment occurs in the
present convergent channels is just opposite to that in the standard and the divergent channels with
C = 50 mm.

As described above, in Block 9, the low Sh region near the partition-wall tip and the high Sh
region near the outer wall coexist, and they compensate each other in calculating the block-aver-
aged Sherwood number ShB. This is the reason ShB in Block 9 for the convergent channel, shown
in Fig. 4.6 (b), is almost constant irrespective of the inclination angle of the partition wall. After
the separation bubble, Sh in Fig. 4.9 decreases in the streamwise direction; if compared at the same
streamwise location, Sh for a larger inclination angle shows higher values than that for smaller
one. It should be also noted that Sh after Block 11 in the convergent channel is generally larger
than that in the corresponding region of the divergent channel.

4.3.4 Influence of Turn Clearance on Sh Distribution

In this section, the influence of the turn clearance on the Sh distribution is examined in the
channels with α = +4° and –4°. At first, Sh distributions in the divergent channels (α = +4°) are
compared in detail. Figures 4.10 (a) and 4.10 (b) show the Sh maps obtained in the divergent chan-
nels with a turn clearance of C = 30 mm and 70 mm, respectively. In general, global characteristics
of the Sh distributions in the divergent channels with different C agree qualitatively with one an-
other, albeit some differences are observed in and after the turn section as follows. In the channel
with C = 30 mm, the low Sh region observed in the corner of Block 7 is reduced in scale compared
to that in the channel with C = 70 mm, and Sh-values in the turn section are generally larger than
those in other divergent channels with α = +4°. Near the turn exit, Sh reaches the local maximum.
The value of this local maximum in Sh for the channel with C = 30 mm is larger than that in the
divergent channels with larger turn clearances. Such difference in Sh-values attributed to the turn
clearance, however, diminishes quite promptly, and the values of Sh near the exit of the test section
in Figs. 4.10 (a) and 4.10 (b) are almost in the same level as those observed in the channel with C =
50 mm [Fig. 4.8 (b)]. From a close comparison of Sh-values in Blocks 11 to 14 in Fig. 4.8 and Fig.
4.10, it follows that in the divergent channels the inclination angle of the partition wall is more
dominant to the local mass transfer in this region than the turn clearance.

Next, Fig. 4.11 shows the Sh maps obtained in the convergent channels (α = –4°) with C = 30
mm and 70 mm. In the channel with C = 30 mm shown in Fig. 4.11 (a), Sh in the downstream half
of the test section is much larger than that of the convergent channel with C = 50 mm [Fig. 4.9 (b)]
because of the contraction and acceleration of the primary flow through the narrow turn clearance.
The qualitative characteristics of the Sh distribution in the present convergent channel with a nar-
row turn clearance are, however, quite similar to those with a medium turn clearance. That is, a
low Sh region corresponding to the separation bubble is observed near the partition-wall tip, whereas
there appears a high Sh region along the outer wall.

In the channel with a larger turn clearance of C = 70 mm shown in Fig. 4.11 (b), Sh-values in
and after the turn section are smaller than those in the convergent channel with C = 50 mm. How-
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Fig. 4.10 Local Sherwood number distributions in the divergent channels (α = +4°)

Fig. 4.11 Local Sherwood number distributions in the convergent channels (α = – 4°)
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ever, the quantitative difference in Sh-values between the convergent channels with C = 50 mm
[Fig. 4.9 (b)] and C = 70 mm [Fig. 4.11 (b)] is not so large as that between C = 50 mm and C = 30
mm [Fig. 4.11 (a)].

In the convergent section after the separation bubble of Fig. 4.11 (b), in Blocks 10 to 14, Sh
shows quite a uniform distribution in the spanwise direction, and the high Sh region that was ob-
served in the outer-wall side in the channels with narrower turn clearances [Figs. 4.9 (b) and 4.11
(a)] does not appear so clearly. Such a tendency that Sh distribution after the turn becomes more
uniform in the spanwise direction as the turn clearance is increased was also observed in the stan-
dard channels described in Chapter 2. Detailed comparison of Sh in Blocks 11 to 14 in Fig. 4.10
and Fig. 4.11 reveals that the influence of the turn clearance on Sh-values after the turn appears
more clearly in the convergent channels than in the divergent channels. It follows that, in the
convergent channels, both the inclination angle of the partition wall and the turn clearance are
dominant to the local mass transfer rates after the turn.

4.4 Assessment of Heat-Transfer Performance

As described so far, the heat transfer characteristics and pressure loss in the serpentine chan-
nels with a sharp turn are greatly altered by inclining the partition wall. One of the purposes of this
study is to find out the optimum combination of the inclination angle and the turn clearance that
can achieve both the enhancement of mean heat transfer and the improvement of the local heat
transfer uniformity concurrently without a considerable increase of pressure loss. Hence, in this
section, the heat (mass) transfer performance of the channels are examined based on the trade-off
between the mean mass transfer rates and the pressure loss, and uniformity of the local Sherwood
number distributions.

At first, in order to evaluate the increases of mean mass transfer rates and of pressure loss, we
have calculated ratio of the mean Sherwood number to the coefficient of flow resistance, Shm/K,
and show its variation against α in Fig. 4.12. In general, the values of Shm/K increase as the turn
clearance is increased, and the maximum of Shm/K is found in the channel with C = 70 mm and α

Fig. 4.12 Ratio of mean Sherwood number to coefficient of flow resistance
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= –2°. Therefore it follows that, from a viewpoint of the trade-off between the mean mass transfer
rates and pressure loss, the highest heat transfer performance can be obtained in the convergent
channel with C = 70 mm and α = –2°. The standard channel (α = 0°) with C = 70 mm and the
convergent channel with C = 50 mm and α = –2° also give rather good results.

