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Naphthalene sublimation experiments have been conducted to study the local heat/mass transfer dis-
tributions on the rib-roughened leading and trailing walls of a rotating, two-pass, square channel, that
models internal turbine blade cooling passages. The height of the transverse ribs was equal to one-tenth
the spacing between the ribs, which was the same as the hydraulic diameter of the test channel. The
Reynolds number and rotation number ranged up to 1 3 104 and 0.24, respectively. The results showed
that, for radial outward � ow in the � rst pass, there was very little spanwise variation of the local heat/
mass transfer between consecutive ribs on the trailing wall. When the rotation number was high, however,
there was signi� cant spanwise variation on the leading wall, with high heat/mass transfer in the middle
of the wall and very low heat/mass transfer near the two side walls. For radial inward � ow 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. The sharp turn also caused spanwise asymmetric variation of the local heat/mass
transfer between consecutive ribs in the second pass immediately downstream of the turn. Relative to the
heat/mass transfer in a corresponding stationary channel, the overall heat/mass transfer in a rotating
channel with rib-roughened walls was not affected by the Coriolis force as much as that in a rotating
channel with smooth walls.

Nomenclature
D = hydraulic diameter
hm = local mass transfer coef� cient, MÇ 0/(rw 2 rb)
MÇ 0 = local mass � ux on naphthalene surface, rsDz/Dt
mÇ = air mass � ow rate
Nu = Nusselt number
Nu0 = reference Nusselt number, 0.023Re0.8Pr0.4

Pr = Prandtl number
R = mean rotating radius
Re = Reynolds number, mÇ /(mD)
Ro = rotation number, VD/U
Sc = Schmidt number
Sh = local Sherwood number, hmD/L
Sh = spanwise average Sherwood number
Sh = regional average Sherwood number
Sh0 = reference Sherwood number, 0.023Re0.8Sc0.4

U = average velocity of air� ow
X = streamwise distance from mass transfer active

channel inlet
Dt = duration of experiment
Dz = change of elevation at measurement point on

naphthalene surface
Dr/r = density ratio, u (rwall 2 r inlet air) u /r inletair

L = diffusion coef� cient of naphthalene vapor in air
m = dynamic viscosity
rb = bulk density of naphthalene vapor in airstream
rs = density of solid naphthalene
rw = vapor density of naphthalene at wall
V = rotational speed
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Introduction

I T is common for gas turbine blades to be cooled with air
that � ows through internal, shaped, rib-roughened, serpen-

tine channels. The � ow patterns in these channels and the heat
transfer distributions on the channel walls are very different
from those in stationary straight channels with smooth walls.
Coriolis force pushes the air� ow toward the various walls, de-
pending on the � ow direction and the channel orientation with
respect to the rotating axis. The variation of density in the � ow
causes cross-streamwise variation of the buoyancy force,
which generates secondary � ow in the radial direction. At a
sharp turn, the cooling air separates at the tip of the inner wall
and centrifugal force causes � ow impingement on the various
walls at the turn. On the ribbed walls, the air separates at the
top edges of the ribs and reattaches on the surfaces of the walls
between ribs. The interactions among the forces in the � ow
caused by rotation, sharp turns, and ribs result in a highly
complex � ow pattern and large variations of the local heat
transfer on the walls of a rotating, multipass, rib-roughened
channel.

The dimensionless parameters governing the � ow� eld in a
rotating frame are the Reynolds number, rotation number, and
buoyancy parameter. These parameters may be considered as
ratios of the inertial, viscous, Coriolis, and buoyancy forces.
The rotation number plays a key role in determining the
strength of the cross-streamwise secondary � ow caused by the
Coriolis force. The buoyancy parameter, which is equivalent
to the ratio of the rotational Grashof number and the square
of the Reynolds number, governs the radial secondary � ow
caused by buoyancy. Other factors that affect the heat transfer
distribution, for air� ow through a rotating multipass channel,
include the � ow entrance conditions, thermal boundary con-
ditions, main � ow direction, channel shape and orientation,
geometries of the turns, and rib con� guration.

Extensive heat transfer results are available in the literature
for straight and multipass, smooth channels, rotating about per-
pendicular axes. These results were reviewed in detail in sev-
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Fig. 1 a) Schematic of the two-pass test channel in the entrance/
test/exit channel assembly and b) rotation test rig.

eral recent papers.1,2 Among the benchmark results are those
of Hajek et al.3 and Wagner et al.,4 who investigated the effects
of Coriolis and buoyancy forces on the heat transfer in a mul-
tipass, square channel with smooth walls that were maintained
at a uniform temperature.

