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Abstract—The influences of channel orientation and wall heating condition on the local surface heat
transfer coefficient in a rotating, two-pass, square channel with 60° and 90° ribs on the leading and trailing
walls were investigated for Reynolds numbers from 2500 to 25 000 and rotation numbers from 0 to 0.352.
The two channel orientations were (1) square channel perpendicular to the axis of rotation and (2) square
channel twisted at 45° to the axis of rotation. Two thermal boundary condition cases were studied : (A) all
four walls at the same temperature and (B) all four walls at the same heat flux. Results show the Coriolis
force effect is reduced for the 45° channel orientation. Thus, heat transfer coefficients decrease for the first
pass trailing and second pass leading walls and increase for the first pass leading and second pass trailing
walls, compared with their corresponding perpendicular channel orientation values. The increase of heat
transfer coefficients for uneven wall heating condition Case (B) when compared to their corresponding
heat transfer coefficients for Case A is greater for the 45° channel orientation than for the perpendicular
channel orientation.

INTRODUCTION

As turbine inlet temperature increases in gas turbine
engines so does the heat load to the turbine blades.
To maintain acceptable blade life, methods such as
film cooling, impingement cooling, and augmented
convective cooling in internal serpentine and pin fin
channels reduce the amount of heat reaching the
blades and remove the heat from the blades. Some
investigations for the heat transfer in internal coolant
channels of turbine blades have concentrated on non-
rotating models that did not include the Coriolis and
the centrifugal buoyancy forces effect on coolant
motion and heat transfer [1, 2]. However, some
researchers reported on the heat transfer charac-
teristics due to rotation in straight channels with
smooth or rib turbulated walls and radial outward
flow [3-9]. References [10-13] studied the effect of
rotation on the local heat transfer coefficient in a
serpentine square coolant channel (three-pass) with
smooth and ribbed walls for a systematic variation
of parameters similar to typical engine conditions.
References [14, 15] also showed results for rotation
effects on the local heat transfer coefficient but in a
four-pass smooth and ribbed square channel. Ref-
erence [16] predicted the channel fluid velocities and
heat transfer coefficients in rotating smooth channels
with radial outward flow, which agreed within 10~
30% with the smooth wall data shown in ref. [10].
References [17-20] present the effect of wall heating
condition on local heat transfer coefficients in a two-

1 Author to whom correspondence should be addressed.

pass square channel with smooth and rib turbulated
walls. The results of refs. [17, 18] agreed with those of
refs. [10, 11] for the rotating smooth wall channel with
uniform wall temperature conditions, i.e. all walls at
the same temperature. However, refs. [17-20] found
that for the uniform wall heat flux and simulated
engine wall heating conditions, the rotating leading
surface heat transfer coefficients of the first coolant
pass (radial outward flow) and the rotating trailing
surface heat transfer coefficients of the second coolant
pass (radial inward flow) were 50-100% greater than
those for the uniform wall temperature conditions.
Many of the above used coolant channel walis per-
pendicular to the axis (or direction) of rotation with
radial outward (and inward) flow. However, Figs. 1
and 2 show that the orientation of the cooling channel
in the leading and trailing edge regions of the turbine
blade may be at an angle f to the axis of rotation.
Reference [21] recently investigated the effect of
channel orientation for uniform wall temperature
conditions. Since the wall heating condition sig-
nificantly affects heat transfer for rib turbulated sur-
faces [19, 20] of a rotating channel, it is unknown how
effects due to wall heating condition change when
these channel walls are at an angle § to the axis of
rotation for both radial outward and inward flow.
Therefore, this study will investigate the effects of
channel orientation and wall heating condition on
local surface heat transfer coefficients in a rotating
two-pass square channel with 60° and 90° ribs on the
leading and trailing walls. Two channel orientations
are studied : f = 0° corresponding to the mid-portion
of a turbine blade (data from refs. [19, 20]), and
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projected heat transfer surface area
hydraulic diameter ; square channel
width or height ( = 0.0127 m, 0.50 in.)
rib height
heat transfer coefficient
thermal conductivity of coolant (air)
heated channel length (each pass)

u  local Nusselt number, AD/k

u, Nusselt number in stationary, fully
developed, turbulent, tube flow

P rib pitch or streamwise spacing

Pr Prandtl number

gnee et heat transfer rate

R mean rotating radius

Re Reynolds number, pDV/u

Ro rotation number, QD/V

T, local bulk mean coolant temperature

Ty inlet bulk mean coolant temperature

T. local wall temperature

vV mean coolant channel velocity

(WIS

R Rl

NOMENCLATURE

X channel axial distance from heated
channel inlet

X channel axial distance from second
pass inlet.

