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ABSIRACP

The detailed heat/mass transfer distributions in
and around the sharp 180 degree turn of a three-pass
square channel were determined by using the naphthalene
sublimation technique. The top, bottom, inner
(divider) and outer walls of the test channel were
naphthalene plates. For the case of rib-roughened
tests, the ribs of square cross section were glued
periodically in-line on the top and bottom walls of the
naphthalene channel in a required distribution. The
rib height-to-hydraulic diameter ratios (e/D) were
0.063 and 0.094, whereas the rib pitch-to-height ratios
(P/e) were 10 and 20, respectively. The channel
Reynolds numbers varied from 30,000 to 60,000. The
results showed that, for both the smooth and the ribbed
channels, the Sherwood numbers after the sharp 180
degree turn were higher than that before the sharp 180
degree turn; after the turn the Sherwood numbers of the
inner wall were higher than that of the outer wall.
The results also indicated that the Sherwood numbers on
the top, outer and inner walls of the rib roughened
channel were higher than that of the smooth channel.

NOMENCLATURE

D channel width; also hydraulic diameter
e rib height
h, local mass transfer coefficient, equation (2)
m" local mass transfer rate per unit area,

equation (1)
Nu Nusselt number, equations (5) and (6)
P rib pitch
Pr Prandtl number for air
Re Reynolds number based on channel hydraulic

diameter, equations (6) and (7)
Sc Schmidt number for naphthalene
Sh local Sherwood number, equation (3)
Sho Sherwood number for fully developed turbulent

flow, calculated from equation (7)
t thickness of the inner (divider) wall
At duration of the test run
X axial distance from channel entrance

E	 angle of the turn
diffusion coefficient, equation (4)

Pb	 bulk naphthalene vapor density in the flow
passage

ps 	density of solid naphthalene
w 	local naphthalene vapor density at wall

kinematic viscosity of pure air

INTRODUCTION

In modern gas turbine blades, as depicted in
Figure 1, cooling air is circulated through multi-pass
internal cooling channels to remove heat from the blade
external surfaces, which are directly exposed to the
high temperature gas flows. Turbulence promoters are
often cast onto two opposite walls of the cooling
passages in order to enhance the heat transfer to the
cooling air [1]. In general, the cooling air flow is
not fully developed in the cooling passages, because
the cooling passages are fairly short (X/D = 10) and
have several sharp 180 0 turns. Therefore, the pressure
drop and the heat transfer results obtained from the
conventional fully developed channel flow can not
directly be applied to the design of such flow
passages. The heat transfer and the pressure drop in
curved tubes and in rectangular channels with smooth
1800 bends were enhanced by the secondary flows induced
by centrifugal forces, as indicated in [2-5]. However,
the channel geometries in [2-5] were different from
those in turbine blade cooling passages which can be
better modelled as rectangular channels with sharp 180 0

turns.
Boyle [6] studied the heat transfer in both smooth

and rib roughened square channels with sharp 180 0

turns. The top and bottom walls of the test channel
were heated uniformly by 0.05 mm thick Inconnel foils.
The results showed that the heat transfer increased
sharply in the turn, about three times the fully
developed values, and then decreased rapidly after the
turn. In the ribbed channels, similar trends were
obtained and the local heat transfer coefficients were
found to be much higher than those in the smooth
channels. Since the test channel used in [6] was only
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Figure 1. Cooling concept of a modern multipass
turbine blade [1]

sparsely instrumented with thermocouples, the detailed
heat transfer coefficient distributions in and around
sharp 1800 turns could not be determined.

Metzger, et. al. [7-8] studied the effects of the
turn geometry and the flow Reynolds number on the
pressure drop and the heat transfer in smooth
rectangular channels with sharp 1800 turns. The heated
test channel in [8] was assembled by seventeen separate
copper segments, each with its own foil heater and
thermocouple to provide a uniform surface temperature.
Based on this kind of arrangement, the regionally
averaged heat transfer coefficients of the top, bottom
and side walls, in and around channel turns, were
obtained. The results in the smooth channel showed
that the maximum heat transfer regions, about two to
three times the fully developed values, were obtained
at the downstream from the turn.

