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Abstract

Measurements are presented of the distributions of heat transfer coe.cients along the leading and trailing walls of a
rotating two!pass rectangular channel with through ~ow[ The channel has a 079> rectangular turn and a cross!sectional
aspect ratio of 0[14[ The Reynolds number and rotational number were varied from 4[9×092 to 4[9×093 and 9 to 9[33\
respectively[ Complementary ~ow visualization and laser!Dopper velocimetry measurements were also performed to
facilitate interpretation of the measured heat transfer distributions[ The results show that the secondary ~ow induced
by the curvature and turbulence enhancement associated with unsteadiness of separation bubble downstream of the
sharp turn are responsible for the signi_cant heat transfer augmentation attained in the _rst part of the second pass[
Moreover\ the quantitative e}ects of the Coriolis force on the skewness of streamwise mean velocity pro_les and in turn
di}erent local and average heat transfer features in the radially outward and inward ~ows are demonstrated and
addressed[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A channel half!width ðmŁ
Ap projected area of heating wall ðm1Ł
AR cross!sectional aspect ratio\ A:B
B channel half!height ðmŁ
Cp speci_c heat ðJ kg−0 K−0Ł
d partitioner thickness ðmŁ
DH hydraulic diameter\ 3AB:"A¦B# ðmŁ
h heat transfer coe.cient ðW m−1 K−0Ł
kf thermal conductivity of air at the _lm temperature
ðW m−0 K−0Ł
kw thermal conductivity of wall ðW m−0 K−0Ł
L actively heated length of each passage ðmŁ
m mass ~ow rate ðkg s−0Ł
Nu local Nusselt number
Nu9 Nusselt number in fully developed tube ~ow
NuS stationary local Nusselt number
Nu averaged Nusselt number
Pr Prandtl number of air\ rCpn:kair

Qnet net heat transfer rate ðWŁ

� Corresponding author[ Tel] 99!775!2!4631596^ Fax] 99!775!
2!4638605^ E!mail] tmliouÝtmp[nthu[edu[tw

Qloss heat loss rate ðWŁ
qloss heat loss per unit area ðWm−1Ł
RÞ mean rotation radius\ Xo¦L:1 ðmŁ
Re Reynolds number\ UbDH:n
RaV rotational Rayleigh number\
RV1bD2

HUb"DT#Pr:n1

Ro rotation number\ VDH:Ub

rpm revolutions per minute ðs−0Ł
TA ambient temperature ðKŁ
Tb bulk mean temperature of air ðKŁ
Tf _lm temperature "Tb¦Tw#:1 ðKŁ
Tw wall temperature ðKŁ
DT wall!to!bulk temperature di}erence "Tw−Tb# ðKŁ
Ub axial bulk mean velocity ðm s−0Ł
U axial mean velocity ðm s−0Ł
u axial turbulent intensity ðm s−0Ł
v transverse turbulent intensity ðm s−0Ł
X streamwise coordinate in the test section\ Fig[ 3
X9 distance from rotating axis to the test!section mini!
mum radius ðmŁ
Y transverse coordinate\ Fig[ 3
Z spanwise coordinate\ Fig[ 3[

Greek symbols
r density of air ðkg m−2Ł
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V rotating speed ðs−0Ł
n kinematic viscosity ðm1 s−0Ł
o eccentricity\ RÞ:DH[

0[ Introduction

In advanced gas turbine engines the turbine inlet gas
temperature "0699Ð1999 K# is much higher than the
allowable temperature in blade metal alloys[ Such high
temperatures will shorten the creep life and accelerate
material deterioration of the turbine blades or other com!
ponents[ Blade or vane cooling therefore becomes prac!
tical and critical[ Many researchers have made e}orts
on the stationary channel cooling^ however\ the rotating
e}ect on the heat transfer inside the serpentine cooling
passages would be crucial in the thermal design of turbine
blades[ Both Coriolis force and buoyancy force result in
secondary ~ows[ These two secondary!~ow driving forces
can signi_cantly alter the local heat transfer in the
internal coolant passage[

