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Abstract

The in¯uence of Coriolis force on heat transfer in a rotating transitional boundary layer has been experimentally investigated.

The experiments have been conducted for local G�ortler numbers up to 150. Heat transfer measurements have been performed for a

¯at plate with nearly uniform heat ¯ux applied to the surface, where the temperature was measured by the thermochromic liquid

crystal method. The results indicate that heat transfer is enhanced when Coriolis force acts towards the wall, i.e., on the pressure

surface. The velocity measurements under equivalent conditions show that Coriolis instability induces counter-rotating longitudinal

vortices which augment the lateral transport of the ¯uid on the pressure surface. On the other hand, the heat transfer on the suction

surface remains at the same level as compared to the case without system rotation. As a consequence, the heat transfer coe�cient on

the pressure surface is 1.8 times higher than that measured on the suction surface when averaged over the measured surface. Ó 2000

Elsevier Science Inc. All rights reserved.
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1. Introduction

The heat transfer in a rotating system subjected to Coriolis
force is of great engineering importance, particularly for de-
signing rotational machinery, e.g., turbine blades, electrical
machinery and generator rotors. Measurements of heat
transfer under the in¯uence of Coriolis force and investigation
of the associated mechanism in relation to the Coriolis insta-
bility are desired.

Fig. 1 shows the conceptual view of a rotating transitional
boundary layer with system rotation around the axis which is
parallel to the leading edge. In the ``pressure surface'' bound-
ary layer, as illustrated in Fig. 1, the Coriolis force is directed
towards the wall and the ¯ow tends to be destabilized. In the
``suction surface'' boundary layer, in which the direction of
Coriolis force is away from the wall, the ¯ow is stabilized.

The governing parameter of the instability in the pressure
surface boundary layer is the G�ortler number, Gd, which is
de®ned as

Gd � Red

��������
Rod

p
: �1�

Here, Red is the Reynolds number de®ned as Red � U1d=m,
and Rod is the rotation number de®ned as Rod � Xd=U1,
where U1 is the free-stream velocity and d is the boundary
layer thickness. If Gd exceeds a certain limit, pairs of counter-
rotating streamwise vortices appear, and the lateral heat and

mass transfer are expected to be varied. These situations are
essentially similar to those of G�ortler ¯ow along a concave
wall caused by centrifugal force (G�ortler, 1940). Extensive
discussion on this topic is presented by Guo and Finlay (1994).

To the best of the authors' knowledge, the ®rst approach to
the heat transfer problem in connection with the centrifugal
instability was reported by McCormack and Keller (1970).
They experimentally investigated on the e�ect of G�ortler vor-
tices on heat transfer in the boundary layer along a concave
wall. They con®rmed the existence of the longitudinal vortices,
and showed that there is 100±150% increase in Nusselt number
in the presence of vortices.

Kotte (1986) also conducted experiments on the concave
wall. He visualized spanwise mass transfer distribution on the
surface and also measured the mass transfer coe�cient. He
showed that mass transfer was indeed increased by the pres-
ence of G�ortler vortices. However, owing to a lack of velocity
distribution information, the G�ortler vortices and mass or heat
transfer enhancement were not well correlated. He also intro-
duced disturbances via grids of di�erent meshes and found an
optimal mesh size for the enhancement of mass transfer.

Crane and Sabzvari (1989) carried out a detailed experi-
ment on a concave wall. They measured both velocity and
surface temperature and concluded that G�ortler vortices
caused both the variation of temperature in the spanwise di-
rection and augmentation of the heat transfer coe�cient. They
indicated that in the down-wash region where the boundary
layer becomes thin due to G�ortler vortices, heat transfer was
enhanced, and vice versa in the up-wash region.

In an experiment in a rotating frame, Mori et al. (1971)
conducted measurements, for the ®rst time, in a circular pipe.
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Since this experiment, a great number of investigations have
been reported, mainly for application to the cooling of turbine
blades (Nomoto et al., 1997).

Among others, the experiment conducted by Wagner et al.
(1991) has been the most systematic. They examined the heat
transfer in a square-sectioned duct with system rotation,
varying both the rotation number and Reynolds number. They
concluded that the pressure surface (trailing surface) heat
transfer increased compared to the suction surface (leading
surface). They inferred that the secondary ¯ow induced by the
Coriolis force contributes to an increase in the heat transfer.

