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Experiments have been conducted to study the local heat (mass) transfer distributions in a
two-pass test model of internal turbine blade cooling passages, with 60 ribs on the leading
and trailing walls. For radial outward flow in the first pass, rotation did not significantly
increase the local nor the overall heat (mass) transfer between consecutive ribs on the trailing
wall. Rotation-induced Coriolis force lowered the relative overall heat (mass) transfer on the
leading wall less in the rib-roughened channel than in a smooth channel. When the rotation
number was high, there were twin peaks in the local heat (mass) transfer distribution between
ribs on the leading wall. For radial inward flow in the second pass, the sharp turn reduced the
difference between the heat (mass) transfer.on the leading wall and that on the trailing wall.
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INTRODUCTION

Airfoils in modern gas turbine engines are cooled
with air that flows through rib-roughened serpen-
tine channels, and bleeds through film cooling
holes. The flow patterns in these internal channels
and the heat transfer distributions on the channel
walls are very different from those in stationary
straight channels with smooth walls. In a cooling
channel in a gas turbine airfoil, Coriolis force
pushes the airflow toward various walls, depending
on the flow direction and the orientations of the
walls with respect to the rotating axis. Cross-
streamwise variation of the buoyancy force causes

radial secondary flow. Centrifugal force in a sharp
turn induces flow impingement on the various walls
at the turn. Ribs force spatially periodic flow
separation and reattachment. With angled ribs,
near-wall secondary flows along the directions of
the rib axes enhance the asymmetry ofthe boundary
layers near the ribbed walls. The interactions
among the forces in the flow due to rotation, sharp
turns, and ribs result in large variations of the local
heat transfer coefficient on the walls of an internal
cooling channel in a turbine airfoil.
The dimensionless parameters governing the

flow field in a rotating frame are the Reynolds
number, the rotation number, and a buoyancy
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parameter. These parameters may be considered as
ratios of the inertial, viscous, Coriolis, and buoy-
ancy forces. Factors that affect the heat transfer
distribution, for air flow through a rotating multi-
pass channel, also include the flow entrance
conditions, the thermal boundary conditions, the
main flow direction (radial outward or inward), the
channel shape and orientation, the geometries of
the turns, and the rib configuration.

Extensive heat transfer results are available in the
literature for straight and multipasg, rib-roughened
channels, rotating about perpendicular axes.
Published results were reviewed in recent publica-
tions such as Tse and Steuber (1996) and Park et al.
(1998). Wagner et al. (1992) and Johnson et al.
(1993, 1994) investigated the heat transfer in multi-
pass square channels with ribs normal and skewed
to the flow. Johnson et al. (1993) also studied the
effect of model orientation on the heat transfer in
rotating multipass square channels with ribbed
walls. Parsons et al. (1994) and Zhang et al. (1995)
reported results on the effect of varying the wall
temperatures on the heat transfer in a two-pass
square channel with normal and angled ribs.

It should be apparent that almost all of the
published experimental results on heat transfer in
rotating channels are regional average results. In
this investigation, the detailed local heat transfer
distributions on the walls of a rotating, two-pass,
square channel, with 60 ribs on the leading and
trailing walls, are determined using the naphthalene
sublimation technique and the heat/mass transfer
analogy (Goldstein and Cho, 1995). The test channel
models the cooling channels in turbine airfoils.
Attention is focused on the heat (mass) transfer
distributions on the leading and trailing walls of the
test channel. Since the maximum variation of the
density of the naphthalene vapor-air mixture that
passed through the test channel during any experi-
ment was only about 0.05%, the density variation
effect was negligible. Therefore, this investigation
examines only the effects of the Coriolis force, the
turn, and the ribs, but not the buoyancy force, on

the local heat (mass) transfer distributions. The
detailed local results of this investigation will enable

better understanding of the effects of rotation, a

sharp turn, and angled ribs on the local heat (mass)
transfer distribution in a square channel, and will
help improve the design of serpentine cooling
channels in turbine airfoils.