Greek symbols

o the angle between the coolant flow
direction and the rib axis
B channel (or model) orientation angle

(Ap/p); coolant-to-wall density ratio based
on inlet bulk mean coolant tempera-
ture, (0= pu)/psi = (Tu—Tul/ T

Q rotational speed

p coolant density

P coolant density based on inlet bulk
mean coolant temperature

Pu coolant density based on local wall
temperature

u coolant dynamic viscosity.

B = 45° corresponding to serpentine passages in the
trailing edge region of a blade (new data) (Fig. 1).
The two wall heating conditions tested were Case A
(four walls at the same temperature) and Case B (four
walls at the same heat flux).

Suction Side
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Pressure Side
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L = Leading
T = Trailing
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Model Orientation A Model Orientation B
B=0 (p = 45)

Fig. 1. Coolant channel orientations and cross-stream flows
in a turbine blade.
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Fig. 2. Conceptual view of the coolant flow profile and 90°
transverse ribs in a twisted two-pass rotating channel.
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EXPERIMENTAL FACILITY AND DATA
REDUCTION

References [17-20] describe the test rig, test pro-
cedures, data reduction and uncertainty. A short
description follows ; Fig. 3(a). Regulated, compressed
air (coolant) flows through an orifice meter and passes
through a hollow rotating shaft and a hollow rotating
arm perpendicularly mounted onto the shaft. Then
the air passes through the test model (a ribbed, two-
pass, square channel at the outer radius of the arm), is
routed back to the shaft and exits into the atmosphere
from the opposite end of the rotating shaft. Slip ring
units transfer thermocouple outputs to a data logger
interfaced to a personal computer and also transfer
variac transformer outputs to wire resistance heaters
uniformly cemented in grooves on the backside of
the test model’s copper plates. The front sides of the
copper plates form the channel walls. Each plate is
isolated in the streamwise and circumferential direc-
tions by Teflon pieces of the test model. The plates
serve to obtain regionally averaged heat transfer
coefficients; Fig. 3(b). An electric motor with an
adjustable frequency controller turns the shaft, arm,
and test model by means of a toothed belt. A
digital photo tachometer measures the rotating shaft
speed.

The arm, the unheated entrance channel, and test
model twist abour. the long axis of the rotating arm to
achieve the two channel orientations. For the § = 45°
orientation (twisted), the ribbed leading wall for the
B = 0° orientation (untwisted) and smooth side wall
A become co-leading walls (Figs. 1 and 2). Similarly,

r
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r ]
1. Electric Motor with 5, Steel Table
Controller 6. Rotating Arm
2. Rotating Shaft 7. Test Section
3. Belt Drive Pulley 8. Compressor Air
System 9. Rotary Seal
4. Bearing Support 10. Slip Ring
System
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the ribbed trailing wall and smooth side wall B become
co-trailing walls. The ribbed leading and trailing walls
back against the suction and pressure surfaces of the
blade, respectively, for both untwisted and twisted
orientations, and are the main walls of interest. Figure
2 shows that ribs are directly opposite each other (not
staggered) on both leading and trailing walls. As in
previous studies, the rib height-to-hydraulic diameter
ratio (e/D) is 0.125, the rib pitch-to-height ratio (P/e)
is 10, and the rib angle from the coolant flow direction
() is 90° (Fig. 2) or 60°; Fig. 3(b). The ribbed trailing
and leading surfaces are made by gluing brass ribs of
square cross-section to the copper plates. The thick-
ness of the conductive glue is less than 0.01 cm and
creates a negligible thermal insulation effect between
the ribs and copper plates.