Published results on heat transfer in straight and multipass,
rib-roughened channels, rotating about perpendicular axes,
were reviewed in recent publications.5,6 El-Husayni et al.7 con-
ducted experiments to study the effect of boundary heat � ux
on the heat transfer in straight, square channels with smooth
and turbulated walls. Wagner et al.8 and Johnson et al.9,10 in-
vestigated the heat transfer in multipass square channels with
ribs normal and skewed to the � ow. Johnson et al.9 also studied
the effect of model orientation on the heat transfer in rotating
multipass square channels with ribbed walls. Parsons et al.11

and Zhang et al.12 presented results on the uneven wall tem-
perature effect on the heat transfer in a two-pass square chan-
nel with normal and angled ribs.

Most of the published experimental results on heat transfer
in rotating channels are regional average results. In this study,
the detailed local heat transfer distributions on the walls of a
rotating, two-pass, square channel are determined using the
naphthalene sublimation technique and the heat/mass transfer
analogy.13 Attention is focused on the heat/mass transfer dis-
tributions on the two, rib-roughened, principal walls, i.e., the
leading and trailing walls, of the test channel. The main ob-
jective of this study is to make available detailed local ex-
perimental heat/mass transfer data to enable better understand-
ing of the effects of rotation, a sharp turn, and ribs on the local
heat/mass transfer distribution in a rotating, two-pass channel,
and to help improve the design of serpentine cooling channels
in the gas turbine blades.

In the present mass transfer experiments, both the test sec-
tion walls and the naphthalene vapor– air mixture that � ows
through the test section are at room temperature. Furthermore,
the maximum naphthalene vapor concentration at the solid
naphthalene surface is very small, such that the maximum var-
iation of the density of naphthalene vapor– air mixture is only
about 0.05%. Therefore, the density variation effect is negli-
gible, and the present investigation examines only the effects
of the Coriolis force, the turn, and the ribs, but not the buoy-
ancy force, on the local heat/mass transfer distributions on the
leading and trailing walls of a channel that models internal
turbine blade cooling passages.

Test Apparatus and Procedure
The test section was an all-aluminum, two-pass channel with

a sharp 180-deg turn. It had a square � ow cross section (1.59
by 1.59 cm) and two, seven-hydraulic-diameter (11.11 cm)
long, straight segments. The test section had seven separate
walls: two principal walls, two inner walls (with their backs
pressed against each other), two outer side walls, and an end
wall (Fig. 1a). Naphthalene in a shallow cavity covered the
inner surface of each wall. Each wall was designed and con-
structed so that none of the rims of the wall was exposed to
the � owing air during an experiment. Once these walls were
assembled, 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 (0.79
cm).

Ribs were cut from square balsa wood strips. They were
attached transversely with epoxy on the straight segments of
the two principal walls. The rib spacing, or the pitch, was equal
to the hydraulic diameter of the test channel, which was also
the channel width.

The seven walls of the test section were assembled inside a
rectangular aluminum housing that had two parallel square
channels separated by a 0.79-cm-thick wall (Fig. 1a). 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, respectively. The
end of this assembly with the outlet of the exit channel was
welded to a short horizontal aluminum tube that was af� xed
to the vertical steel shaft of a rotating test rig, such that the
mean rotating radius of the test section was 30 times the chan-
nel hydraulic diameter. The seven separate walls of the test
section and the containment tube were designed such that they
might be assembled or disassembled very quickly to minimize
extraneous mass losses from the naphthalene-coated walls.

Figure 1b shows the rotation test rig with the rotating shaft
supported by two bearings in a heavy steel cage. Not shown
in Fig. 1 is an aluminum containment tube that enclosed the
entire entrance/test/exit channel assembly (Fig. 1a). The
entrance/test/exit channel assembly and the containment tube
were balanced by an aluminum tube that was also welded to
the short horizontal aluminum tube. The aluminum tube had
the same diameter as the containment tube and was equipped
with an adjustable sliding counterweight. A 5-hp electric motor
drove the vertical shaft with a belt and two pulleys.