TEST APPARATUS AND PROCEDURE

The test section was a two-pass channel with a

sharp 180 turn, constructed entirely of alumin, m.
It had a 1.59cm by 1.59cm square flow cross
section. The two straight segments are 0.11 m long,
or seven-hydraulic-diameter long. The test section
had seven separate walls: two principal walls, two
inner walls (each of which is one-half of the wall
that separates the two straight segments), two outer
side walls, and an end wall (see Fig. 1). Naphthalene
in shallow cavities covered the inner surfaces of the
walls. Once these walls were assembled for an

experiment, the interior surfaces of the test section
were all mass transfer active, and the total thickness
of the two inner walls was one-half of the channel
hydraulic diameter or the channel width.

Ribs were cut from 1.59 mm by 1.59 mm, square,
balsa wood strips. Therefore, the height of the ribs
was one-tenth the channel height or the hydraulic
diameter. The ribs were attached with epoxy on the
two straight segments of the two principal walls.
The angle between the axis of each rib and the main
flow direction was 60 The rib arrays on the two

opposite principal walls were aligned and parallel.
The rib pitch was equal to the hydraulic diameter of
the test channel. The ribs were coated with
naphthalene with a brush.

Figure 2 shows how the seven walls of the test
section were assembled inside a rectangular
aluminum housing that had two parallel square
channels separated by a 0.79cm thick wall. Once
the seven individual walls were secured inside this
housing, the assembly consisted of an entrance

channel, the two-pass test channel, and an exit
channel. The entrance and exit channels had the
same square cross section as the test section, and
had lengths of 10 and 20 hydraulic diameters,
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FIGURE Separate naphthalene-coated walls of the test section.
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FIGURE 2 Schematic of the two-pass test channel in the entrance/test/exit channel assembly.

respectively. The end of this assembly with the
outlet of the exit channel was welded to an

aluminum disk. The disk was attached with screws
to one end ofa short horizontal aluminum tube that
was affixed to the vertical steel shaft of a rotation
test rig, such that the mean rotating radius of the
test section was 30 times the channel hydraulic
diameter.
The vertical rotating shaft was supported by two

bearings in a cage that was constructed of two large
0.64cm thick steel plates and heavy steel square
tubes (see Fig. 3). Steel mesh, reinforced with

steel angles and thick plywood boards, fenced the
vertical faces of the steel cage. A five-horsepower
electric motor drove the shaft with a belt and two
pulleys. As shown in Fig. 2, an aluminum contain-
ment tube enclosed the entire entrance/test/exit
channel assembly. The entrance/test/exit channel
assembly and the containment tube were balanced
by a second aluminum tube of the same diameter as

the containment tube. The latter aluminum tube
was affixed to the other end of the short horizontal
aluminum tube in the middle and was equipped
with an adjustable sliding counterweight.
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FIGURE 3 The rotation test rig.

Air at room temperature was drawn through
bleed holes in the containment tube and then the
entrance/test/exit section assembly with a centrif-
ugal blower. The air then flowed through the
hollow rotating shaft, a rotating union, a calibrated
orifice flow meter, and a gate valve, before it was
ducted to an exhaust hood.
To obtain the distributions of the local mass

transfer coefficient on the two principal walls of the
test section, the elevations at a grid of up to about
750 points on the surface of each wall were
measured and recorded at the beginning and the
end of each test run. To measure the surface
contour on a test wall, the wall was affixed firmly
on an X-Y coordinate table that was equipped
with stepper motors to traverse the test wall in a
horizontal plane. An electronic depth gage with a
resolution of 2.5 10-4mm was used to measure
the surface elevations at the grid points. The depth
gage consisted of a lever-type sensor connected to
an electronic amplifier. The stepwise movement of
the coordinate table and the recording of output
data were controlled with a microcomputer that
was equipped with an A/D board.
An electronic balance with a resolution of either

0.01 or 0.1 mg was used to weigh the seven walls.
Two manometers measured the pressures at the
orifice flow meter, and thermocouples measured

the inlet air temperature and the air temperature at
the orifice flow meter. An electronic tachometer
was used to measure the rotational speed.
At the beginning of a test run, all seven walls of

the test channel were weighed and the initial
elevations at the grid of points on the naphtha-
lene-coated surface of each of the two principal
walls were obtained. The individual walls of the test
section were then quickly secured in the entrance/
test/exit channel assembly in the containment tube.
It should be pointed out that the test section was
designed so that the seven walls could be assembled
(or disassembled) very quickly to minimize extra-
neous mass losses from the naphthalene-coated
surfaces of the walls.