Heat transfer data on turbine blade internal cooling
under rotation are increasing yearly[ Among the single!
pass studies\ Mori et al[ ð0Ł studied the mean convective
heat transfer for laminar and turbulent ~ows in a rotating
radial circular pipe by the use of a naphthalene!sub!
limation technique[ Cli}ord et al[ ð1Ł reported the dis!
tributions of local and mean heat transfer coe.cients for
turbulent ~ow in a rotating triangular!sectioned radial
duct based on thermocouple temperature measurements
and pointed out the e}ects of sharp!entrance\ sharp!exit
and axial conduction of wall on the local heat transfer[
Harasgama and Morris ð2Ł presented the thermocouple
measured heat transfer results of triangular\ square and
circular radial passages for turbulent ~ows[ Di}erent
rotation e}ects on the leading! and trailing!wall heat
transfer were reported[ Morris and Ghavami!Nasr ð3Ł
studied heat transfer in a rotating rectangular duct with
radially outward turbulent ~ow by the use of the ther!
mocouple measurements[ Enhancement of heat transfer
on the trailing side was found\ while impairment was
found on the leading side[ Soong et al[ ð4Ł experimentally
studied a series of rotating rectangular radial ducts with
di}erent aspect ratios for Reynolds numbers in the range
699Ð19 999[ The Coriolis e}ect was observed to be most
signi_cant for the ducts with aspect ratios near 0[ Morris
and Salemi ð5Ł attempted to uncouple the e}ects of Cori!
olis and buoyancy forces on the turbulent ~ows in smooth
circular tubes\ rotating in an orthogonal mode\ by using
the thermocouple temperature measurements[ A new par!
ameter de_ned as the ratio of rotation number to buoy!
ancy parameter was proposed to uncouple the e}ect of
Coriolis forces from centripetal buoyancy[ They found
that buoyancy might either impair or improve local heat
transfer on the leading wall depending on the values
of the new parameter[ Kuo and Hwang ð6Ł conducted

thermocouple temperature measurements similar to their
previous study "Soong et al[ ð4Ł#[ Buoyancy was found to
have opposite e}ects on the laminar and turbulent ~ows[

Most of the studies on heat transfer in multi!pass ro!
tating channels are performed under turbulent ~ow con!
ditions[ Guidez ð7Ł performed experimental and theor!
etical analyses for turbulent ~ows in a two!pass rec!
tangular duct with a curved turn[ His rotational rig was
designed such that the curvature axis of the duct was
parallel to the axis of rotation[ Both thermocouple and
infrared pyrometer techniques were adopted for exper!
imental works[ The numerical approach consists of a
mixing length turbulence model and a major assumption
of boundary!layer!type ~ow[ Because of experimental
di.culty\ only results of the centrifugal channel " _rst
pass# were presented[ The measured results showed that
duct rotation resulted in heat transfer augmentation on
the trailing surface and deterioration slightly on the lead!
ing wall of the _rst pass[ His numerical analysis revealed
two opposite Coriolis!induced vortices in ~ow pattern
calculations but did not include heat transfer predictions[
Wagner et al[ ð8Ð09Ł experimentally studied turbulent
heat transfer in a four!pass serpentine square!sectioned
channel with smooth walls by the use of the thermocouple
measurements[ Large changes in heat transfer were found
for radially outward ~ows due to variations of density
ratio and rotation number\ while relative small changes
were found for radially inward ~ow[ Yang et al[ ð00Ł
performed thermocouple temperature measurements for
turbulent ~ows in a four!pass serpentine square channel
at low rotational speeds[ Duct rotation was found to have
a great e}ect on the value of local Nusselt number but
little e}ect on circumferentially averaged values[ Buoy!
ancy e}ect was most prominent near the entrance but
diminished along the ~ow passage[ Signi_cant heat trans!
fer augmentation was found to occur near the sharp
turns\ which might be due to the presence of a strong
secondary ~ow\ although they did not provide exper!
imental evidence to support this argument[ Han and
Zhang ð01Ł and Han et al[ ð02Ł experimentally studied
uneven wall temperature e}ect on local heat transfer for
turbulent ~ows in a rotating two!pass square channel
with smooth wall by the use of the thermocouple
measurements[ The uneven wall temperature was found
to enhance local heat transfer and the e}ect was greater
in the second pass[