Also not shown in Fig. 1b are removable heavy steel meshes
that fenced the vertical faces of the steel cage. The meshes
were reinforced on the inside with steel angles and thick ply-
wood boards.

Air at room temperature was drawn through bleed holes on
the containment tube and then through the entrance/test/exit
section assembly with a centrifugal blower. The air then � owed
through the hollow rotating shaft, a rotating union, a calibrated
ori� ce � ow meter for � ow rate measurement, and a gate valve
for � ow rate control, before it was ducted to an exhaust hood.

To obtain the distributions of the local mass transfer coef-
� cient on the two principal walls of the test section, the ele-
vations 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 af� xed � rmly on an X – Y coordinate
table that was equipped with stepper motors to traverse the test
wall in a horizontal plane. An electronic depth gauge with a
resolution of 2.5 3 102 4 mm was used to measure the surface
elevations at the grid points. The depth gauge consisted of a
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lever-type sensor connected to an electronic ampli� er. 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 mea-
sured the pressures at the ori� ce � ow meter, and thermocou-
ples measured the inlet air temperatures and the air temperature
at the ori� ce � ow meter. An electronic tachometer was used
to measure the rotational speed.

A test run was initiated by weighing all the walls and by
acquiring the initial elevations at the grid of points on the
naphthalene-coated surface of each of the two principal walls.
The test section and the containment tube were then quickly
assembled. 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 1 – 2 h. During
the run, the air� ow rate and the air temperatures were moni-
tored and recorded periodically. At the end of the run, each
wall was weighed and the elevations at the same grid of points
were measured again.

Separate experiments were carried out to determine the cor-
rection to the local mass transfer that was necessary to account
for convection mass losses during motor and blower startup
and shutdown, and while the local and overall measurements
were conducted.

Data Reduction
The local mass transfer coef� cient is evaluated as

Çh = M 0 /(r 2 r ) (1)m w b

MÇ 0 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 correction
that is necessary to account for the mass losses at the beginning
and the end of the test run.

In Eq. (1), rw, is calculated using the ideal gas law along
with the vapor pressure-temperature relation for naphthalene
according to Eq. (1) in Ambrose et al.14 Because the naphtha-
lene vapor density at the wall is constant, the boundary con-
dition 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
values of the bulk density at the turn inlet and exit, and at the
test section exit, are obtained from local surface contour mea-
surements and the weights of the test section walls at the be-
ginning and at the end of a test run, and the volumetric � ow
rate. rb, at any streamwise location, is then determined as a
piecewise linear function of the streamwise coordinate using
the bulk density values at the inlet and exit of the test section,
and at the turn.

The Sherwood number is

Sh = h D/L (2)m

L is calculated by Eq. (1) in Goldstein and Cho.13 The cor-
responding Schmidt number is about 2.28.

If the local bulk density values are calculated as a linear
function of the streamwise coordinate using the rb values at
the inlet and exit of the test section only, the maximum devi-
ations of the local Sherwood number values at the turn inlet
and exit for all of the test runs are found to be 1.5 and 1.8%,
respectively. These small differences show that the piecewise
linear bulk density distribution and the linear bulk density dis-
tribution (using the values at four locations) give local Sher-
wood number values that differ only very slightly, well within
the estimated uncertainty of the local Sherwood number.

The Sherwood number is normalized by the corresponding
Sherwood number for fully developed turbulent � ow through

a stationary smooth tube, Sh0 = 0.023Re0.8Sc0.4. Because rota-
tion, sharp turns, and ribs affect the temperature and concen-
tration � elds, in a rotating multipass channel, in the same man-
ner, through the velocity � eld, the following generalized heat/
mass transfer analogy may be employed:

Nu /Nu = Sh/Sh (3)0 0

where Nu0 = 0.023Re0.8Pr0.4. Therefore, the normalized Sher-
wood number in this study may be considered as the compar-
ison between the heat transfer coef� cient for turbulent � ow in
a rotating two-pass square channel and that for corresponding
fully developed turbulent � ow in a stationary tube with a hy-
draulic diameter equal to that of the square channel.