Calculation of the local heat transfer coefficient uses
the local net heat transfer rate, the projected surface
area (area of the smooth wall) to the cooling air, the
local wall temperature on each copper plate, and the
local bulk mean air temperature in

h= qnel/[A(Tw-Tb)]' (1)

Local net heat transfer rate (g,,,) is the electrical power
generated by the heaters minus the power loss by
conduction away from the channel. The local bulk
mean air temperature uses the corresponding X/L (or
X'/L) for each thermocouple location in interpolating
between the measured inlet (about 30°C) and exit bulk
temperatures. The local Nusselt number, normalized
by the Nusselt number for a stationary fully developed
turbulent flow in a smooth circular tube, is correlated
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Fig. 3. (a) Schematic of the rotating test rig and (b) Schematic of the heat transfer test model with +60°
angled ribs for an untwisted two-pass rotating channel.
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by Dittus—Boelter/McAdams [22] as
Nu/Nu, = (hD/k)/[0.023 Re® Pr®4 )

with Pr = 0.72. The uncertainty of the local heat
transfer coefficient depends on the local wall-to-cool-
ant temperature difference and the net heat input to
the coolant for each copper plate. This uncertainty
increases when decreasing both the local wall-to-cool-
ant temperature difference and the net heat input.
Considering the method described in ref. [23], the
typical uncertainty in the Nusselt number is estimated
to be less than 8% for Reynolds numbers greater than
10000. The maximum uncertainty, however, could be
up to 20-25% for the lower heat transfer coefficient
at the lowest Reynolds number tested (Re = 2500).

EXPERIMENTAL RESULTS AND DISCUSSION

Along with what refs. [12, 19] show, the Nusselt
number in a rotating channel is also a function of the
channel geometry. Thus, the Nusselt number depends
on: (1) the ratio of the rotating mean radius to channel
hydraulic diameter, (2) the ratio of the axial distance
to channel hydraulic diameter, (3) channel Reynolds
number, (4) Prandtl number, (5) rotation number, (6)
wall-to-coolant density (temperature) difference ratio,
(7) flow direction (radial outward flow or radial
inward flow), (8) rib turbulator geometry (height,
spacing, cross-section, and angle between the coolant
flow direction and the rib axis, respectively) and (9)
the channel geometry (shape and orientation). The
functional relationship can be expressed as:

Nu = f(R/D, X/D, Re, Pr, Ro, Ap/p,
flow direction, rib geometry, channel geometry) (3)

where Pr = 0.72 and R/D = 30. Results are shown for
the following test conditions : Re = 2500, 5000, 10 000
and 25000 and Q = 0 and 800 rpm, which combine
to produce Ro = 0.0, 0.0352, 0.088, 0.176 and 0.352.
The inlet wall-to-coolant density ratio (Ap/p); has the
following values: Case A = 0.11 for all walls in both
passes (producing T, = 60-65°C) and Case B = 0.10,
0.07 and 0.08 for the first pass leading (7, = 60—
65°C), trailing (T, = 50-55°C) and two side walls
(T, = 55-60°C), respectively (the reverse is true for
the second pass leading and trailing walls).

Effect of rotation relative to non-rotation

Figures 4 and 5 show the effect of rotation (Ro = 0,
0.0352 and 0.176) on the local Nusselt number ratio
(Nu/Nu,) for 90° transverse ribs on the leading and
trailing walls, Case A wall heating condition, and for
both untwisted and twisted channel orientations. In
Fig. 4 for Ro = 0 and 0.176 at Re = 5000, local Nus-
selt number ratios for the ribbed leading and trailing
walls are nearly uniform for non-rotation (approxi-
mately 2.5-4.5) throughout the two-pass test model.
However, as rotation increases (Ro = 0-0.176), in the
first outward flow pass (0 < X/D < 12) the Nusselt
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Fig. 4. Effect of rotation on Nusselt number ratio variation
for Case A, 90° ribs, Ro = 0, 0.176 and § = 0°, 45°.
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Fig. 5. Effect of rotation on Nusselt number ratio variation
for Case A, 90° ribs, Ro = 0, 0.0352 and § = 0°, 45°.