There are a number of other experiments, which can be
regarded as variants of Wagner et al. experiment, in which, for
example, square-sectioned turbulence promoter ribs were set
on a duct surface (Taslim et al., 1991), the shape of the duct
cross-section was varied (e.g., rectangular and triangular,
Harasgama and Morris, 1988), a two or multi-path sectioned
duct with sharp corners was used or the thermal boundary
condition was changed (Han and Zhang, 1992). However, they
are of limited quantitative importance since the results su�er
from the secondary ¯ow due to the end-wall boundary layer,
the corner e�ect of a noncircular sectioned duct or, in some
cases, turning of the duct centerline. Hence, the results depend
on the speci®c geometry adopted.

In a more recent experiment conducted in a rotating
channel, Matsubara and Alfredsson (1996) investigated the
in¯uence of the Coriolis force on heat transfer for a wide range
of rotation numbers. They con®rmed that the temperature ®eld

is strongly correlated with the evolution of longitudinal vor-
tices, based on linear stability analysis. Their results suggest
the break down of Reynolds analogy between heat and mo-
mentum transfer.

In the present experiment, attention has been focused on
the pure Coriolis e�ect directed normal to the wall, in order to
obtain universal function for the heat transfer coe�cient. For
this purpose, we have realized the nominally two-dimensional
rotating boundary layer without end-wall contamination, by
employing a wind tunnel cross-section with a high aspect ratio,
thus eliminating miscellaneous factors such as the end-wall
e�ect, the corner e�ect and the centrifugal force e�ect due to
curvature.

2. Experimental apparatus and procedure

2.1. Rotating wind tunnel and test plate

Experiments were conducted in an open return-type rotat-
ing wind tunnel shown in Fig. 2. It consisted of an inlet duct
with a 390 mm� 390 mm cross-section, a two-dimensional
contraction with an area ratio of 4.53:1 and a
760 mm� 86 mm� 390 mm test section. These components
were mounted on a table 2 m in diameter, which rotates about
the leading edge, i.e., parallel to the z-axis, with variable an-
gular velocity X up to 20 rad/s.

The room air was supplied by a blower on a stationary
frame via a mechanical seal, with the resultant free-stream
velocity U1 of up to 10 m/s. An acrylic test plate separated the
test section into a 390 mm� 40 mm test channel and a bypass
channel with 390 mm� 21 mm cross-section. The streamwise
pressure gradient was minimized �ÿdp=dx ' 0� by adjusting
both the wall opposite to the test surface and the ¯ow rate in
the bypass channel. The thickness of the test plate was 10 mm,
and its leading edge was shaped into a 3.3° wedge with a
rounded tip of 0.5 mm diameter. A number of air ®lters,
consisting of mesh and sponge, were installed in the inlet cross-
section to decrease the free-stream turbulence level and to trim
the ¯ow direction. At the outlet cross-section, also a honey-
comb and screens were installed in order to avoid the down-
stream e�ects. The resistance of the outlet screen was carefully
adjusted so that the oncoming streamline became parallel to
the test surface. Due to the limitation on the space, the
maintenance of the inlet ¯ow condition was extremely di�cult.

Notation

A surface area of the heater, m2

Gd G�ortler number based on Red and Rod

hx local heat transfer coe�cient, W=m2K
hx0 local heat transfer coe�cient for nonrotating case,

W=m2K
k thermal conductivity, W=mK
L length of the ¯at plate, m
Nux local Nusselt number, hxx=k
Pr Prandtl number, m=a
q total heat ¯ow given by the ®lm heater, W
qloss total heat loss due to conduction and radiation, W
R;G;B intensities of Red, Green, Blue
RaX rotational Rayleigh number, bLX2�Tw ÿ T1�L3=�ma�
Red Reynolds number, U1d=m
Rod Rotation number, Xd=U1
T1; T2 inlet and outlet temperatures of the test section, K

T1 free-stream temperature, �T1 � T2�=2, K
Tw local wall temperature, K
U streamwise mean velocity, m/s
U1 free-stream velocity, m/s
u streamwise ¯uctuating velocity, m/s
x; y; z Cartesian coordinates
xl length of the ¯at plate in front of the heater, m

Greeks
a thermal di�usivity, m2=s
b thermal expansion coe�cient, Kÿ1

C hue angle, rad
DUmax spanwise maximum of velocity di�erence, m/s
d boundary layer thickness, m
k spanwise distance of temperature streaks, m
m kinematic viscosity, m2=s
X angular velocity of rotating system, rad=s

Fig. 1. Conceptual view of rotating boundary layer on pressure sur-

face.
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Nevertheless, the free-stream turbulence intensity was always
less than 1%, which was su�ciently low for the purpose of the
present study.