The detailed distributions of the heat transfer
coefficient in and around sharp 180° turns is important
for two reasons. First, the detailed heat transfer
distribution data will help engineers to understand the
effect of a sharp 180 0 turn on the surface heat
transfer and to enable them to design effectively
cooled turbine blades which are not susceptible to
structural failure due to uneven thermal stresses.
Second, the detailed local heat transfer distributions
will provide researchers with a data base to develop
numerical models for predicting the flow field and heat
transfer characteristics in such channels.

The naphthalene sublimation technique was
successfully used to determine the detailed heat/mass
transfer distributions on flat plate film cooling
surfaces with one row injection [9]; on the leading
edge cylinder surfaces with oscillation [10]; and on
rib roughened surfaces in high aspect ratio rectangular
straight channels [11]. The same technique was
employed to obtain the detailed heat/mass transfer
distributions in and around the sharp 180 ° turn in a

smooth square channel [12]. The top and bottom
surfaces of the test channel were naphthalene plates.
The results showed that the local heat/mass transfer on
the bottom surface increased sharply entering the turn
and reached a maximum value just before the end of the
180° turn. The highly detailed heat/mass transfer
coefficients at the 180 0 turn were found to be two to
three times the fully developed values. However, the
detailed heat/mass transfer distributions on the outer
wall and the inner wall in and around the sharp 180 0

turn were not measured. Moreover, the effect of
turbulence promoters on the detailed heat/mass transfer
distributions in and around the sharp 180 ° turn in the
rib roughened channels was not determined.

The present investigation was aimed at measuring
the detailed heat/mass transfer distributions in and
around a sharp 180° turn in both the smooth and the rib
roughened channels, by using the naphthalene
sublimation technique. The test section was a three
pass square channel, resembled the turbine blade
cooling passages. The top, bottom, outer and inner
walls of the test channel were naphthalene plates. The
naphthalene surfaces are analogous to surfaces at
uniform temperature. For the case of rough surface
tests, the repeated ribs were placed in-line on the top
and bottom walls of the test channel (i.e., directly
opposed turbulaters). The rib height-to-hydraulic
diameter ratios (e/D) were 0.063 and 0.094; the rib
pitch-to-height ratios (P/e) were 10 and 20,
respectively. The highly detailed heat/mass transfer
distributions on the top (rough), outer (smooth) and
inner (smooth) walls in and around the sharp 180 ° turn
of the test channel were measured for two Reynolds
numbers ranging from 30,000 to 60,000. The test
results for the channel with four sided smooth walls
are also included. A total of six runs were performed
as indicated in Table 1. The paper will first describe
the experimental apparatus, and then the experimental
results will be presented and discussed. The smooth
channel results will be compared with the published
data [8].

Table 1. Runs for smooth and rib-roughened channels

Case No. Channel condition 	e. D 	 Rg

smooth 0 0 30,000
smooth 0 0 60,000
rib-roughened 0.063 10 30,000
rib-roughened 0.063 10 60,000
rib-roughened 0.063 20 30,000
rib-roughened 0.094 10 30,000

EX ERIMENPAL APPARATUS AND PROCEDURE

The main components of the test apparatus are the
test section, an orifice flow meter, a control valve,
and a blower. The entire apparatus, together with the
measuring instruments was situated in an air
conditioned laboratory. The temperature inside the
laboratory was maintained at a constant value over the
entire duration of the tests.