After the motor was switched on to rotate the test
section at the desired angular velocity, air was
drawn through the test section with the blower.
A test run lasted one to two hours. During the run,
the air flow rate and the air temperatures were
monitored and recorded periodically. At the end of
the run, the walls of the test section were removed
from inside the containment tube. Each wall was
weighed and the elevations at the same grid of
points were measured again.

Separate experiments were carried out to deter-
mine the correction to the local mass transfer that
was necessary to account for convection mass losses
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during motor and blower start up and shut down,
and while the local and overall measurements
were conducted.

DATA REDUCTION

The local mass transfer coefficient is evaluated as

hm ](/ltt/( Pw Pb). (1)

The mass flux, A;/", at each measurement point is
evaluated from the density of solid naphthalene, the
change of elevation during a test run, and the
duration of the test run, after applying the correc-
tion that is necessary to account for the mass
losses at the beginning and the end of the test run.

lfl" ps Az/At. (2)

In Eq. (1), the naphthalene vapor density at the
wall, pw, is calculated using the ideal gas law along
with the vapor pressure-temperature relation for
naphthalene according to Eq. (1) in Ambrose et al.
(1975). Since the naphthalene vapor density at the
wall is constant, the boundary condition on the
naphthalene surfaces in this investigation corre-
sponds to the thermal boundary condition of
uniform wall temperature.
The bulk density at the inlet of the test section is

zero. The bulk density at the test section exit is
obtained from the weights ofthe test section walls at
the beginning and at the end of a test run, and the
volumetric flow rate. The bulk density of naphtha-
lene in the air stream, Pb, at any streamwise location
is then determined as a linear function of the
streamwise coordinate using the bulk density values
at the inlet and exit of the test section.
The Sherwood number is

Sh--hmO/A. (3)

The diffusion coefficient for naphthalene vapor in
air, A, is calculated with Eq. (1) in Goldstein and
Cho (1995). The corresponding Schmidt number is
about 2.28. The Sherwood number is normalized
by the corresponding Sherwood number for fully

developed turbulent flow through a stationary
smooth tube, Sho =0.023Re8Sc4.

Since rotation, sharp turns, and ribs affect the
temperature and concentration fields, in a rotating
multipass channel, in the same manner through
the velocity field, the following generalized heat/
mass transfer analogy may be employed,

Nu/Nuo Sh/Sho, (4)

where Nuo=O.O23Re8pr’4. Therefore, the nor-
malized Sherwood number in this study may be
considered as the comparison between the heat
transfer coefficient for turbulent flow in a rotating
two-pass square channel and that for corre-
sponding fully developed turbulent flow in a

stationary tube with a hydraulic diameter equal to
that of the square channel.
The Reynolds number and the rotation number,

both of which are based on the channel hy-
draulic diameter, are defined as &/#D and fD/U,
respectively.
The uncertainty of the local mass transfer

coefficient depends on the uncertainties of the local
wall and bulk naphthalene vapor densities, and
the net local mass flux. The bulk naphthalene vapor
density at the test channel exit is found to be up to
35% of the wall naphthalene vapor density. In
calculating the uncertainty of the bulk density at a
streamwise location, a maximum deviation of 5%
of the wall density is estimated from the linearly
interpolated value. Based on the method described
in Kline and McClintock (1953), the maximum
uncertainty of the Sherwood number is estimated
to be 12.2%, which occurs at the test channel exit.
The uncertainty of the Reynolds number is found
to be 4.8%.