The test plate had a laminate structure, as shown in Fig. 3.
A thermochromic liquid crystal (LC, hereafter) sheet 0.05 mm
thick and a stainless steel (SUS304) ®lm 0.01 mm thick were
attached to the acrylic plate (10 mm) via adhesive tape (0.01
mm in thickness). The stainless steel ®lm was heated by electric
current from a variable transformer mounted on the turntable,
to give a uniform heat ¯ux on the test surface. The 600 mm-
long heater extended over the test plate. In order to minimize
the heat conduction loss to the test plate, a 15 mm-thick sty-
rene foam plate was attached to the back of the acrylic plate.
Six pairs of calibrated copper±constantan (CC) thermocouples
were set in the back of the stainless steel resistant heater to
monitor the time history of the temperature ®eld. The error in
the thermocouple measurements is about �0.05 °C.

Since the temperature di�erence between the wall and the
main stream was set to be 10°C, and also angular velocity of
the system rotation was 4.6 rad/s at most, the rotational
Rayleigh number RaX was on the order of O�107�, where RaX

was de®ned as bLX2�Tw ÿ T1�L3=�ma�. Since the buoyancy
parameter RaX=Re2 appearing in the normalized momentum
equation was on the order of O�10ÿ3�, the buoyancy e�ect was
neglected in the present study.

2.2. Temperature measurements

To measure the temperature distribution on the surface of
the test plate, cholesterol induction-type LC was used, with the
sensitivity range covering 27±37°C. The color of the LC
changed from brown to red to blue, with increasing tempera-
ture. The temperature resolution was about 0:02°C and the
space resolution was su�ciently high for recognizing the sur-
face temperature distribution due to vortex formation.

The color distribution image of the LC layer resulting from
the streamwise vortices was photographed using a digital video
camera employing 3 CCD's. The LC sheet was illuminated by
two halogen lamps each with a power of 75 W. The image
obtained covered 100 mm� 360 mm on the plate, which cor-
responded to about 100300 pixels.

Since the image of the LC was strongly dependent on the
optical conditions, such as location and setting of the camera
and light source, special attention was paid to keep them
constant throughout both the LC calibration and the main
experiment. The correlation curve between the color image of
LC and the surface temperature was obtained by evaluating
the hue angle C, which responds to the temperature variation
almost linearly (Dabiri and Gharib, 1997). To evaluate C, the
LC images were ®rst saved in a personal computer in a binary
bitmap ®le in which the intensities of three color elements, i.e.,
red (R), green (G) and blue (B), were stored for each pixel.
From the R;G;B data, C was evaluated as

C � h g P b;
2pÿ h g < b;

�
�2�

where

h � cosÿ1�2r ÿ g ÿ b������
6c
p

and

r � R
R� G� B

;

g � G
R� G� B

;

b � B
R� G� B

;

c �
�������������������������������������������������������������������������

r ÿ 1

3

� �2

� g ÿ 1

3

� �2

� bÿ 1

3

� �2
s

:

The calibration device shown in Fig. 4 was used to correlate
the color information C with temperature. It consisted of a 38
W ®lm heater and an electronic cooler mounted on each end of
the 5 mm-thick copper plate. After generating a linear tem-
perature gradient using these heat and cold sources, tempera-
ture was measured by ®ve pairs of CC-thermocouples along
the plate and the LC image was simultaneously taken. The
unique correlation between C and surface temperature Tw was
obtained in this manner, as shown in Fig. 5. The major sources
of error in the temperature measurements using the calibrated
LC were considered to be: (1) uncertainty in thermocouple
output; (2) optical error such as viewing angle or the intensityFig. 3. Details of the test plate.

Fig. 2. Experimental setup.
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of the light source; (3) evaluation of the calibration curve itself.
Considering all these factors, the total error of the temperature
measurements on the LC was estimated to be approximately
�0.3°C.

Two pairs of CC-thermocouples were set in the free-stream
to measure the temperature outside the thermal boundary
layer. In order to monitor the streamwise temperature change,
the temperature was measured at two locations, one near the
leading edge �T1; x � 50 mm� and the other downstream
�T2; x � 650 mm�.

