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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 180° 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 180° turns. The heated
test channel in [8] was assenbled 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° 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° 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°
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
irmer (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

rib-roughened 0.063 20 30,000
0.054 10 30,000

Case No, Channel condition e/D P/e Re
1 smooth 0 0 30,000
2 smooth 0 0 60,000
3 rib-roughened 0.063 10 30,000
4 rib-roughened 0.063 10 60,000
5
6

rib—-roughened

EXPERIMENTAL 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 i

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

2z0z Atenuer g| uo jsenb Aq jpd v | | -16-98-€1.060100A/¥0896EZ/E LOVE0LY00N/ELE6L/986 | LO/APd-sBuipeadoid; | ©/610°swse uonos|joojeybipawse//:dny woly papeojumoq



X/D=13

X/D=12

X Inner wall

(atter turn)
Inner wall
(betors tum}

—-| o] ‘-— (?e%o;uum)

Figure 2. Sketch of the three-pass square channel with
the sharp 180° turn

two pieces each of 0.325 cm (0.125 in.) thickness,
bonded together by double-sided tape to form a single
s01id 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. 1In order to simulate the actual
turbine cooling passages, the ratio of the upstream
(and downstream) channel length to the chamnel 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
experinent 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.

Pr re

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.

Outer wall {in turn}

CL~-CENTER LINE
LL.- INNER LINE
QL.- QUTER LINE

~CL
- L

Outer wall Quter wail
(after turn) 135° 90° 90° 45° (before turn)

R
inner wall Inner wali
(atter turn) 18— o {before turn)
X/ =12 E55 X/De12
ESECNCEEE
op walt = Top wall
(atter turn) ot (before
M == = X/De8
_(J ' [ 1 L
4
= sd= 433 3=

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

m o= pg + Az/At (1)

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

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

hy = m"/ (e, - o) (2)

where p, and py, are the naphthalene vapor density at
the measurement point and the bulk naphthalene vapor
density, respectively. The vapor density, o,, 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, Pps 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 = by /G (3)

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

9D = v/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
Nugselt number by using the heat and mass transfer
analogy as fol lows

Na = (Pr/Sc)t 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 ReV-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 Re¥-8 pr0-4 (sc/pp)T (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 D
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° turn, the local
Sherwood number ratios are tabulated in Figure 6. At
Re = 30,000, the Sherwood number ratios along the
irnerline of the top wall before the turn, right after
the turn, and at about 1.5 D after the turn, are 1.43,
2,02, 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/Sho 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° turn have been noticed. First, the low
heat/magss 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 cuter wall
is higher than that of the inner wall. However, after
the turn, the flow will be pushed back from the outer

Nusselt number in region 2, 3 and 4 on the top wall of
[8], 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° turn (region
4), altbough 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

to the inner wall to thin the boundary layer of the ke Reglon This study Metzger and Sahm [8)
inner wall (flow reattachment) and to thicken the Sh N b
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of the outer wall. before the turn R
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channel with Re = 30,000
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slightly different in terms of the channel aspect ratio
as indicated earlier. This may create slightlg
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 rouah,
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° turn. In general, tbhe
Sherwood number ratio after the turn is higher then
that before the turn on each surface.

Effect of Reynolds number: At Re = 60,000, tkre
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 guite
different. First, the Sherwood number on the inner
wall is much higher than that on the outer wall after
the sharp 180° 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° 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 ) 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.

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.
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0.094, P/e = 10,

CONCLUDING REMARKS

The detailed heat/mass transfer distributions in
and around the sharp 180° 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.

2z0z Atenuer g| uo jsenb Aq jpd v | | -16-98-€1.060100A/¥0896EZ/E LOVE0LY00N/ELE6L/986 | LO/APd-sBuipeadoid; | ©/610°swse uonos|joojeybipawse//:dny woly papeojumoq




For the case of four sided smooth channel, the
heat/mass transfer in and around the sharp 180°
turn is influenced by the presumed flow separation
from the tip of the divider (inner) wall and
secondary flow induced by the centrifugal force
during the turn. Therefore, the Sherwood number
after the turn is higher than that before the
turn; during the turn the Sherwood number along
the innerline of the top wall is lower than that
along the outerline of the top wall, but, after
the turn the Sherwood number on the inner wall is
much higher than that on the outer wall.

For the case of rib roughened channel, the heat/
mass transfer in and around the sharp 180° turn is
not only influenced by flow separation and
secondary flow during the turn, but is also
influenced by the presence of repeated ribs on the
top and bottom walls of the test channel.
Therefore, the Sherwood number on both the smooth
sides (inner and outer walls) and the ribbed sides
(top and bottom walls) is much higher than that of
the four sided smooth channel at the same
locations for the same Reynolds nunber, meanwhile
the Sherwood number distribution in the turn
region is relatively uniform. On the top wall,
the Sherwood nunber before the turn has a uniform
periodic variation in the axial direction, but the
Sherwood number after the turn becomes a
nonuniform periodic variation in both the lateral
and axial directions, with values higher than
before the turn.

In the present study, the Reynolds number has a
very small effect on the Sherwood number ratio
distributions in and around the sharp 180° turn of
the smooth channel. However, the Reynolds number
has marked effect on the Sherwood number ratio of
the ribbed channel. The Sherwood number ratio on
the top (ribbed) wall decreased with the
increasing Reynolds number, but, after the turn,
the Sherwood number ratio on the inner wall is
much higher than that on the outer wall in the
case of higher Reynolds number.

The rib spacing has a moderate effect on the
Sherwood number ratio distributions, in that the
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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