PRESENTATION AND DISCUSSION OF
RESULTS

The detailed local heat (mass) transfer distributions
have been determined on the leading and trailing
walls of the two-pass square test channel, under
fifty different test conditions for various rib



C.W. PARK et al.

configurations, rotation numbers, and Reynolds
numbers. The results of most of the test runs have
been reported in Park (1996). The results to be
presented here are for selected test runs in the case
of 60 ribs, with Re 5500 and 0.0 < Ro < 0.24.
These results for 60 ribs will be compared with
corresponding results in the cases of a smooth
channel and a channel with transverse or 90 ribs.

In this section, the local heat (mass) transfer
distributions will be presented as contours of Sh/
Sho on the leading and trailing walls of the two-pass
square test channel. The local Sherwood number
ratio is determined on the two principal walls, using
a grid of 36 points between consecutive angled ribs
(along four lines, on the wall, that are parallel to the
rib axes) and a grid of 96 points at the turn.
However, the finite size of the tip of the measuring
probe of the depth gage would not allow local
measurements very close to the edges of the walls
and the bases of the ribs. The local results are not
extrapolated to the edges of the walls and the bases
of the ribs.
The spanwise or regional average Sherwood

number ratios, Sh/Sho, on the leading and trailing
walls will be presented along a streamwise coordi-
nate, X/D. For the two straight passes of the test
channel, 0.0 <_ X/D <_ 7.0 and 9.5 <_ X/D _< 16.5, the
values of Sh/Sho at the nine distributed points along
each of the grid lines (that are parallel to the rib
axes) are averaged. The average value is considered
to be at the streamwise location of the midpoint of
the line.

In the turn, the values of Sh/Sho are averaged
over three regions. There are 36 distributed
measurement points in an upstream square region
with an area of D D, 24 points in a middle
rectangular region with an area of 0.5D D, and
36 points in a downstream square region with an
area of D D. These regions are considered to be
located at X/D- 7.5, 8.25, and 9.0.

In the presentation of the streamwise distribu-
tions of the regional mass transfer, open and
darkened symbols indicate the Sherwood number
ratios on the leading wall and the trailing wall,
respectively.

Regional Average Mass Transfer in Rotating
Smooth and Rib-roughened Channels

In Figs. 4 and 5, the streamwise variations of

Sh/Sho on the leading and trailing walls of a

rotating channel with 60 ribs are compared with
those on the walls of rotating channels with 90 ribs
and with all smooth walls, for Re-5500, and
Ro 0.09 and 0.24. In the rib-roughened channels,
there are transverse or angled ribs between X/D-
1.0 and X/D- 6.0 on the leading and trailing walls
in the first pass only.

Attention is first focused on the radial outward
flow in the first pass. Figures 4 and 5 clearly show
that the mass transfer is very high where the flow
reattaches on the walls between two transverse or
angled ribs, and that the ribs enhance the overall
mass transfer on the leading and trailing walls. With
rotation, the values of Sh/Sho on the trailing walls
in the first passes of all three channels are higher
than corresponding values on the leading walls. In
each channel, Coriolis force in the radial outward
flow pushes the high momentum core fluid toward
the trailing wall with accompanying pressure
gradient across the channel cross section. The
pressure field forces the low momentum fluid near
the inner and outer walls toward the leading wall,
forming double vortices. The higher mass transfer
on the trailing wall and the lower mass transfer on
the leading wall are primarily due to the shift of the
high-velocity, low-concentration core flow toward
the trailing wall.
Angled ribs cause higher overall mass transfer on

both the leading and trailing walls than transverse
ribs. The peaks of the Sh/Sho distributions
between ribs are higher in the angled rib case than
in the transverse rib case. It has been shown that, in
stationary channels, the secondary flows that are
induced by angled ribs increase the mass transfer on
the walls between consecutive ribs (Kukreja et al.,
1993). The results here show that the same is true in
a rotating channel, on both the leading and trailing
walls. The effect of the rib-induced secondary flow
on flow reattachment downstream of the angled
ribs on the leading and trailing walls and the
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FIGURE 4 Streamwise variations of Sh/Sho in two-pass square channels with 60 and 90 ribs on the leading and trailing walls
of the first passes, Re-- 5500 and Ro--0.09.
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FIGURE 5 Streamwise variations of Sh/Sho in two-pass square channels with 60 and 90 ribs on the leading and trailing walls
of the first passes, Re 5500 and Ro 0.24.
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variation of Sh/Sho on the walls between the angled
ribs will be examined in a later section.