The local heat transfer coe�cient hx is calculated as

hx � �qÿ qloss�=�Tw ÿ T1�A: �3�
In this equation, q indicates the total heat ¯ow which is as-
sumed to be equal to the electric power applied to the heater
�voltage� current�. Tw is the local wall temperature,
T1 � �T1 � T2�=2 the free-stream temperature, A the surface
area of the heater and qloss accounts for the heat loss due to
both heat conduction to the back plate and radiation. In the
present experiments, the heat ¯ow q given by the heater was
about 150 W=m2. The area A was 100 mm� 1800 mm,
namely, the total span of the heating section was divided into
three 100 mm-wide sections which were electrically connected
in series. The uncertainties in this heat transfer coe�cient is
estimated to be about 20% in the far-upstream region and
10±5% in the downstream region.

2.3. Velocity measurements

To investigate the velocity distribution, we used a single-
element hot-wire probe and a custom-made constant-temper-
ature anemometer (CTA) (Matsubara and Alfredsson, 1998),
both of which were mounted on the turntable. A two-dimen-
sional automatic traversing mechanism enabled remote-
controlled measurement, as the hot-wire was continuously
traversed in the wall-normal direction y and the spanwise di-
rection z. In the streamwise direction x, the traversing stage
was moved by hand.

A silver-coated Rt �Rh wire (Wollaston wire) was used for
the sensing element of the hot-wire probe. The sensor diameter
was 2:5 lm and length was 0.5 mm. The transmission of the
electric signal between the rotating and stationary frames, as
well as the power supply from the stationary frame, was re-
alized by employing a 19-pole carbon slip ring device and 4-
pole mercury rotary connector which is hard to su�er from
noise. The former was mainly used for transmitting digital
output signal to control stepping motor, and the latter for
supplying AC100 V electric power to the rotating table and
transmitting CTA signal.

Data sampling using the CTA and CC-thermocouple out-
put, as well as control of the traversing system, was performed
with a 32-bit personal computer. For the velocity measure-
ment, typical sampling frequency was 5 kHz and sampling time
was 2 s. In order to remove the noise, AC output signal from
CTA (corresponding to the velocity signal) was ampli®ed by
20 dB. The measurements achieved spatial resolutions of
0.5 mm and 1.0 mm in the y- and z-directions, respectively.

3. Results and discussion

3.1. Base ¯ow experiment

Prior to the experiment under the rotating condition, the
two-dimensionality of the ¯ow and surface temperature dis-
tribution was examined in the nonrotating state. Velocity
contours in the y±z plane at x � 0:25 m, taken at U1 � 4 m/s,
are shown in Fig. 6. The contour lines are parallel to the z-axis,
con®rming that the ¯ow is uniform in the spanwise direction.
Fig. 7 shows the velocity pro®le at the same x-position. The
Blasius pro®le is shown by the dashed line for reference. The
plots are in good agreement with the Blasius pro®le, indicating
the insigni®cance of the pressure gradient. The maximum de-
viation from the Blasius pro®le was found to be �0:5% over at
least 40% of the channel span, therefore the base ¯ow is suf-
®ciently uniform to detect the spanwise velocity variation due
to the system rotation. Inspection of the LC image taken under
the nonrotating condition also con®rmed the temperature
distribution to be uniform in the spanwise direction (cf.
Fig. 8(a)).

Fig. 5. Hue-temperature calibration curve.

Fig. 4. Schematics of the calibration device.
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Fig. 6. Mean velocity contour plot at y±z plane at x � 0:25 m, U1 � 4

m/s. Contour spacing is 0.2 in u=U1.
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3.2. Heat transfer experiment: unconstrained ¯ow

As explained later in detail, the experiments have been
performed under two conditions: the ¯ow with and without
constraint to the longitudinal vortex position. Here, the results
are presented for the unconstrained condition, where the
measurements were performed without applying any arti®cial
disturbance to the base ¯ow. The free-stream velocity was kept
constant at U1 � 4 m/s throughout.