Test Section
A schematic diagram of the test section is shown

in Figure 2. The test section was a square cross-
section three pass smooth channel. The top and bottom
plates and the outer walls of the channel were
constructed of 0.95 cm (0.38 in.) thick aluminum
plates. The inner (divider) wall was constructed of

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1986/79313/V004T09A013/2396804/v004t09a013-86-gt-114.pdf by guest on 18 January 2022



wall
hrn)

wan

Figure 2. Sketch of the three-pass square channel with
the sharp 1800 turn

two pieces each of 0.325 cm (0.125 in.) thickness,
bonded together by double-sided tape to form a single
solid inner (divider) wall of 0.63 cm (0.25 in.)
thickness. The channel height, the channel width and
the gap at the tip of the divider wall measured 2.54 cm
(1 in.), respectively. In order to simulate the actual
turbine cooling passages, the ratio of the upstream
(and downstream) channel length to the channel width,
X/D, and the ratio of the divider wall thickness to the
channel width, t/D, were kept at 13 and 0.25,
respectively.

All of the inside surfaces of the test channel
(upstream and downstream of the top, bottom, outer and
inner walls), which were exposed to the flow of air
during the test run, were hollowed out and filled with
naphthalene by casting against a highly polished
stainless steel plate. The ribs were glued
periodically in-line onto the top and bottom surfaces
of the naphathalene channel (both upstream and
downstream) in a required distribution (P/e = 10 or
20). The repeated-ribs were standard brass rods with a
square cross-section of 0.159 cm square (0.063 in
square) or 0.238 cm square (0.094 in square) for the
corresponding e/D ratio of 0.063 or 0.094,
respectively. The glue thickness of this investigation
was estimated to be less than 0.0127 mm (0.005 in.).

A relatively large metallic baffle was attached to
the inlet of the test section to provide a sudden
contraction entrance condition to the flow. The test
apparatus was operated in the suction mode. Air was
drawn through the test section from the naphthalene-
free laboratory with the help of a blower. The
exhausted air was ducted outside the building.

Instrumentation
The most important part of the mass transfer

experiment was the instrumentation used to measure the
highly detailed distribution of the mass transfer on
naphthalene surfaces. A Starrett electronic depth gage
with an accuracy of 0.00001 in/0.0001 mm (digital
readout) was used to determine the contour of the
naphthalene surface before and after a test run. The
depth gage consists of an electronic amplifier and a
level-type gaging head. The naphthalene plate was
mounted firmly on a coordinate table, which was allowed
to traverse in two perpendicular directions (X-Y)

tangential to the plate surface. The overhung gaging
head measured the surface depths and the data was
recorded on the digital terminal.

Procedure
All the plates, with naphthalene castings, tightly

wrapped in sealed plastic bags to prevent sublimation,
were left in the laboratory for four to six hours to
attain thermal equilibrium. Before a test run, the
surface contours of all the required plates were
measured and recorded. The test section was then
assembled and attached to the rest of the test rig.
The air then passed through a calibrated orifice flow-
meter. During the test run, the air temperature, the
pressure drop across the orifice plate, the static
pressure upstream of the orifice plate and the
atmospheric pressure were recorded periodically. The
contours of the naphthalene surfaces were measured
again after the test run (the duration of which was
about 30 minutes). From the two contour measurements,
the depth changes at various points on the naphthalene
surfaces were calculated. Different measurement
stations and grids for the typical ribbed channels are
shown in Figure 3.
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Figure 3. Grid stations for measurements in and around
in the sharp 180 ° turn

DATA REDUCTION

The mass flux, m", at the measurement point is
calculated by the following equation

= ps • 4Z/4t 	 (1)

where p is the density of solid naphthalene; AZ is the
measure change of elevation at the measurement point;
and At is the duration of the test run.

The local mass transfer coefficient, hm , at any
Leasurement point is given by

hm = m"/(Pw - p b )	 (2)

where pw and pb are the naphthalene vapor density at
the measurement point and the bulk naphthalene vapor
density, respectively. The vapor density, P w, was
determined based on Sogin's vapor pressure-temperature
relation in conjunction with the perfect gas law, with
the measured surface temperature being used as input
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[13]. The bulk vapor density, pb , was evaluated from
the ratio of the cumulative mass of naphthalene
transferred from the channel walls to the air to the
volumetric flow rate of air.