It is obvious that more data are needed for a better
understanding of the heat transfer characteristics in a
rotating two!pass coolant channel\ especially in the
second pass[ The aim of this study is to investigate the
rotating e}ect on the turbulent heat transfer in a two!
pass rectangular channel with smooth wall for Reynolds
numbers and rotation numbers ranging from 4999 to
49 999 and 9 to 9[33\ respectively[ These conditions cover
the ranges of the most previous experimental studies on
rotating smooth ducts and are typically encountered in
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a turbine engine[ Air was used as coolant[ Boundary
conditions were constant heat ~ux on the trailing and
leading walls and adiabatic on two side walls\ which is
closer to the conditions encountered in the cooling chan!
nel of actual turbine blades\ for large temperature gradi!
ent existing between the leading and side walls or between
the trailing and side walls[ Moreover\ because very few
previous works tried to explain the heat transfer results
with complementary ~ow visualization or:and ~ow _eld
measurements\ in the present work ~ow visualization and
laser!Doppler velocimetry "LDV# measurements are per!
formed to aid in understanding the measured heat trans!
fer characteristics[

1[ Experimental apparatus

The test model was designed to simulate a two!pass
internal cooling channel of turbine blades "Fig[ 0#[ A
schematic drawing of overall experimental setup is shown
in Fig[ 1[ The experimental apparatus is comprised of
_ve main segments] rotor rig\ coolant ~ow system\ test
section with heating module\ temperature measurement
and data acquisition system\ and LDV system[

Fig[ 0[ Two!pass rectangular channel with smooth walls[

1[0[ Rotatin` facility

The rotor rig consists of a hollow shaft and a hollow
rotor arm mounted perpendicularly on the shaft[ A coun!
ter balance mass is _tted on the opposite side of the rotor
arm to attain static mass balance[ The rotor is driven by
a 09 kW DC motor with a variable frequency controller
via a pair of pulleys and a toothed belt[ The gear ratio of
the pulley is 19:29\ and the motor rating speed is 2329
rpm[ The maximum rotating speed in the experiment is
0999 rpm\ which leads to a gravitational force ranging
from 399 to 839 g within the test section[ The chassis of
the rotating system is made of cast iron\ which provides
large inertia to reduce the amplitude of vibration[ Four
anti!vibration pads are used as isolators to abate
vibration transferring into ground[

1[1[ Coolant ~ow system

As shown in Fig[ 2\ the plenum cylinder is a part of
the hollow shaft and is separated into two parts by the
divider between the two passages[ Ambient air is drafted
into one side of the plenum cylinder in the hollow shaft\
then turned 89> sharply into the _rst radial passage in the
rotor arm[ An unheated length of 133 mm in front of the
test section is functioned as the ~ow developing region[
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Fig[ 1[ The overall experimental setup for rotating internal cooling channel[

The e}ect of entry turning may still remain for such an
unheated length^ nevertheless\ this is often encountered
in a practical turbine blade|s internal coolant passage[
Air ~ows radially outward in the _rst passage and radially
inward in the second passage after making a 079> sharp
turn[ The {heated| air from the test section ~ows sub!
sequently through the other side of the plenum cylinder
in the hollow shaft\ a rotary joint\ a ~exible pipe\ a
rotameter\ and then is exhausted into ambient by a 1[1
kW turbo blower[ The blowing ~ow rate can be adjusted
by a frequency inverter controller[ Several rotameters
ranging from 099 to 1999 l min−0 are used to measure
the coolant ~ow rate[