number ratios for the trailing wall increase while the
Nusselt number ratios for the leading wall decrease
relative to their corresponding non-rotating values.
The reverse is true in the second inflow pass
(12 < X/D < 24). This is because rotation creates
Coriolis forces, proportional to the through flow vel-
ocity, which produce secondary, cross-stream flows.
Figure 1 shows these flows impinge perpendicularly
on the first pass trailing and second pass leading walls
for the untwisted model orientation A (f = 0°). Simi-
larly, these cross-stream flows for the twisted model
orientation B (f = 45°) still impinge on the first pass
trailing and second pass leading walls but at an
oblique angle f. Thus, not only do these cross-stream
flows thin the boundary layers of the first pass trailing
and second pass leading walls, but the fluid is also
pulled away from, and thus thickens the boundary
layers on the first pass leading and second pass trailing
walls. Therefore, due to the thinning or thickening of
the boundary layers, the heat transfer coefficients for
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both the untwisted and twisted orientations for the
first pass trailing and second pass leading walls are
higher with rotation than those without. The heat
transfer coefficients for the first pass leading and
second pass trailing walls are also lower with rotation
than those without. However, the Coriolis force effects
and cross-stream flows are reduced as rotation num-
ber is reduced. Figure 5 shows smaller differences
between Nusselt number ratios for rotation number
Ro = 0.0352 (at Re = 25000) and their corresponding
Nusselt number ratios for non-rotation (Ro = 0) com-
pared to the differences between Nusselt number
ratios for rotation number Ro = 0.176 (at Re = 5000)
and non-rotation in Fig. 4.

Effects of rotatior, number, channel orientation and wall
heating condition

Before these new results are presented and
discussed, a brief summary follows of the untwisted
channel orientation results from refs. [19, 20]. For
Cases A and B wall heating conditions, the Nusselt
number ratios for the first pass trailing wall increase
with increasing rotation number and are higher than
the Nusselt number ratios for the first pass leading
wall, which decrease with increasing rotation number.
The reverse is true for the second pass. The magnitude
of the differences between the leading and trailing
Nusselt number ratios in both passes increase with
increasing rotation number. However, these differ-
ences are reduced in the second pass when compared
to the first pass differences. This is because the rotation
induced centrifugal buoyancy force (radially outward
and due to air density-temperature differences) adds
to the inertia force in the first pass and subtracts from
the inertia force in the second pass. Thus, the through
flow velocity and Coriolis force effect (explained
above) are reduced in the second pass when compared
to the first pass. Therefore, the magnitude of the lead-
ing-trailing Nusszlt number differences are smaller in
the second pass.

Figures 6, 7, 9 and 10 show the effects of channel
orientation and rotation number on Nusselt number
ratio for the following wall heating condition—rib
angle combinations: Case A, 90° transverse rib (Fig.
6) ; Case A, 60° angled rib (Fig. 7) ; Case B, 90° trans-
verse rib (Fig. 9); and Case B, 60° angled rib (Fig.
10). Results are presented at four selected channel
axial locations: X/D = 7 and 11 in the first outward
flow pass, and X/D = 13 and 17 (or for X", X'/D =1
and 5) in the second inward flow pass. First, Figs. 6
and 7 for Case A uniform wall temperature will be
discussed. The twisted orientation, 60° angled rib
results for Case A will then be compared to the results
in ref. [21]. Finally, Figs. 9 and 10 for Case B uniform
wall heat flux will be discussed.