In the upstream region of the smooth turn (at
X/D--7.5) in each of the three cases, the leading
wall mass transfer increases abruptly and is higher
than the trailing wall mass transfer. The high mass
transfer on the leading wall is believed to be the
result of the interaction between the rotation-
induced vortices and the turn-induced vortices,
which strengthens the turn-induced vortex nearer
the leading wall, forcing much of’the low-concen-
tration core flow toward the leading wall.

In the downstream region of the turn (at X/
D=9.0), the mass transfer is high on both the
leading and trailing walls. This may be caused by
the emergence of a rotation-induced vortex pair, as
the flow begins to turn radially inward. The vortex
pair and the vigorous mixing of the separated flow
downstream of the sharp inner corner may be
responsible for the reduction of the imbalance of
the strengths of the turn-induced vortex pair.

In the smooth second pass in each channel, the
mass transfer on both walls decreases with distance
from the turn, as the flow redevelops. With radial
inward flow in the second pass, rotation increases
the leading wall mass transfer and decreases the
trailing wall mass transfer.

Figures 4 and 5 show that, the transverse and
angled ribs in the first pass do not significantly
affect the shapes of the mass transfer distributions
on the smooth leading and trailing walls in the turn
and in the second pass, suggesting that the flow field
in a sharp turn and immediately downstream of a
turn is, by and large, governed by the turn geometry
rather than by the upstream disturbance.

Overall Average Mass Transfer in
Rotating and Stationary Channels

The overall averages of the local Sherwood number
values between the transverse and angled ribs at

X/D--4.0 and 5.0, and between the transverse and
angled ribs at X/D 5.0 and 6.0, on the leading and
trailing walls in the first straight pass, for Re 5500
and Ro--0.09 and 0.24, are normalized with the
corresponding overall averages for a stationary rib-
roughened channel. Similarly, the overall avert ges
of the smooth wall Sherwood number values
between X/D=4.0 and 5.0, and between X/D--
5.0 and 6.0, on the leading and trailing walls,
with Ro--0.09 and 0.24, are normalized with
the corresponding overall averages for a station-
ary smooth channel. These overall normalized
Sherwood number values, Sh/Shst, are presented
in Table I.
For the radial outward flow, rotation decreases

the overall average mass transfer (relative to the
stationary channel overall average mass transfer) on
the leading wall ofa smooth channel more than that
on the leading wall of a rib-roughened channel.
Rotation also increases the overall average mass
transfer on the trailing wall of a smooth channel
more than that on the trailing wall of a rib-

_roughened channel. Rather unexpectedly, the Sh/
Shst values for the 60 rib case in Table I indicate that
increasing the rotation number does not change the
overall average mass transfer on the trailing wall ofa
channel with 60 ribs. In a later section, it will be
shown that rotation does not significantly change
the local mass transfer distributions between con-
secutive 60 ribs on the trailing wall.

TABLE Overall normalized Sherwood number values, Sh/Shst, between X/D=4.0 and X/D--6.0, for channels with no ribs,
90 ribs, and 60 ribs

Ro=0.09 Ro-0.24

Leading wall Trailing wall Leading wall Trailing wall

X/D range 4.0-5.0 5.0-6.0 4.0-5.0 5.0-6.0 4.0-5.0 5.0-6.0 4.0-5.0 5.0-6.0
Smooth channel 0.58 0.55 1.22 1.31 0.40 0.38 1.50 1.61
90 ribs 0.82 0.79 1.14 1.14 0.55 0.56 1.21 1.23
60 ribs 0.76 0.69 0.97 1.01 0.53 0.55 1.02 0.98
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Effect of Rotation

To study the effect of rotation on the mass transfer
on the leading and trailing walls of a rotating rib-
roughened channel, the Sh/Sho distributions in the
first straight pass, for Re- 5500 and Ro- 0.0, 0.09,
and 0.24, are presented in Fig. 6. The Sh/Sho
distributions in Fig. 6 show that increasing the
rotation number decreases the Sh/Sho values on the
leading wall, but does not significantly change
the Sh/Sho values on the trailing wall. The.Sh/Sho
distributions between consecutive ribs on both the
leading and trailing walls are all similar, for 3.0 <
X/D< 6.0. The trends of the spanwise average
mass transfer distributions between consecutive ribs
are consistent with the Sh/Shst results presented
in Table I.