1[2[ Test section

A two!pass rectangular duct has been assembled for
this work to measure wall temperatures of the internal
cooling channel ~ows in rotating and stationary modes[
The con_guration of the test model is shown in Fig[ 3[
Each passage of the test duct is 423 mm long[ An
unheated entrance region in _rst of the _rst pass is 133
mm long[ The heated test section in the _rst passage is

169 mm long "L# and abutted by a 079> sharp turn[ The
heated section of the second passage is also 169 mm in
length[ Downstream of the second passage\ there exists
an unheated exit section of 133 mm in length[ The ~ow
passage has a rectangular cross!section of 19×05 mm1

"1A×1B#\ given an aspect ratio of AR � 0[14 and a
hydraulic diameter of DH � 07 mm[ AR � 0[14 was
chosen since the previous single!pass study by Soong et
al[ ð4Ł indicated the most signi_cant e}ect of the Coriolis
force on the turbulent heat transfer in the rotating ducts
with a value of AR near 0[ The mean rotating radius "RÞ#
of the test section is 325 mm with an eccentricity "o#
of 13[1[ The top and bottom walls of the passages are
composed of aluminum plates heated by thermofoils[ The
leading and trailing walls are divided into 07 sections[
Each section is constructed of two 9[7 mm!thick heated
aluminum plates which are 16 mm in length and 07 mm
in width[ Silicon gel is _lled along the periphery contact
surface between aluminum parts to minimize longitudinal
heat conduction[ Thermofoils made of 9[994 mm!thick
stainless!steel sheet are glued uniformly and ~atly
between the aluminum plates and the 09 mm!thick
_berglass boards by silicon adhesive[ A 9[4 mm!thick
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Fig[ 2[ Coolant ~ow system[

Te~on tape is placed between aluminum plates and the
stainless thermofoils as an insulation of electricity[ The
back sides of thermofoils are insulated by _berglass
boards to prevent heat loss[ The side walls are unheated
and made of 4 mm!thick acrylic to provide optical access[
The divider between the _rst and second passages is also
made of 4 mm!thick acrylic[ The thermofoils can be con!
trolled by a 59 W DC power supply to provide constant
heat ~ux at di}erent power levels[ The thermal resistance
associated with the adhesive "about 9[0 mm# used at each
interface is negligible "less than 1)#[

1[3[ Thermocouple and acquisition system

The _rst step in this work is to examine the wall tem!
perature distribution in a smooth duct under the rotating
condition by thermocouple measurements[ The wall tem!
peratures of the test section are measured by 25 copperÐ
constantan thermocouples "i[e[ T type# distributed along
the leading and trailing walls "Fig[ 3#[ The Te~on insu!
lated _ne gage single thermocouple has a wire diameter

of 9[965 mm "9[992 in[#[ The junction!bead of the ther!
mocouple is about 9[1 mm in diameter and is embedded
into the center points of the grooves of the aluminum!
plate surfaces[ The inlet and outlet bulk mean tem!
peratures are also measured by thermocouples[ The mea!
sured temperature signals are transferred via a 25!channel
slip ring to a data acquisition card "ADCLONE\ ACL!
701PG# and a PC!375 for data storage and further pro!
cessing[ The pre!processing of the raw data could be
carried out by the use of a built!in program to calculate
the non!dimensional parameters[