Both Figs. 6 and 7 show results for Case A 90° and
60° ribs, respectively. The Nusselt number ratios for
the first pass and second pass trailing walls for the
twisted orientation are nearly equal to those Nusselt
number ratios corresponding to the untwisted model
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Fig. 6. Effect of rotation number on Nusselt number ratio
variation at selected axial locations for Case A, 90° ribs and
B =0°45

orientation. The Nusselt number ratios for the twisted
orientation of the first pass leading wall are up to
120% higher and about 40% lower for the second pass
leading wall, respectively, than those Nusselt number
ratios for the untwisted orientation. This may be
explained as follows. The effect of the Coriolis force
for the untwisted orientation is a maximum since these
forces (and cross-stream flows) are normally incident
on the first pass trailing and second pass leading walls.
This produces maximum differences between leading
and trailing Nusselt number ratios in each pass. How-
ever, the Coriolis force effect (and cross-stream flows)
are still present for the twisted orientation but reduced
by being oblique at 45° to the first pass trailing and
second pass leading walls (Fig. 1). Thus, the increases
(decreases) of the Nusselt number ratios for the first
pass trailing and second pass leading (first pass leading
and second pass trailing) walls from non-rotating
results are not as great for the twisted orientation as
for the corresponding increases (decreases) for the
untwisted orientation. This is the effect of model
orientation on the Coriolis force (and cross-stream
flow).

Note that the amount of change (increase) in the
Nusselt number ratios for the first pass leading wall,
which occurs as the orientation changes from
untwisted to twisted, are relatively greater than the
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Fig. 7. Effect of rotation number on Nusselt number ratio
variation at selected axial locations for Case A, 60° angled
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amount of change for any of the other three walls. The
Coriolis and the buoyancy forces for the untwisted
orientation pull fluid away from almost the entire
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Fig. 9. Effect of rotation number on Nusselt number ratio
variation at selected axial locations for Case B, 90° ribs and
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width of the first pass leading wall, which creates a
relatively thick boundary layer on the first pass leading
wall. For the twisted orientation, however, these
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Fig. 8. Conceptual view of secondary flow vortices induced by rotation, model orientation and rib angle.
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forces only pull fluid away from the part of the wall
nearest the corner of the leading wall and side wall A
(Figs. 1 and 2). Thus, the boundary layer on the lead-
ing wall for the twisted orientation remains relatively
thin (increases Nusselt number ratios). The boundary
layers for the first pass trailing wall are already thin
and not significantly affected by the reduction in Cori-
olis force as the rnodel orientation changes. However,
the amount of change (decrease) in the Nusselt num-
ber ratios for the second pass leading wall is smaller
as the orientation changes, compared to the change
(increase) for the first pass leading wall.

Figure 7 shows the effect of model orientation on
Nusselt number ratios for Case A uniform wall tem-
perature and 60° angled ribs. As mentioned above,
ref. [21] also presents local heat transfer results for
rotating, square-cross section, serpentine passages
with ribbed walls. The pertinent data in ref. [21] are
identified as uniform wall temperature, 45° angled
(skewed) rib, model orientation at +45°, and forward
flowing coolant for the trailing edge region of a turbine
blade (positive rotation). The 45° angled ribs in ref.
[21] are shorter in height (¢/D = 0.1) and semi-circular
in cross section but, most importantly, are at a rib
angle of « = —45° (or « = +135°) from the coolant
flow direction in the first pass (radial outward flow)
and at o = +45° in the second pass (radial inward
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flow), compared to the rib angle of « = +60° in both
passes for the present data (Fig. 3(b)).

The results of ref. [21] for the +45° angled ribs in
the second, inward flow pass agree with the present
data for +60° angled ribs: small differences between
the Nusselt number ratios for the untwisted and
twisted model orientations for both the leading and
trailing walls. However, for the first pass with —45°
angled ribs, the Nusselt number ratios for the trailing
wall decrease and remain about the same for the lead-
ing wall as the model orientation changes from
untwisted to twisted (8 =0° to —45°), which is
different from the present study results. Here Fig. 7
shows that the Nusselt number ratios for +60° angled
ribs in the first pass for the trailing wall remain about
the same but increase greatly for the leading wall as
model orientation changes from untwisted to twisted.