The uncertainty of the Reynolds number is found to be
4.8%. The uncertainty of the local mass transfer coef� cient
depends on the uncertainties of the local wall and bulk naph-
thalene vapor densities and their difference, and the net local
mass � ux. A 0.567C deviation in the surface temperature
changes the naphthalene vapor density at the surface by as
much as 6%. The measured temperatures varied within this
range during a test run of 1 – 2 h. Dz ranged from 0.05 to 0.2
mm in most of the test runs. The bulk naphthalene vapor den-
sity at the test channel exit is found to be between 20 and 35%
of the wall naphthalene vapor density. In calculating the un-
certainty of the bulk density at a streamwise location, a max-
imum deviation of 5% of the wall density is estimated from
the linearly interpolated value. Based on the method in Kline
and McClintock,15 the maximum uncertainty of the Sherwood
number is estimated to be 12.2%.

Results
The detailed local heat/mass transfer distributions have been

determined on the leading and trailing walls of the two-pass
square test channel, for three Reynolds numbers of 5.5 3 103,
1 3 104, and 1.45 3 104, four rotation numbers of 0.0, 0.09,
0.16, and 0.24, and various rib sizes and con� gurations, with
ribs on the various surfaces of the leading and trailing walls
in the two straight passes of the test channel. The Reynolds
number and rotation number ranges correspond to mean � ow
velocities up to 14.0 m/s and rotational speeds up to 770 rpm.
In all, 50 different test conditions have been examined. The
detailed local results of most of the test runs have been re-
ported in Park.6 The results presented here are only those for
selected test runs in the case of transverse ribs with height that
is equal to one-tenth of the pitch, or one-tenth of the channel
hydraulic diameter.

In this section, the local heat/mass transfer distributions are
presented as � lled contours of the Sherwood number ratio on
the leading and trailing walls of the two-pass square test chan-
nel. The local Sherwood number ratio is determined at up to
about 1500 points on the two principal walls, using a grid of
54 points between consecutive ribs and 96 points at the turn.
However, because of the � nite size of the tip of the measuring
probe of the depth gauge, local data are not available at lo-
cations very close to the edges of the walls and the bases of
the ribs.

The spanwise average Sherwood number ratios /Sh0, onSh
the leading and trailing walls, are presented along a streamwise
coordinate X/D. For the two straight passes of the test channel,
0 # X/D # 7 and 9.5 # X/D # 16.5, the values of the local
Sherwood number ratio at nine spanwise distributed points at
a given X/D are averaged to give the spanwise average value.
In the turn, the values of the local Sherwood number ratio are
averaged over three regions: 1) at 36 distributed measurement
points in an upstream square region with an area of D2, 2) 24
points in a middle rectangular region with an area of 0.5D2,
and 3) 36 points in a downstream square region with an area
of D2. These regions are considered to be located at X/D = 7.5,
8.25, and 9.0.



PARK, LAU, AND KUKREJA 83

Fig. 2 a) Streamwise variations of /Sh0 in two-pass squareSh
channels with smooth walls and with rib-roughened walls in the
� rst pass: Re = 1 3 104 and Ro = 0.09 and b) comparison of the
streamwise variations of in this study with those ofSh/Sh0

from Wagner et al.8Nu/Nu0

In the following graphical presentation of the streamwise
distributions of the regional mass transfer, open and darkened
symbols are used to indicate the Sherwood number ratios on
the leading and the trailing walls, respectively.

Smooth and Rib-Roughened Channels

In Fig. 2a, the streamwise variations of the regional Sher-
wood number ratios on the leading and trailing walls of a
rotating rib-roughened channel are compared with those on
the walls of a rotating smooth channel, for Re = 1 3 104 and
Ro = 0.09. In the rib-roughened channel, there are transverse
ribs between X/D = 1.0 and = 6.0 on the leading and trailing
walls in the � rst pass only. Figure 2a clearly shows that the
mass transfer is very high where the � ow reattaches on the
walls between two transverse ribs, and that the ribs enhance
the overall mass transfer on the leading and trailing walls.
With rotation, the values of on the trailing walls in theSh/Sh0

� rst passes of both the smooth and the rib-roughened channels
are higher than corresponding values on the leading walls. In
each channel, the rotation-induced Coriolis force in the radial
outward � ow pushes the high momentum core � uid toward
the trailing wall with accompanying pressure gradient across
the channel cross section. The pressure � eld drives the low-
momentum � uid near the inner and outer walls toward the
leading wall, forming double vortices. The higher mass trans-
fer on the trailing wall and the lower mass transfer on the
leading wall are primarily caused by the shift of the high-

velocity, low-concentration core � ow toward the trailing wall.
The shift causes larger velocity and concentration gradients
near the trailing wall and smaller gradients near the leading
wall.