The temperature distribution without system rotation (cf.
Fig. 8(a)), shows the lowest temperature at the upstream end of

the heater (left end of the picture) and a gradual increase
downstream, simultaneously demonstrating the spanwise uni-
formity. The temperature distribution seems to be unaltered on
the suction surface at X � 4:6 rad/s (cf. Fig. 8(b)). On the
pressure surface, however, the temperature distribution is quite
di�erent as shown in Fig. 8(c), which is a result of changing the
direction of rotation while keeping the rotation rate constant.
Regions of high and low temperatures, as indicated by the light
and dark streaks, appear irregularly in space towards the
downstream region, x P 0:3 m (corresponding to Gd P 115).
This alternating dark/light pattern is called ``temperature
streaks'' hereafter. The width of the streak pattern is about
9 mm on average, though there is considerable scatter.

3.3. Heat transfer experiment: constrained ¯ow

Considering the results of the heat transfer experiment in a
concave wall boundary layer, conducted by Crane and Sabz-
vari (1989), it is expected that the present temperature streaks
are also caused by streamwise vortices. To elucidate the cor-
relation between the temperature streaks and streamwise vor-
tices, it is necessary to perform the measurements of
temperature and velocity simultaneously. However, the ve-
locity measurement using hot-wire anemometer in a varying
temperature ®eld is erroneous and, since the time constant of
the liquid crystal system is large compared to that of the
variation of the temperature streak, it is more e�cient to
control the ¯ow so that the same condition can be repeatedly
created. To this end, a device that ®xes the spanwise location
of the temperature streaks is introduced.

From previous experiments conducted by the present au-
thors' group, it is known that weak nonuniformity introduced
near the leading edge e�ectively ®xes the spanwise location of
the streamwise vortices without altering the base ¯ow (Matu-
bara and Masuda, 1991; Masuda et al., 1994). In the present
study, the disturbance has been generated by mounting a
spanwise array of tiny humps of 0.5 mm high, shown in Fig. 9,
onto the test surface at x � 10 mm. The distance between the
humps is k � 9 mm, which is equal to the mean spanwise
spacing of temperature streaks observed in the experiment
under the conditions without constraint (Fig. 8).

Fig. 10 shows the temperature distribution obtained under
the constrained condition. On the pressure surface, there are
some di�erences compared with results of the experiment
without humps shown in Fig. 8. Namely, the temperature
streaks appear from far upstream, align more regularly at the
spanwise position of the humps, and appear more clearly. Note
that in Fig. 10(a), the results for the nonrotation case as well as
the suction surface show no indication of the e�ect of the wake
of the humps.

3.4. Velocity ®eld

To examine the generation mechanism of the temperature
streaks, the velocity was measured at ®ve streamwise positions

Fig. 9. Shape of humps.

Fig. 8. Surface temperature distribution without humps: (a) nonrota-

tion; (b) suction surface; (c) pressure surface. Flow is from left to right,

U1 � 4 m/s, X � 4:6 rad/s.
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Fig. 7. Mean velocity pro®le at x � 0:25 m, U1 � 4 m/s, X � 0 rad/s.

�: Experimental data; dashed line: Blasius' analytical pro®le.
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by traversing the I type single hot-wire probe in y- and
z-directions and measure the streamwise velocity component.
Fig. 11 shows contour plots of the mean velocity on the
pressure side, in which the theoretically estimated boundary
layer thickness is given by the symbol d at the right margin of
each ®gure, and the spanwise positions of the humps are
marked by the triangles at the bottom.

In the measurements with system rotation, the velocity
measurement might be contaminated by the velocity compo-

nents normal to x-axis, though the amount of error due to this
e�ect is hard to estimate. The subsequently presented results of
the velocity distribution under the in¯uence of Coriolis force
should be restricted to qualitative discussion.

The velocity contours at x � 130 mm �Gd � 59) exhibit
small deceleration near the spanwise position of the humps. It
is worth noting that there is no such distortion in the nonro-
tation case even if the humps are applied; this pattern is only
seen in the pressure surface boundary layer. The distortion of
the velocity contours becomes more pronounced downstream,
extending beyond the outer edge of the boundary layer, and
tends to form a mushroom-like shape with the closed region of
the low-speed portion �z � 8 mm� away from the wall. These
regions are presumably related to the up-wash motion brought
about by counter-rotating pairs of streamwise vortices. Such
motion is indicated by broken lines in the velocity contour plot
for the cross section at x � 410 mm, Fig. 11(d). On both sides
of the low-speed region, the boundary layer becomes appre-
ciably thin, implying a down-wash caused by the vortices.