Part of the explanation follows. Along with the
secondary cross-stream flow produced by the Coriolis
force effect, another secondary flow along the rib axes
is produced solely by the effect of ribs at an angle, but
not transverse, to the coolant flow direction [2]. It
makes no difference if the rib angle is positive or
negative for stationary tests with full width ribs and
regional heat transfer measurements using full width
copper plates. It is also believed there is no difference
due to the sense of the rib angle for the rotating
untwisted model orientation results [13, 19, 20]. This
is because the two secondary flows produced by the
Coriolis force and rib angle effects combine to (i)
constructively (same direction) enhance heat transfer
for one half of each of the leading and trailing walls
and (ii) destructively (opposite direction) reduce heat
transfer for the other half of each of the leading and
trailing walls for either positive or negative angled
ribs. This can be seen from the conceptual secondary
flow diagrams in Fig. 8 (upper diagrams). However,
the two secondary flows for the rotating twisted model
orientation (see Fig. 8 lower diagrams) combine to (i)
constructively (same direction) enhance heat transfer
for positive rib angles on both leading and trailing
walls in the first pass and (ii) destructively (opposite
direction) reduce heat transfer for negative rib angles
on both leading and trailing walls in the first pass.
Therefore, changing the model orientation from
untwisted to twisted, the heat transfer on both leading
and trailing walls: increases for +60° angled ribs in
the first pass but decreases for the —45° angled ribs
in the first pass. This is the effect of the combined
Coriolis force and rib angle on the secondary cross-
stream flows.

The other part of the explanation is the effect of
model orientation on Coriolis force, mentioned above
for Figs. 6 and 7. Combining all effects (Coriolis force,
rib angle, and model orientation on secondary flows
shown in Fig. 8), explains the results in the first pass
as model orientation changes from untwisted to
twisted for ref. [21] with —45° angled ribs, and for
the present data with +60° angled ribs. The first pass
heat transfer for the —45° angled ribs trailing wall
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decreases due to the reduced Coriolis force effect and
the opposite direction between rib angle and the model
orientation effect on secondary vortices. However,
heat transfer for the leading wall remains about the
same because the enhanced Coriolis force effect can-
cels the opposite direction between rib angle and the
model orientation effect on secondary vortices. The
first pass heat transfer for the 4 60° angled ribs trailing
wall remains about the same due to cancellation of
the reduced Coriolis force effect with the positive rib
angle and the model orientation effect on secondary
vortices. The leading wall increases due to com-
bination of the enhanced Coriolis force effect with the
positive rib angle and the model orientation effect on
secondary vortices. It is interesting that there is no
secondary flow for 90° transverse ribs due to rib angle
and thus, the model orientation effect on secondary
flow dominates this situation.

Finally, Figs. 9 and 10 for 90° and 60° ribs, respec-
tively, show results for Case B uniform wall heat flux.
Many of the Nusselt number ratios on both leading
and trailing walls for the twisted model orientation
Case B could be up to 100% above those Nusselt
number ratios corresponding to the untwisted model
orientation. Again, the most significant increases (up
to 100%) occur on the first pass leading wall, the same
as the Case A results. The effect of model orientation
on the Coriolis force (and cross-stream flow) clearly
increases heat transfer for the first pass leading and
second pass trailing walls as explained above for Figs.
6 and 7. However, the results for the 60° angled ribs
on the second pass are insensitive to model orien-
tation. This could be due to the very complicated flow
situation (i.e. 60° angled ribs, twisted model orien-
tation, uneven wall heating condition, and flow exiting
the sharp 180° turn). The reasons for the increases of
the first pass trailing wall and the 90° rib second pass
leading wall when the model twists under uneven wall
heating conditions are explained below.

For the untwisted orientation, the flow in the two
secondary cross-stream flow vortices is heated in the
boundary layers of three walls : the leading wall, trail-
ing wall, and one of the two side walls (model orien-
tation A, Fig. 1). The temperature of the first pass
leading wall is higher than the other walls for the first
pass and uniform wall heat flux. However, the twisted
orientation flow in each secondary cross-stream flow
vortex is now heated either by the leading wall or the
trailing wall and by one of the two side walls (model
orientation B, Fig. 1). Thus, the twisted orientation
cross-stream flow vortex next to the trailing wall and
one side wall no longer has heating at the relatively
warm leading wall as the corresponding vortex did for
the untwisted orientation. Therefore, the flow next to
the trailing wall for the twisted orientation is relatively
cooler than the untwisted orientation. Thus heat
transfer and Nusselt number ratios significantly
increase for the first pass trailing wall (and similarly
for the second pass leading wall) and overcome the
effect of the model orientation to decrease heat trans-

J. A.PARSONS et al.

fer on these two walls. Significant Nusselt number
increases (relative to Case A) were also found for
untwisted model orientations that were due to uneven
wall heating conditions [17-20].