In the upstream region of the smooth turn (at X/D = 7.5) in
each of the two channels, the leading wall mass transfer in-
creases abruptly and is higher than the trailing wall mass trans-
fer. 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 vortex pair, which strengthens
the turn-induced vortex nearer the leading wall, and forces
much of the low concentration core � ow to wash the end wall
and then the outside portion of 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. In
the smooth second pass in each channel, the mass transfer on
both walls decreases with distance from the turn, as the � ow
redevelops. With radial inward � ow in the second pass, rota-
tion increases the leading wall mass transfer and decreases the
trailing wall mass transfer. Figure 2a shows that, for Re = 1
3 104 and Ro = 0.09, the ribs in the � rst pass increase the
mass transfer on the smooth leading and trailing walls in the
turn. However, the ribs do not affect the shapes of the mass
transfer distributions on the smooth leading and trailing walls
in the second pass, suggesting that there is a strong depen-
dency of the � ow� eld on the geometry of the sharp turn.

The overall averages of the Sherwood number values in the
� rst pass of a rotating rib-roughened channel under various
test conditions are normalized with the corresponding overall
averages in the � rst pass of a stationary rib-roughened channel.
Similarly, the overall averages of the Sherwood number values
in the � rst pass of a rotating smooth channel under various
test conditions are normalized with the corresponding overall
averages in the � rst pass of a stationary smooth channel. When
these overall normalized Sherwood number values are com-
pared, it becomes clear that, for the radial outward � ow, ro-
tation increases the mass transfer (relative to stationary channel
mass transfer) on the trailing wall and decreases that on the
leading wall of a smooth channel more than that on corre-
sponding walls of a rib-roughened channel.

For instance, using the results in the case of Re = 1 3 104

and Ro = 0.09 that are presented in Fig. 2a, the values of
/Sh0 are averaged over the rib pitch between X/D = 5.0 andSh

6.0. These regional average values are then compared with
corresponding values based on the results for stationary
smooth and rib-roughened channels. It is found that, in the
smooth channel case, rotation decreases the leading-wall mass
transfer by 45% and increases the trailing-wall mass transfer
by 31%. On the other hand, in the ribbed channel case, rotation
decreases the leading-wall mass transfer by only 21% and in-
creases the trailing-wall mass transfer by only 14%. The near-
wall secondary � ow that is caused by the ribs may lessen the
propagation of the core � ow toward the trailing wall, reducing
the asymmetry of the radial velocity pro� le.

Comparison with Published Results

In Fig. 2b, the distributions on the leading and trail-Sh/Sh0

ing walls of the � rst pass in the case of Re = 5.5 3 103 and
Ro = 0.24 are compared with the corresponding /Nu0 dis-Nu
tributions by Wagner et al.8 The rotating channel in Wagner et
al.8 had a very short unheated entrance channel, 14 hydraulic-
diameter long straight passes, and a mean rotation radius of
49 times the hydraulic diameter. The distributions inNu/Nu0

Fig. 2b are for Re = 2.5 3 104, Ro = 0.24, and density ratios
of 0.07, 0.12, and 0.23. Despite differences in the test condi-
tions of the two studies and negligible buoyancy variation ef-
fect in this study, the distributions compare very wellSh/Sh0

with the published distributions. Johnson et al.9 re-Nu/Nu0

ported that buoyancy affected the heat transfer in a rotating
rib-roughened channel less than that in a rotating smooth chan-
nel.
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Fig. 3 Effect of rotation on the streamwise variations of Sh/Sh0

in a two-pass square channel with rib-roughened walls: a) Re =
5.5 3 103 and Ro = 0.0, 0.09, and 0.24 and b) Re = 1 3 104 and
Ro = 0.0 and 0.09.

Fig. 4 Local Sh /Sh0 distributions in a two-pass square channel:
a) Re = 5.5 3 103 and Ro = 0.09 and b) Re = 5.5 3 103 and Ro =
0.24.