The local Sherwood number is defined as

Sh = t - D/Gg 	 (3)

where D is the channel hydraulic diameter and 9 is the
diffusion coefficient which can be expressed in terra
of the Schmidt number, Sc, as

g = u/Sc 	 (4)

where the Schmidt number, Sc, for naphthalene is 2.5
[13] and v is the kinematic viscosity of pure air.

The local Sherwood number can be converted to
Nusselt number by using the heat and mass transfer
analogy as follows

Nu = (Pr/Sc) r Sh	 (5)

where the Prandtl number, Pr, is about 0.71 for air at
room temperature; and the exponent, r, is 0.4.

The Nusselt number for the fully developed
turbulent channel flow correlated by Dittus and Boelter
was used as the reference for comparison.

Nu = 0.023 Re0.8 Pr0.4 	(6)

By combining equations (5) and (6), the Sherwood
number for the fully developed turbulent channel flow
can be calculated as follows

Sh° = 0.023 Re0.8 Pr0.4 (Sc/Pr) r 	(7)

EXPERIMENTAL RESULTS AND DISCUSSION

The local Sherwood number distributions on the
top, the outer, and the inner walls before, during, and
after the first sharp 180 ° turn of the smooth channel
and the rib roughened channel were obtained for
Reynolds numbers varied from 30,000 to 60,000.
Supplementary experiments were also conducted to
determine the mass transfer, by natural convection,
from the naphthalene surface during the time the
contour of the naphthalene surface was measured. These
experiments showed that the mass loss by natural
convection was on the order of one to seven percent of
the mass transfer during test runs, depending upon the
case number.

Experimental Results for Smooth Channel
Effect of Reynolds number: The experimental

results for the four sided smooth channel are shown in
Figures 4 and 5 for Re = 30,000, and 60,000,
respectively. The vertical coordinate represents the
Sherwood number ratio (Sh/Sho, the ratio of the
measured local Sherwood number to the fully developed
Sherwood number calculated from equation (7)), while
the horizontal coordinate is the X/D ratio (the ratio
of the axial distance from the channel entrance to the
channel hydraulic diameter). Three axial lines
(centerline, innerline, and outerline) on the top wall.,
two axial lines (centerline and innerline) on both the
outer wall and the inner wall were measured before the
turn (X/D = 8 to 12), during the turn ( = 0 ° to 180 ° ),
and after the turn (X/D = -12 to -8), respectively.
The innerline and the outerline are measured 0.64 cm
(0.25 in) from the centerline of the respective wall.
In general, the Sherwood number ratio distributions for
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Figure 4. The local Sherwood number ration in the
smooth channel with Re = 30,000
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Figure 5. The local Sherwood number ratio in the
smooth channel with Re = 60,000

two Reynolds numbers exhibit the same trend. Before
the turn, the Sherwood number on each wall is fairly
uniform and then the Sherwood number increases at the
turn region. After the turn, the Sherwood number on
the inner wall and the innerline of the top wall
increases to reach its maximum value at about 1.5 P
after the turn (X/D = -10.5) and then decreases further
downstream, while the Sherwood number on the outer wall
and the outerline of the top wall decreases right after
the turn and increases at about 1.5 D after the turn
(X/D = -10.5) and then decreases again further
downstream. In general, the Sherwood number ratio
after the turn is higher than that before the turn.
The Sherwood number ratio for Re = 30,000 is higher
than that for Re = 60,000. The uncertainty in the
Sherwood number ratio is estimated to be less than 7
percent.