Increasing the rotational speed causes larger
velocity and concentration gradients near the
trailing wall and smaller gradients near the leading
wall, increasing the difference between the mass
transfer on the two walls.

Figures 7 through 9 give the distributions of the
local mass transfer for Re= 5500, and Ro=0.0,
0.09 and 0.24, respectively. In the case of Ro 0.0,
the Sh/Sho distributions on the leading and trailing
walls are quite similar. With no rotation, the flow
field and the concentration field should be symmet-
rical with respect to the midplane between the
leading and trailing walls. Between angled ribs on
both the leading and trailing walls ofthe first pass of
the channel, the Sh/Sho values are as high as over
5.0 near the inner wall and as low as below 2.0 near
the outer wall. The large spanwise asymmetry ofthe
Sh/Sho distribution is the result of the secondary
flow along the axes of the angled ribs, which sweeps
the leading and trailing walls from the inner wall
toward the outer wall. Since the angled ribs on the
two opposite walls are parallel, the secondary flow
induced by the angled ribs should be symmetrical
with respect to the midplane between the two walls.
This secondary flow may pull the main flow near
the inner wall toward each ribbed wall, and may
also force the separated flows over the ribs near the

--e-- RO 0.0

+ RO= 0.09

+ Ro 0.24

open symbols leading wall
darkened symbols trailing wall

.,: ii

0 2 3 4 5 6

X/D

FIGURE 6 Effect of rotation on the streamwise variations of Sh/Sho in a square channel with 60 ribs on the leading and
trailing walls, Re 5500 and Ro--0.0, 0.09, and 0.24.
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FIGURE 7 Sh/Sho distributions in a two-pass square channel with 60 ribs on the leading and trailing walls of the first pass,
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FIGURE 9 Sh/Sho distributions in a two-pass square channel with 60 ribs on the leading and trailing walls of the first pass,
Re 5500 and Ro 0.24.

inner wall toward the ribbed wall. Therefore, the
Sh/Sho values are very high near the inner wall.
As the rib-induced secondary flow moves along

each wall between two ribs toward the outer wall,
the secondary flow may weaken the reattachment of
the separated flow over the ribs, resulting in the
gradually decreasing Sh/Sho values in the direction
of the rib axes. Near the outer wall, the secondary
flow may prevent the separated flow over the ribs
from reattaching on the wall, as the secondary flow
begins to turn away from the wall between two ribs.
The large spanwise variations of Sh/Sho between
angled ribs are very different from the almost
negligible spanwise variation of Sh/Sho on the walls
between transverse ribs (Park, 1996).
With rotation, Sh/Sho decreases on the leading

wall. The mass transfer distribution on the trailing
wall, however, does not change appreciably (see
also the Sh/Shst results in Table I). The spatially
periodic flow separation and reattachment, and, in
particular, the very strong near-wall secondary flow
that are induced by the angled ribs in the high

momentum region near the trailing wall, may lessen
the propagation of the core flow toward the trailing
wall, keeping the trailing wall mass transfer from
increasing with rotation.
When Ro--0.09, Fig. 8 shows that the shapes of

the Sh/Sho distributions between consecutive ribs on
the leading wall are similar to those in the stationary
case decreasing mass transfer from the inner edge
ofthe wall toward the outer edge. The Sh/Sho values,
however, are lower than corresponding values in
a stationary channel. With rotation, the Coriolis
force reduces the flow velocity near the leading
wall. The weak reattachment ofthe low-momentum
near-wall flows over the ribs also contributes to the
low mass transfer between ribs on the leading wall.
The Sh/Sho distributions between ribs on the