Effect of Rotation Number

To study the effect of rotation on the mass transfer on the
leading and trailing walls of a rotating rib-roughened channel,
the distributions for Re = 5.5 3 103 and Ro = 0.0, 0.09,Sh/Sh0

and 0.24, and for Re = 1 3 104 and Ro = 0.0 and 0.09, are
presented in Figs. 3a and 3b, respectively. Attention is focused
on the mass transfer in the � rst straight pass only. Figures 3a
and 3b show that increasing the rotation number increases the

values on the trailing wall, and decreases the /Sh0Sh/Sh Sh0

values on the leading wall. The distributions betweenSh/Sh0

consecutive ribs are all similar, except for that between the
� rst two ribs near the channel entrance. Increasing the rotation
number increases the Coriolis force that pushes the core � ow
toward the trailing wall in the radial outward � ow. The re-
sulting velocity and concentration gradients near the trailing
and leading walls cause the high mass transfer on the trailing
wall and the low mass transfer on the leading wall.

Figures 4a and 4b give the distributions of the local mass
transfer for Re = 5.5 3 103 and Ro = 0.09 and 0.24, respec-
tively. In the case of Ro = 0.09, the value of Sh/Sh0 reaches
about 3.75 on the trailing wall where the � ow reattaches be-
tween two ribs, and only about 2.75 on the leading wall. When
Ro = 0.24, the maximum value of Sh/Sh0 on the trailing wall
between two ribs is more than 4.0. There is very little spanwise
variation of the Sh/Sh0 distribution on the trailing wall. The
Sh/Sh0 distribution on the leading wall, however, shows sig-
ni� cant spanwise variation with a typical maximum Sh/Sh0

value of about 2.25 in the middle of the channel, and low
values of below 1.50 near the two side walls. When the rota-
tion number is high, the strengthened Coriolis force signi� -
cantly lowers the � ow velocity near the leading wall. There
appears to be only a weak reattachment of the low-momentum

near-wall � ow over a rib on the leading wall. The � ow near
the edges of the leading wall is slowed further by the two side
walls, resulting in the lower mass transfer near the edges of
the leading wall than in the middle of the wall.

Figures 4a and 4b show that the Sh/Sh0 distributions in the
turn and in the second pass with smooth walls are not signif-
icantly affected by the ribs on the leading and trailing walls
of the � rst pass. The very high mass transfer near the end wall
on the leading wall, the high mass transfer immediately down-
stream of the second inner corner of the turn on the trailing
wall, the low mass transfer at the second inner corner of the
turn on the leading wall, and the generally high mass transfer
on the outer wall immediately downstream of the second outer
corner of the turn on both the leading and trailing walls, are
all typical of the mass transfer distribution on a corresponding
rotating two-pass square channel with smooth walls.3

Effect of Reynolds Number

The effect of varying the Reynolds number on the mass
transfer distribution in the rib-roughened channel is demon-
strated in Fig. 5. The spanwise-averaged Sherwood number
ratio distributions are presented for Re = 5.5 3 103 and 1 3
104, in the cases of Ro = 0.0 and 0.09, respectively. Attention
is again focused on the mass transfer in the � rst straight pass
only. Figure 5 show that the distributions are not sig-Sh/Sh0

ni� cantly affected by the Reynolds number, except that in-
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Fig. 5 Effect of Re on the streamwise variations of in aSh/Sh0

two-pass square channel with rib-roughened walls: a) Re = 5.5 3
103 and 1 3 104, and Ro = 0.0 and b) Re = 5.5 3 103 and 1 3 104,
and Ro = 0.09.

Fig. 6 Local Sh /Sh0 distributions in a two-pass square channel:
a) Re = 1 3 104 and Ro = 0.09 and b) Re = 5.5 3 103 and Ro =
0.24, with ribs on the leading and trailing walls of both the � rst
and second passes.

creasing the Reynolds number lessens slightly the streamwise
variation of between two ribs.Sh/Sh0

Figure 6a displays the distributions of the local mass transfer
for Re = 1 3 104 and Ro = 0.09. Comparing Figs. 4a and 6a,
it is evident that the patterns of the local mass transfer distri-
butions do not change signi� cantly when the Reynolds number
is changed from 5.5 3 103 to 104.