In order to closely examine the heat/mass transfer
behavior in and around the sharp 180 0 turn, the local
Sherwood number ratios are tabulated in Figure 6. At
Re = 30,000, the Sherwood number ratios along the
innerline of the top wall before the turn, right after
the turn, and at about 1.5 D after the turn, are 1.43,
2.12, and 3.04, respectively, while the Sherwood number
ratios along the outerline of the top wall, at the
corresponding locations, are 1.87, 2.72, and 2.54.
Meanwhile, the Sh/Sh0 along the innerline of the outer
wall and along the inner line of the inner wall, at the
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same corresponding locations, are respectively 1.81,
2.64, 2.46 and 1.70, 2.09, 3.49. Two important flow
phenomena which are believed to affect the flow and
heat/mass transfer characteristics in and around the
sharp 180 0 turn have been noticed. First, the low
heat/mass transfer along the inner wall and the inner
line of the top wall near the turn region may be due to
flow separation from the tip of the divider wall, and
the corresponding high heat/mass transfer at about 1.5
D downstream from the turn (X/D = -10.5) is caused by
flow reattachment. Second, the high heat/mass transfer
along the outer wall and the outer line of the top wall
may be due to the secondary flow (high turbulence
intensity) induced by the centrifugal force during the
turn, and the corresponding low heat/mass transfer
further downstream, after the turn, is caused by the
growth of the turbulent boundary layer. In other
words, during the turn, the flow will be pushed away
from the inner to the outer wall because of the
combined effects of the flow separation from the
divider wall and centrifugal force from the sharp turn.
Therefore, the heat/mass transfer along the outer wall
is higher than that of the inner wall. However, after
the turn, the flow will be pushed back from the outer
to the inner wall to thin the boundary layer of the
inner wall (flow reattachment) and to thicken the
boundary layer of the outer wall, therefore the heat/
mass transfer along the inner wall is higher than that
of the outer wall.

The Smooth Channel Results Comparison: The
present smooth channel results will be compared with
the data reported by Metzger and Sahm [8]. The
dimensionless channel geometry in [8] used for
comparison is very similar to that of the present
study, except that the former is a rectangular channel
with a channel aspect ratio (the ratio of the channel
height to the channel width) of 0.4 while the latter is
a square channel. The average Sherwood number before
the turn (X/D = 10 to 12), during the turn and after
the turn (X/D = -12 to -10) on the top wall of this
study will be used for comparison with the average

Nusselt number in region 2, 3 and 4 on the top wall of
[81, respectively. The average Sherwood number in the
respective regions has been converted to the average
Nusselt number by using the heat and mass transfer
analogy indicated in equation (5). The comparisons
shown in Table 2 indicate that both tested data have
the same trend, in that the average Nusselt number
increases sharply during the turn (region 3) and then
reaches the maximum after the sharp 180 0 turn (region
4), although the data of [8], in general, are lower
than that of this study. At Re = 30,000, the average
Nusselt number before the turn (region 2), during the
turn (region 3), and after the turn (region 4) on the
top wall of [8] is about 27 percent, 27 percent, and 16
percent, respectively, lower than that of the present
study. At Re = 60,000, the respective average Nusselt
number in [8] is about 18 percent, 23 percent, and 5
percent lower. The discrepancy may be caused by two
possible reasons. First, two test sections are

Table 2. The smooth channel results (the top wall) comparison

Re Region This study Metzger and Sahm [8]

0.4 r=0.5

before the turn
(region 2) 183 109 98 80

30,000 during the turn
(region 3) 276 165 147 120

after the turn
(regior 4) 342 205 182 173

before the turn
(region 2) 275 165 147 136

during the turn
60,000 (region 3) 418 251 223 194

after the turn
(region 4) 518 311 276 294
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Figure 6. The tabulated Sherwood number ratio (Sh/Sh o) in the smooth
channel with Re = 30,000
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slightly different in terms of the channel aspect ratio
as indicated earlier. This may create slight!
different flow patterns in and around the sharp 180
turn. Second, the heat and mass transfer analogy shown
in equation (5) may not be exactly applicable for the
present study which involves highly secondary flows
during the sharp turn. For an example, if a value of
the exponent r of 0.5, instead of 0.4 which has been
employed for the current investigation, is used for the
heat and mass transfer conversion, the discrepancy
between two studies will be greatly reduced, as shown
in Table 2.