leading wall for Ro=0.24 are distinctly different
from those for Ro=0.0 and Ro=0.09. Figure 9
shows that the mass transfer on the leading wall
increases steadily along the streamwise direction in
the first pass, with Sh/Sho values much lower than
those in the other two lower rotation number cases.
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The Sh/Sho distributions between consecutive ribs
do not have as large spanwise variations as those
in the other two cases. Between X/D=4.0 and
X/D 6.0, the Sh/Sho distributions between consec-
utive ribs have twin peaks.
The leading wall mass transfer decreases with

rotation, and, when the rotation number is rela-
tively small, the local mass transfer on the leading
wall decreases from the inner edge of the wall
toward the outer edge, in the same manner as that
on the trailing wall. The local? mass transfer
distribution on the leading wall may be dominated
by the rib-induced secondary flow near the leading
wall.
When the rotation number is large, Coriolis force

distorts the velocity profile of the radial outward
flow significantly. The rib-induced secondary flow
near the trailing wall may be much stronger than
that near the leading wall. Along the main flow
direction, the strong secondary flow near the
trailing wall may gradually strengthen the outer
rotation-induced vortex, which has near-wall flow
in the same direction as the secondary flow (toward
the outer edge of the wall) near the trailing wall.
This outer vortex may gradually dominate the inner
vortex. The outer ofthe twin peaks in the local mass
transfer distribution between two ribs downstream
of the fourth rib on the leading wall in the Ro 0.24
case (see Fig. 9) is believed to be the result of the
reattaching flow near the outer edge of the leading
wall being forced down by the strong outer vortex.
The inner peak may be caused by the low-concen-
tration core flow being circulated by the relatively
weak inner vortex toward the inner portion of the
leading wall.
The Sh/Sho distributions in the turn and in the

second pass with smooth walls that are presented in
Figs. 8 and 9 are quite similar to those in channels
with all smooth walls and with transverse ribs in the
first pass only (Park, 1996). With increasing
rotation number, the mass transfer along the outer
edges of the leading wall in the turn increases
significantly. The leading wall mass transfer near
the inner corners of the turn is quite low. In the turn
and immediately downstream of the turn, there is a

smaller spanwise variation of the mass transfer
distribution on the trailing wall than on the leading
wall. Immediately downstream of the second inner
corner of the turn, there is a relatively high mass
transfer region that is also observed in rotating
channels with all smooth walls and with transverse
ribs. The mass transfer distributions on the smooth
leading and trailing walls in the turn are caused
by the interaction between the rotation-induced
vortices and the turn-induced vortices, and flow
separation and reattachment. The angled ribs on
the leading and trailing walls in the first pass do not
significantly affect the shape of the mass transfer
distribution in the turn.

In the second pass, the mass transfer drops along
the main flow direction, and the reversal of the
Coriolis force for the radial inward flow causes the
mass transfer to be higher on the leading wall than
on the trailing wall.

Effect of Ribs in Second Pass

Figures 10 and 11 give the Sh/Sho and Sh/Sho
distributions, respectively, for Re=5500 and
Ro=0.24, in a channel with ribs on the leading
and trailing walls of both the first and second
passes. In Fig. 10, the Sh/Sho distributions for the
corresponding transverse rib case are included for
comparison.

For the radial inward flow in the second pass, the
mass transfer is higher on the leading wall than on
the trailing wall. However, the sharp turn reduces
the difference between the mass transfer on the two
walls, when compared with the difference in the first
pass. As the flow redevelops, the spanwise average
mass transfer is higher in the angled rib case than in
the transverse rib case. Between two angled ribs on
the leading and trailing walls in the second pass, the
decreasing trend of the local mass transfer distribu-
tions toward the outer edges of the walls is similar
to that in the first pass. Comparing Figs. 9 and 11,
it is evident that the Sh/Sho distributions in the
turn are not affected by the angled ribs in the
second pass.
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FIGURE 10 Streamwise variations of Sh/Sho in two-pass square channels with 60 and 90 ribs on the leading and trailing
walls of both the first and second passes Re--5500 and Ro=0.24.
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FIGURE 11 Local Sh/Sho distributions in a two-pass square channel with 60 ribs on the leading and trailing walls of both the
first and second passes, Re--5500 and Ro 0.24.
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FIGURE 12 Comparison of the streamwise variations of Sh/Sho in this study with those of Nu/Nuo from Johnson et al. (1994).