Next, the uniformity of the local Sherwood number distributions should be examined quanti-
tatively. In order to evaluate it, we have calculated the deviation of the local Sherwood numbers
from the mean Sherwood number, i. e., (Sh-Shm)/Shm, and have plotted its frequency in the form of
histogram. Figure 4.13 shows the results for α = –4°, 0°, and +4° with C = 30 mm, 50 mm and 70
mm. The abscissa shows the values of (Sh-Shm)/Shm, and the ordinate shows the frequency, i. e. the
number of times. The closer the frequency is distributed around the value of (Sh-Shm)/Shm = 0, the
more uniform Sh is distributed over the long-side wall. From this figure, it is found that the fre-
quency tends to concentrate around (Sh-Shm)/Shm = 0 as the turn clearance is increased, and that
the convergent channel (α = –4°) gives better uniformity than the standard (α = 0°) and divergent
(α = +4°) channels. Similar trend was also obtained in the channels with other inclination angles.

In order to determine the optimum combination of C and α for improving the uniformity of
the Sh distribution, the standard deviation of the local Sherwood number, denoted as σ, has been
calculated for all channels tested in this study. The variations of σ against α are shown in Fig. 4.14.
As estimated from the result shown in Fig. 4.13, the values of σ decrease as the turn clearance is
increased; the minimum σ can be obtained under the condition of C = 70 mm and α = –2° or –4°.
Since the lower value of σ corresponds to the higher uniformity of the Sh distribution, it follows
that the combination of C = 70 mm and α = –2° or –4°, i. e., convergent channels with a wide turn
clearance, is optimum condition for obtaining the most uniform distribution of local heat (mass)
transfer rates.

Fig. 4.13 Frequency of deviation of the local Sherwood numbers from the mean Sherwood numbers
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From the above-mentioned results of heat (mass) transfer enhancement versus increase of pres-
sure loss, and the uniformity in the distribution of local heat (mass) transfer rates, it can be con-
cluded that the best performance of heat transfer can be achieved in the convergent channel of α =
–2° with C = 70 mm. With this channel, both the enhancement of mean heat transfer and the im-
provement of local heat transfer uniformity can be achieved concurrently without an increase in
the pressure loss. The experimental results described in this paper are limited to the long-side wall
of the channel but, at the present stage, it follows that the convergent channel is more advanta-
geous than the divergent channels in the points of both the mean and local heat transfer character-
istics.

4.5 Conclusions

In this chapter, the heat (mass) transfer characteristics in the rectangular cross-sectioned ser-
pentine channels with an inclined partition wall have been elucidated; six inclination angles have
been tested for three turn clearances under a single Reynolds number. Based on the results of the
experiments, the optimum combination of the inclination angle and the turn clearance has been
examined from a viewpoint of enhancing the mean heat transfer and increasing the uniformity in
the distribution of the local heat transfer rates. Main results are summarized as follows.

(1) In the convergent channels (α < 0°), the mean Sherwood number Shm increases as the
inclination of the partition wall is increased, whereas Shm in the divergent channels (α > 0°) is
almost constant or decreased against α. In general Shm shows higher values as the turn clearance is
decreased but, in the divergent channels, the dependence of Shm on C is rather weak. In both the
convergent channels and the divergent channels, the flow resistance increases as the absolute value
of α is increased or as the turn clearance is decreased.

(2) The distribution of the block-averaged Sherwood number ShB in the divergent channels
is qualitatively similar to that in the standard channel with a parallel partition wall (α = 0°), and
the maximum ShB appears after the turn section, in Block 9 (large α) or Block 10 (small α). On the
other hand, in the convergent channels, the qualitative characteristics of ShB distribution, as well as

Fig. 4.14 Standard deviation of local Sherwood numbers
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quantitative ones, change remarkably with α. As the inclination of the partition wall is increased,
ShB increases in all blocks except for Block 9, and the local maximums of ShB appear not only
after the turn (in Block 10) but also inside the turn section (in Blocks 7 and 8).

(3) In the divergent channels, the local Sherwood number Sh before the turn is somewhat
smaller than that in the standard channel (α = 0°); in the downstream half of the test section, how-
ever, Sh is larger than that in the standard channel and it shows larger values as α is increased. In
the channels of α = +4° and +6°, the low Sh region corresponding to the separation bubble near the
partition-wall tip almost disappears, and Sh attains the maximum in Block 9, not in Block 10,
located just downstream of the turn exit.

(4) In the convergent channels, Sh in the upstream half of the test section is larger than that
in the standard channel. After the turn section, quite a large separation bubble is formed near the
partition-wall tip, while there appears a high Sh region near the outer wall. Sh after the separation
bubble increases as the inclination of the partition wall is increased, and it is larger than that in the
corresponding region of the divergent channel.

(5) In general, global characteristics of Sh distributions in the divergent channels with dif-
ferent turn clearances agree qualitatively with one another, and the inclination angle of the parti-
tion wall is more dominant to the local mass transfer after the turn than the turn clearance. On the
other hand, in the convergent channels, the influence of the turn clearance on Sh-values after the
turn appears more clearly than in the divergent channels. It follows that, in the convergent chan-
nels, both the inclination angle of the partition wall and the turn clearance are dominant to the
local mass transfer after the turn.

(6) From a viewpoint of enhancing the mean heat transfer and improving the uniformity in
the distribution of the local heat transfer rates concurrently without an increase of pressure loss,
the best performance of heat transfer can be achieved in the convergent channel with C = 70 mm
and α = –2°.
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