Several additional comparisons can be made on
Figs. 6, 7, 9 and 10 and are briefly stated below.
Nusselt number ratios for the untwisted orientation
60° and 90° ribs (referred to as ratios) on both leading
and both trailing walls of Case B vary from 20%
below to 50% above their corresponding ratios for
Case A. However, twisted orientation ratios for both
leading and both trailing walls of Case B vary from
25% below to 150% above their corresponding ratios
for Case A. Thus, the twisted orientation generally
increases the effect of uneven wall heating, when com-
pared to the smaller increases in heat transfer due
to uneven wall heating condition for the untwisted
orientation. In addition, the untwisted orientation
ratios for the 60° angled ribs on both leading and both
trailing walls are up to 30% above their corresponding
ratios for both Cases A and B 90° ribs. However, the
twisted orientation ratios for the 60° angled ribs on
both leading and both trailing walls for Case A are
up to 40% above and for Case B are within 40% of
their corresponding ratios for the 90° ribs. Finally,
Figs. 6, 7, 9, and 10 show changes in Nusselt number
ratios as the model orientation changes from
untwisted to twisted up to 120% for the leading and
trailing walls of the first pass and only up to 40% for
the leading and trailing walls of the second pass. The
smaller changes in the second pass are due to the
reduction of the inertia force by the buoyancy force
in the second pass.

CONCLUDING REMARKS

The influences of channel orientation to the axis of
rotation and wall heating condition on the local sur-
face heat transfer coefficients in a rotating, two-pass,
square channel with 60° and 90° ribs on the leading
and the trailing walls have been observed for rotating
numbers from 0.0 to 0.352 and Reynolds numbers
from 2500 to 25000. The findings are:

1. The effects of the Coriolis force and cross-stream
flow reduce as the model orientation changes from
untwisted (channel walls perpendicular to the axis of
rotation) to twisted (channel walls at 45° to the axis
of rotation). Thus, the Nusselt number ratios for the
twisted first pass trailing and second pass leading walls
are reduced when compared to their corresponding
Nusselt number ratios for the untwisted orientation.
The Nusselt number ratios for the twisted first pass
leading and the second pass trailing walls are also
enhanced when compared to their corresponding Nus-
selt number ratios for the untwisted orientation. The
largest change is the enhancement of up to 120%
(Case A) on the first pass leading wall.

2. Nusselt number ratios for the untwisted orien-
tation 60° and 90° ribs on both leading and both
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trailing walls for Case B (uniform wall heat flux con-
dition) vary from 20% below to 50% above their
corresponding Nusselt number ratios for Case A (uni-
form wall temperature condition). However, Nusselt
number ratios for the twisted orientation 60° and 90°
ribs on both leading and both trailing walls of Case B
vary from 25% below to 150% above their cor-
responding Nusselt number ratios for Case A. Thus,
the effect of uneven wall heating condition (Case B)
is greater (and generally increases) for the twisted
orientation than for the untwisted orientation. This is
due in part to the change in the number of walls that
heat the coolant in the cross-stream flow vortices of
the channel which occurs as the model orientation
changes. Also, the greatest increase is up to 100% on
the first pass leading wall.

3. The Nusselt number ratios for the untwisted
orientation and both Cases A and B 60° ribs on both
leading and both trailing walls are up to 30% above
their corresponding Nusselt number ratios for the 90°
rib walls. However, the Nusselt number ratios for the
twisted orientation 60° ribs on both leading and both
trailing walls for Case A are up to 40% above, while
Case B are within 40% of their corresponding Nusselt
number ratios for the 90° rib walls.
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