Experimental Results for Rib-Roughened Channel
The experimental results for the rib-roughened

channel with e/D = 0.063 and P/e = 10 are shown in
Figures 7 and 8 for Re = 30,000, and 60,000,
respectively. The top and bottom walls are rough,
while the inner and outer walls are smooth. At Re =
30,000, the Sherwood number on the top wall has a
uniform periodic distribution between ribs in the flow
direction, until just before entering the 180 ° turn.
After the turn, the Sherwood numbers still show the
similar periodic distribution in the flow direction,
but the outer line has a higher Sherwood number than
that of the inner line. This nonuniform Sherwood
number distribution in the lateral direction is
gradually reduced further downstream from the turn.
Meanwhile, the Sherwood number on both the outer and
inner walls is fairly uniform before entering the 180°
turn and increases during the turn, and then slightly
decreases after the 180 0 turn. In general, the
Sherwood number ratio after the turn is higher than
that before the turn on each surface.

Effect of Reynolds number: At Re = 60,000, the
Sherwood number ratio on the top wall has the same
trend as those at Re = 30,000, except that the former
is slightly lower than the latter. The Sherwood number
on the outer wall, just like those at Re = 30,000, is
fairly uniform before the turn and increases during the
turn and then gradually decreases after the turn.
However, the results on the inner wall are quite
different. First, the Sherwood number on the inner
wall is much higher than that on the outer wall after
the sharp 1800 turn; second, the Sherwood number on the
inner wall slightly increases (instead of slightly
decreases at Re = 30,000) after the sharp turn, as
shown in Figure 8. This may be caused by the combined
effects of flow separation from the tip of the divider
wall and the turbulence produced from the adjacent ribs
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Figure 7. The local Sherwood number ration in the
ribbed channel with e/D = 0.063, P/e = 10,
and Re = 30,000
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Figure 8. The local Sherwood number ratio in the
ribbed channel with e/D = 0.063, P/e = 10,
and Re = 60,000

on the inner wall after the sharp turn, for the case of
higher Reynolds number.

The tabulated Sherwood number ratios for the
ribbed channel with e/D = 0.063 and P/e = 10 are shown
in Figure 9. At Re = 60,000, the Sherwood number ratio
between two adjacent ribs varies from 2.34 to 3.84
before the turn and 2.32 to 4.61 after the turn, while
the Sherwood number ratio during the turn is about 2.3.
Before the turn, the maximum Sherwood number occurs at
the flow reattachment point after flow separation from
the rib; after the turn, the maximum Sherwood number
varies in both the lateral and the axial directions,
because of the combined effects of flow separation from
the rib and complicated flow field after the sharp 180 °
turn. Meanwhile, the Sherwood number on the outer wall
is about 2.0 before the turn, 3.0 during the turn, and
gradually decreases from 3.0 after the turn. As
explained earlier, the Sherwood number on the inner
wall is higher than that on the outer wall and slightly
increases after the turn. It is seen that the heat/
mass transfer in the turn region is relatively uniform
because of the flow separation from the rib before
entering the 180° turn.

By comparing the rough to the smooth channel
(Figure 7 and Figure 4), it is seen that before the
turn the average Sherwood number on the top wall with
repeated-rib rougheners is about 2.2 times that of
without repeated-rib rougheners. Additionally, before
the turn the average Sherwood number on the smooth
walls (the outer and the inner walls) is also enhanced
by about 25 percent due to the turbulence effect
generated by the adjacent ribs.

Effect of rib spacing: The experimental results
for ribbed channel with e/D = 0.063 and P/e = 20 is
shown in Figure 10 for Re = 30,000. The Sherwood
number on the top wall has the same trend as those for
P/e = 10, i.e., uniformly periodic distribution before
the turn, fairly uniform during the turn, and highly
varied periodic distribution after the turn. The
Sherwood number on the outer wall is also fairly
uniform before and after the sharp 180 0 turn. However,
the Sherwood number on the inner wall is higher than
that on the outer wall, especially in the downstream
region after the sharp 180 ° turn. Again, this may be
caused by the combined effects of flow separation from
the tip of the divider wall and the turbulence created
from the adjacent ribs on the inner wall after the
sharp turn, as indicated earlier.