At x � 450 mm �Gd � 150�, the size of the low-speed region
further increases, while the velocity de®cit shown by the low-
speed portion decreases, indicating the decay of the streamwise
vortices. As a measure of the vortex strength, the maximum of
velocity di�erence in spanwise direction at a given height y,
DUmax=U1, is plotted in Fig. 12. As seen in this ®gure, the
velocity defect increases linearly until Gd6 119 �x6 0:33 m�
and decays gradually thereafter.

In Fig. 13, the contours of velocity ¯uctuations at the same
streamwise location are compared. In small Gd stage
�Gd � 59 and 90�, the turbulent intensity is below 1% and
there is no prominent velocity ¯uctuation. At Gd � 119
(x� 330 mm), where DUmax=U1 reaches its maximum, velocity
¯uctuation appears at the shoulder and stem of the mushroom-
shaped pattern and increases rapidly downstream. These rapid
increments of turbulence levels may be attributable to the
occurrence of secondary instability (Masuda et al., 1994),
though the available information is too limited to support this
relationship. At Gd � 150 (x � 450 mm), the high velocity
¯uctuated region is getting larger and the velocity ®eld is
mostly ¯attened, indicating the transition to turbulence.

In order to consider the relationships between the temper-
ature streaks and streamwise longitudinal vortices, the span-
wise variation of wall temperature at x � 410 mm is shown in
Fig. 14. Compared with the velocity contour, although there is
some scatter, the temperature distribution exhibits spanwise
periodicity, with the length scale k of about 9 mm. More

Fig. 10. Surface temperature distribution under ``the constrained

condition'': (a) nonrotation; (b) suction surface; (c) pressure surface.

Flow is from left to right, U1 � 4 m/s, X � 4:6 rad/s.

Fig. 11. Distribution of mean streamwise velocity on the pressure

surface (U1 � 4 m/s, X � 4:6 rad/s). Contour spacing is 0.05 in u=U1.

M: position of humps.

Fig. 12. The distortion of velocity distribution due to longitudinal

vortices (constrained state).
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importantly, the spanwise temperature peak corresponds ex-
actly to the low-velocity region, while the temperature valley
corresponds to the high-speed region. Based on these images, it
is concluded that the streamwise vortices caused by the system
rotation transport the high-momentum, low-temperature ¯uid
towards the wall (down-wash), which generates a thinner
boundary layer with a steep temperature gradient at the wall.
Furthermore, the low-momentum, high-temperature portions
of ¯uid near the wall merge along the wall due to the
streamwise vortices, making the boundary layer thicker and
wall temperature gradient smaller.

3.5. Heat transfer coe�cient

Using the data obtained from the LC image, the local heat
transfer coe�cient, de®ned by Eq. (3), is now calculated. Since

the heat ¯ux is approximated as the electric power supplied to
the heater, the heat loss qloss in Eq. (3) should be estimated and
compensated before discussing the e�ect of system rotation on
the heat transfer coe�cient. To this end, the analytical solution
was consulted. According to Kays (1966), the local Nusselt
number of a laminar boundary layer developing on a sta-
tionary (nonrotating) ¯at plate with uniform heat ¯ux at a
®nite distance from the leading edge can be expressed as

Nux � hxx
k
� 0:453Pr1=3Re1=2

x 1

�
ÿ xl

x

� �3=4
�ÿ1=3

; �4�

where x is the distance from the leading edge, xl the distance
from the front of the thermal boundary layer, k the thermal
conductivity of the ¯uid, and Prandtl number Pr�� m=a� is 0.72
for air.

The measured heat transfer coe�cient without rotation is
shown with results for Eq. (4) in Fig. 15. The measured data
are higher by a constant amount than the theoretical result,
except at the beginning of heating. This di�erence in the co-
e�cient is assumed to correspond to the amount of heat loss
by conduction and radiation, and hence is subtracted from the
original data for the all measurements. The compensated heat
transfer coe�cient agrees well with the theoretical one except
near the leading edge. The heat loss due to radiation and
conduction to the wall are estimated to be about 2% and 50%
of given heat ¯ux, respectively. Although the amount of heat
loss may vary when the channel is rotated, the data are cor-
rected in the same manner for the subsequent results. A precise
estimation of the heat loss is the task of the future experiments.