Comparison with Published Results

In Fig. 12 the Sh/Sho distributions on the leading
and trailing walls of the first pass in the case of
Re-5500 and Ro-0.24 are compared with the
corresponding Nu/Nuo distributions by Johnson
et al. (1994). The rotating channel in Johnson
et al. (1994) had a very short unheated entrance
channel, fourteen-hydraulic-diameter long straight
passes, and a mean rotation radius of 49 times the
hydraulic diameter. The Nu/Nuo distributions in
Fig. 12 are for Re- 25,000, Ro 0.24, and density
ratio of 0.07, 0.12, and 0.23. Despite differences in
the test conditions of the two studies and negligible
buoyancy variation effect in this study, the Sh/Sho
distributions compare very well with the published
Nu/Nuo distributions.

CONCLUDING REMARKS

The effects of Coriolis force, sharp turn, and ribs on
the local heat (mass) transfer distributions on the

leading and trailing walls of a rotating, two-pass,
square turbine blade cooling channel model with
angled ribs have been investigated. Under the test
conditions of the experiments reported here, the
following conclusions may be drawn:

1. For radial outward flow in the first pass,
rotational Coriolis force does not change the
local or the overall heat (mass) transfer
between consecutive angled ribs on the trailing
wall.

2. Increasing the rotation number decreases the
heat (mass) transfer on the leading wall. When
the rotation number is high, there are twin peaks
in the local heat (mass) transfer distribution
between ribs on the leading wall.

3. For radial inward flow in the second pass, the
heat (mass) transfer between consecutive ribs is
higher on the leading wall than on the trailing
wall. However, the sharp turn reduces the
difference between the heat (mass) transfer on
the leading and trailing wall.
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4. Comparing with the heat (mass) transfer distri-
butions in a channel with smooth walls, the
angled ribs on the leading and trailing walls of
the two straight passes increase the variations of
the heat (mass) transfer on the walls between two
ribs, but do not significantly change the shapes
of the local heat (mass) transfer distributions on
the smooth walls in the turn.

5. Relative to the heat (mass) transfer in a

corresponding stationary channel, the overall
heat (mass) transfer in a rotating channel with
angled ribs on the leading and trailing walls is
not affected by the Coriolis force as much as that
in rotating channels with smooth walls and with
transverse ribs.

NOMENCLATURE

Cm

D
hm

NLI

Nuo

Pt"

R
Re

Ro

Sh
Sh

Sh/Shst

cumulative mass of naphthalene in air
stream (kg/s)
channel hydraulic diameter (m)
local mass transfer coefficient, Eq. (1)
(m/s)
mass flow rate of air (kg/s)
local mass flux on naphthalene surface,
Eq. (2) (kg/(m2 s))
local Nusselt number
spanwise averaged Nusselt number
Nusselt number for fully developed flow,
--O.023Re.Spr.4

Prandtl number
volumetric flow rate of air (m3/s)
mean rotating radius (m)
Reynolds number based on channel
hydraulic diameter, rh/#D
rotation number, fD/U
Schmidt number of naphthalene in air,

2.28
local Sherwood number, Eq. (3)
spanwise or regional average Sherwood
number
overall average Sherwood number be-
tween two ribs, normalized with corres-
ponding value for stationary channel

Sho

U
X

Sherwood number for fully developed
flow, 0.023Re8Sc’4
average air velocity (m/s)
streamwise distance from mass transfer
active channel inlet (m)

Greek Symbols

At

Ap/p
A

/z

f

Pb

PS

duration of test run (s)
elevation change at measurement point of
naphthalene surface (m)
density ratio
diffusion coefficient of naphthalene vapor
in air (m2/s)
dynamic viscosity of air (Ns/m2)
angular velocity (rad/s)
bulk naphthalene vapor density,-Cm/(
(kg/m3)
density of solid naphthalene (kg/m3)
naphthalene vapor density at wall (kg/m3)
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