Effect of rib height: The experimental results
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Figure 9. The tabulated Sherwood number ratio (Sh/Sh o) in the ribbed
channel with e/D = 0.063, P/e = 10, and Re = 60,000

for ribbed channel with e/D = 0.094 and P/e = 10 are
shown in Figure 11 for Re = 30,000. In this case,
additional data were taken along the inner most line,
which measured 0.32 cm (0.125 in) from the inner line
of each wall, and along the outermost line, which
measured 0.32 cm from the outer line of the top wall.
As expected, the Sherwood numbers along the center line
and the inner line on both the ribbed and the smooth
walls for e/D = 0.094 are about 5 percent to 15 percent
higher than that for e/D = 0.063 at the same rib
spacing and channel Reynolds number. Additionally, for
the case of e/D = 0.094, the Sherwood number along the
innermost line and the outermost line on the top wall
are about 12 percent to 17 percent higher than that
along the inner line and the outer line, and the
Sherwood number along the innermost line on both the
outer and the inner walls are about 16 percent higher
than that along the inner line. It can be seen that,
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Figure 10. The local Sherwood number ratio in the
ribbed channel with e/D = 0.063, P/e = 20,
and Re = 30,000

for the case of relatively large size rib, the small
periodic variations of the Sherwood number on both the
outer and the inner walls, corresponding to the large
periodic variations on the adjacent ribbed (top) wall,
are also observed. The Sherwood number on the inner
wall, in general, is higher than that on the outer
wall, as shown in Figure 11.

Outer 	 all 	 • tenter line

0	 10007 11723
A Inner moss hoe (1 r. 	 d L 	 C!

1
:_^ i^Niw YY0+1'i ltll

f
- 	 Ir^eYy w*Reed 2"..15

• 	 • Inner .042 	 • center Ilse
inner I49
Inner 024237 1104

	Top wall	 • center 11711 	 ❑ Outer line
A Inner IIne 	 0 032132 01081 line
0 Inner most line 	

0t0

^' tlr^ ,̂r. o •	 ^I	 ^	 O^9^

	

-	 >.	 E1 p 	^ o

	Y A.	 1^7F 	 • " 	 7 	 ° N 	 ^	 v^ e

	E^4 	 4	 S

	before turn	 -. 	 turn 	 ^ 	 after tam

e • 00 45° 90.90° 135° 180'
	X/D = 8	 9	 t0	 11 	 12	 -12 	 -Ii 	 -10	 -9 	 -8

Figure 11. The local Sherwood number ratio in the
ribbed channel with e/D = 0.094, P/e = 10,
and Re = 30,000