The spanwise-mean heat transfer coe�cient hx, normalized
by the nonrotation value hx0, is plotted in Fig. 16. Under the
condition without humps, hx remains at nearly the same level
as hx0 in the upstream region x6 0:4 m. hx then increases
dramatically further downstream, and the location of the steep
increase is coincident with the appearance of the temperature
streaks seen in Fig. 8. At the downstream end of the test sec-
tion, hx becomes as high as 180% of hx0. Under the condition
with the humps, the increase of hx begins far upstream
(x P 0:24 m). This region exhibits the linear increase of the
spanwise velocity di�erence as shown in Fig. 12 as well as in
Fig. 11(a)±(c). In the region further downstream
�0:35 m6 x6 0:47 m�; hx levels o� once. This corresponds to
the decrease in the velocity de®cit due to the decay of the

Fig. 15. Analytical solution of local heat transfer coe�cient for non-

rotating laminar boundary layer and experimental data.

Fig. 13. Contour plots of velocity ¯uctuation on the pressure surface

(U1 � 4 m/s, X � 4:6 rad/s). Contour spacing is 0.25% in u=U1.

M: position of humps.

Fig. 14. Spanwise temperature distribution at x � 0:41 m compared

with the velocity contour.
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streamwise vortices, as already seen in Figs. 11(d), (e) and 12.
hx again increases further downstream �x P 0:45 m�. This is
probably attributable to the high-frequency ¯uctuation before
the breakdown to turbulence, as seen in Fig. 13(e), though this
is not yet clear because of a lack of detailed information on this
downstream region.

Nevertheless, it is worth noting that the signi®cant increase
in the heat transfer coe�cient in the constrained experiment
suggests the usefulness of an array of tiny humps as a means of
heat transfer augmentation on the pressure surface. On the
contrary, the heat transfer coe�cient on the suction surface is

essentially unaltered by system rotation. This is because the
Coriolis force acting away from the wall has no e�ect on the
generation of the streamwise vortices, and it tends to smooth
out the initial spanwise nonuniformity, hence maintaining the
original two-dimensional laminar condition (turbulent inten-
sity is below 1% and the heat transfer coe�cient is same as the
stationary laminar case).

The spanwise variation of the local heat transfer coe�cient
is shown in Fig. 17, for the results of experiments with and
without humps at four streamwise positions. Note that the
heat transfer coe�cient hx is normalized by the spanwise-
average value for the nonrotation case at the corresponding
streamwise positions. At x � 0:21 m, the spanwise variation in
both cases is negligible. However, from x � 0:31 m, the vari-
ation is gradually ampli®ed, and, especially at x � 0:51 m, the
minimum is about 25% of the maximum in both cases. It is
clear that the constrained condition achieves higher heat
transfer rates at all locations as compared with those without
the constraints. The present results suggest that the e�ective
use of the longitudinal vortices can provide e�cient heat
transfer devices that operate in rotating systems.

4. Concluding remarks

The heat transfer characteristics of a transitional boundary
layer on a ¯at plate subjected to Coriolis force have been ex-
perimentally investigated under constant heat ¯ux. The ex-
periments were conducted in a rotating wind tunnel with a
free-stream velocity of 4 m/s, free-stream turbulence level be-
low 1% and angular system rotation velocity 4.6 rad/s. A liquid
crystal sheet was employed for the quantitative visualization of
temperature distribution on the plate. A single hot-wire sensor
and automatic traversing mechanism enabled the velocity
distribution to be obtained on several cross-sections.

The major conclusions are as follows:
· In the pressure surface boundary layer, in which Coriolis

force acts perpendicularly towards the wall, high- and
low-temperature streaks appear. Their spanwise position
closely coincides with the spanwise structure in streamwise
velocity pro®les.

· The spanwise-average local heat transfer coe�cient was in-
creased by 80% relative to that in the non-rotation case. The
local heat transfer coe�cient increases downstream up to
certain distance from the leading edge. This variation is well
related with the increase in the distortion of streamwise
mean velocity pro®les as a consequence of the development
of longitudinal vortices.

· Upon introducing a spanwise array of tiny humps, the heat
transfer rate dramatically increased from the far upstream
as compared to the case without humps. This suggests that
the humps are useful as a means of heat transfer augmenta-
tion on the pressure surface.

· On the suction surface, the heat transfer coe�cient was es-
sentially unaltered by the system rotation. This is because
the Coriolis force away from the wall tends to smooth out
the initial spanwise non-uniformity and diminishes the
streamwise vortices, maintaining the original, two-dimen-
sional laminar condition.
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