Effect of Ribs in Second Pass

Figure 6b displays the distributions of the local mass trans-
fer for Re = 5.5 3 103 and Ro = 0.24, in a channel with ribs
on the leading and trailing walls of both the � rst and sec-
ond passes. Comparing Figs. 4b and 6b, it is evident that the
Sh/Sh0 distributions in the � rst pass and in the turn are not
affected by the ribs in the second pass. In the second pass,
with the reversal of the Coriolis force in the radial inward � ow,
the mass transfer is very high on the leading wall between two
ribs and is relatively low on the trailing wall between two ribs.
However, the trailing wall mass transfer in the second pass is
signi� cantly higher than the leading wall mass transfer in the
� rst pass. Therefore, the sharp turn reduces the difference be-
tween the mass transfer on the leading wall and that on the
trailing wall, which is the result of the rotation-induced sec-
ondary � ow. Furthermore, the turn causes signi� cant spanwise
variation of the mass transfer on the trailing wall in the second
pass immediately downstream of the turn; the variation lessens
gradually, as the � ow redevelops in the second pass.

Effect of Ribs on Regional Average Mass Transfer

The overall averages of the values between the ribsSh/Sh0

at X/D = 4.0 and 6.0, on the leading and trailing walls in the
� rst straight pass, and between the ribs at X/D = 13.5 and 15.5,
on the leading and trailing walls in the second straight pass,
for Re = 5.5 3 103 and Ro = 0.24, are calculated. Similarly,
the overall averages of the smooth wall /Sh0 values betweenSh

X/D = 4.0 and 6.0, and between X/D = 13.5 and 15.5, on the
leading and trailing walls, for Re = 5.5 3 103 and Ro = 0.24,
are obtained. It is found that, in the ribbed channel case,

= 1.48 and 3.26 on the leading and trailing walls of theSh/Sh0

� rst pass, and = 3.28 and 2.37 on the leading and trail-Sh/Sh0

ing walls of the second pass, respectively. In the smooth chan-
nel case, = 0.4 and 1.60 on the leading and trailingSh/Sh0

walls of the � rst pass, and = 1.79 and 1.00 on theSh/Sh0

leading and trailing walls of the second pass, respectively.
These regional average results again show that transverse

ribs enhance the mass transfer on the leading and trailing
walls, and rotation-induced Coriolis force increases the mass
transfer on the trailing wall for radial outward � ow in the � rst
pass and on the leading wall for radial inward � ow in the
second pass. Also, the sharp turn reduces the difference be-
tween the mass transfer on the leading and trailing walls in
the second pass.

Concluding Remarks
The effects of Coriolis force, sharp turn, and transverse ribs

on the local heat/mass transfer distributions on the leading and
trailing walls of a rotating, two-pass, square turbine blade cool-
ing channel model have been investigated. The height of the
ribs was equal to one-tenth the spacing between the ribs, which
was the same as the hydraulic diameter of the test channel.
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Experiments were conducted with Re = 5.5 3 103 and 1 3
104, and Ro = 0.0, 0.09, and 0.24. Based on the results obtained
under these test conditions, the following conclusions are
drawn:

1) For radial outward � ow in the � rst pass, increasing the
rotation number increases the heat/mass transfer between con-
secutive ribs on the trailing wall and decreases that on the
leading walls. There is very little spanwise variation of the
local heat/mass transfer between consecutive ribs on the trail-
ing wall. When the rotation number is high, however, there is
signi� cant spanwise local heat/mass transfer variation on the
leading wall, with high heat/mass transfer in the middle of the
wall and very low heat/mass transfer near the two side walls.

2) For radial inward � ow in the second pass, the heat/mass
transfer between consecutive ribs is very high on the leading
wall and is relatively low on the trailing wall. However, the
trailing wall heat/mass transfer in the second pass is signi� -
cantly higher than the leading wall heat/mass transfer in the
� rst pass. The sharp turn reduces the difference between the
heat/mass transfer on the leading wall and that on the trailing
wall. The sharp turn also causes spanwise asymmetric variation
of the local heat/mass transfer between consecutive ribs in the
second pass immediately downstream of the turn.

3) Compared with the heat/mass transfer distributions in a
channel with smooth walls, the 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
signi� cantly change the shapes of the local heat/mass transfer
distributions on the smooth walls in the turn.

4) Relative to the heat/mass transfer in a corresponding sta-
tionary channel, the overall heat/mass transfer in a rotating
channel with rib-roughened walls is not affected by the Cor-
iolis force as much as that in a rotating channel with smooth
walls.

5) Varying the Reynolds number does not signi� cantly
change the shapes of the local heat/mass transfer distributions
on the rib-roughened leading and trailing walls.
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