CONCLUDING REMARKS

The detailed heat/mass transfer distributions in
and around the sharp 1800 turn on both the smooth and
the rib roughened channels for Reynolds numbers varied
from 30,000 to 60,000 have been studied by using the
naphthalene sublimation technique. The following
conclusions can be drawn.
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For the case of four sided smooth channel, the 3. Mori, 	 Y.,	 and Nakayama, 	 W.,	 "Study on Forced
heat/mass transfer in and around the sharp 180 0 Convective Transfer in a Curved Channel with a
turn is influenced by the presumed flow separation Square Cross Section," Int. J. Heat Mass Transfer,
from the tip of the divider 	 (inner) wall and Vol. 14, 1971, pp. 1787-1805.
secondary flow induced by the centrifugal force 4. Seki, 	 N., 	 Fukusako, 	 S., 	 and Yoneta, 	 M., 	 "Heat
during the turn. 	 Therefore, the Sherwood number Transfer from the Heated Convex Wall on a Return
after the turn is higher than that before the Bend with Rectangular Cross Section," J. Heat
turn; during the turn the Sherwood number along Transfer, Vol. 105, 1983, pp. 64-69.
the innerline of the top wall is lower than that 5. Johnson, 	 R.W., 	 and Launder, 	 B.E., 	 "Local 	 Heat
along the outerline of the top wall, but, after Transfer Behavior in Turbulent Flow around a 180
the turn the Sherwood number on the inner wall is Degree Bend of Square Cross Section," ASME paper
much higher than that on the outer wall. no. 85-GT-68, March 1985.
For the case of rib roughened channel, the heat/ 6. Boyle, R.J., 	 "Heat Transfer in Serpentine Passages
mass transfer in and around the sharp 180 0 turn is with Turbulence Promoters," ASME Paper No. 84-HT-
not only influenced by flow separation and 24, 1984.
secondary flow during the turn, 	 but is also 7. Metzger, 	 D.E., 	 Plevich, 	 C.W., 	 and Fan, 	 C.S.,
influenced by the presence of repeated ribs on the "Pressure Loss Through Sharp 180 Degree Turns in
top and bottom walls of the test channel. Smooth Rectangular Channels," J. of Engineering
Therefore, the Sherwood number on both the smooth for Gas Turbines and Power, Vol. 106, 1984, pp.
sides (inner and outer walls) and the ribbed sides 677-681.
(top and bottom walls) is much higher than that of 8. Metzger, 	 D.E., 	 and Sahm, 	 M.K., 	 "Heat Transfer
the four sided smooth channel at the same Around 	 Sharp 	 180 	 Degree 	 Turns 	 in	 Smooth
locations for the same Reynolds number, meanwhile Rectangular Channels," ASME Paper No. 85-G1'-122,
the Sherwood number distribution in the turn March 1985.
region is relatively uniform. 	 On the top wall, 9. Goldstein, R.J., and Taylor, J.R., "Mass Transfer
the Sherwood number before the turn has a uniform in the Neighborhood of Jets Entering a Cross
periodic variation in the axial direction, but the Flow," ASME Paper No. 82-HT-62, 1982.
Sherwood number 	 after 	 the	 turn becomes 	 a 10. Marziale, 	 M.L.,	 and Mayle, R.E., 	 "Effect of an
nonuniform periodic variation in both the lateral Oscillating Flow Direction on Leading Edge Heat
and axial directions, with values higher than Transfer," J. of Engineering for Gas Turbines and
before the turn. Power, Vol. 106, January 1984, pp. 222-228.
In the present study, the Reynolds number has a 11. Sparrow,	 E.M., 	 and Tao, W.Q., 	 "Enhanced Heat
very small effect on the Sherwood number ratio Transfer 	 in	 a Flat 	 Rectangular Duct with
distributions in and around the sharp 180 ° turn of Streamwise-Periodic Disturbances at One Principal
the smooth channel. 	 However, the Reynolds number Wall," J. Heat Transfer, Vol. 105, 1983, pp. 851-
has marked effect on the Sherwood number ratio of 861.
the ribbed channel. 	 The Sherwood number ratio on 12. Han,	 J.C., 	 Chandra, 	 P.R.,	 and Lau, 	 S.C., 	 "Local
the 	 top	 (ribbed) 	 wall	 decreased with the Heat/Mass Transfer Distribution around Sharp 180
increasing Reynolds number, but, after the turn, Degree Turn in a Smooth Square Channel," Symposium
the Sherwood number ratio on the inner wall is on Transport Phenomena in Rotating Machinery,
much higher than that on the outer wall in the Honolulu, April. 28 - May 3, 1985.
case of higher Reynolds number. 13. Sogin, 	 H.H.,	 "Sublimation from Disks to Air
The rib spacing has a i oderate effect on the Streams Flowing Normal to Their Surfaces," Trans.
Sherwood number ratio distributions, in that the of ASME, Vol. 80, 1958, pp. 61-69.
Sherwood 	 number	 ratio 	 decreases 	 with	 the
increasing rib spacing. 	 However, the rib height
has more effect on the Sherwood number ratio
distributions, in that the Sherwood number on both
the smooth and ribbed walls increases with
increasing the rib height.
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