1[4[ LDV setup

Figure 4 depicts the LDV experimental setup\ which is
similar to that described in Liou et al[ ð03Ł\ except for the
phase angle identi_cation[ A two!color four!beam two!
component LDV system was adopted[ A 3!W argon!ion
laser emitted the coherent light sources with 377 nm
"blue# and 403[4 nm "green# lines[ The forward scattering
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Fig[ 3[ Sketch of con_guration and coordinate system of the test section[

con_guration provided a probe volume of about 0[58 mm
in length and 9[053 mm in diameter and the o}!axis 9[63
mm in length and 9[053 mm in diameter inside the test
section\ based on e−1 extent of light intensity[ The LDV
system was mounted on a milling machine with four
vibration!isolation mounts\ allowing 9[90 mm pos!
itioning resolution of the probe volume[ The light scat!
tered from salt particles with a nominal 9[7 mm size was

collected into the photomultiplier and downmixed to the
appropriate frequency shift of 0Ð09 MHz[ A phase angle
processor was used to generate a trigger pulse at any
selectable phase angle[ The positioning window of each
measuring location was indexed by the rotary encoder
with a resolution "ER# of 9[014>[ When a velocity
measurement was validated by the counter processor\ the
phase angle!velocity data was transferred to the PC!475
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Fig[ 4[ LDV measurement system[

and recorded in separate data bins[ Two circumferential
traverses were performed along two close radial positions
to obtain pro_les along straight traverse lines by data
interpolation[

1[5[ Flow visualization system

The laser!sheet ~ow visualization used a 299 mW
argon!ion laser as the light source and the smoke gen!
erated by burning Chinese incense sticks as the tracer
particles[ The smoke was sucked into the test section
through the air inlet[ When the examined area was illumi!
nated by the light sheet\ a JVC DV0 digital video camera
was used to record continuous ~ow patterns[ Pictures of
selected instants were captured into a PC!475 for image!
processing to attain clear images[

2[ Data reduction

2[0[ Governin` parameters

For the gravitational force is negligible in comparison
to the large inertia force and centripetal force\ the heat

transfer characteristics are governed by the inlet Rey!
nolds number "Re#\ rotation number "Ro#\ buoyancy par!
ameter "RaV#\ Prandtl number "Pr# and geometric factors
ð7Ł[ Wagner et al[ ð09Ł showed that due to the vector
nature of the equations of motion\ ~ow direction has also
a signi_cant e}ect on the coolant ~ow characteristics in
the rotating duct[ In the present work\ Prandtl number
"Pr# is considered to be a constant value of 9[61 for
air[ The aspect ratio\ eccentricity\ and other geometric
parameters of the two!pass channel are _xed as is the
model[ The functional relationship of the local Nusselt
number with the parameters mentioned above can then
be reduced to the following form]

Nu:Nu9 � f"Re\ Ro\ RaV\ flow direction\

X:DH\ Y:DH\ Z:DH# "0#

where Nu9 is obtained from the heat transfer correlation
for fully developed turbulent ~ows in smooth circular
tubes without rotation "DittusÐBoelter\ 0829#

Nu9 � 9[912Re9[7Pr9[3 "1#

Notice that in general Y:DH and Z:DH should be
included[ In the present study and in most previous stud!
ies ð3\ 4\ 09Ł\ however\ X:DH is the only position e}ect
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examined[ The mean Nusselt number for the leading and
trailing walls of each passage is also investigated[ The
position e}ect is canceled by the length!averaging process
Num:Nu9 � f"Re\ Ro\ RaV\ flow direction# "2#

2[1[ Heat loss estimation

Before the investigation of heat transfer coe.cient dis!
tribution along the walls of the internal cooling channel\
heat loss through the insulation walls to the external
ambient and streamwise heat conduction via rotor arm
to the rig need to be estimated _rst so that the net heat
~ux to the coolant can be calculated[ In this series of
tests\ with no coolant ~owing through the channel\ the
internal channel is _lled with insulation stu}s to eliminate
internal heat transfer by convection[ The heater is sup!
plied by a constant electric power until the wall tem!
perature reached the steady state[ The steady!state wall
temperatures are measured for several power levels over
a range of rotating speeds to establish the relationship
between wall!to!ambient temperature di}erence
"Tw−TA# and the heat loss ~ux on the leading
"X:DH � 9[7Ð03[1# and trailing walls "X:DH � 9[7Ð03[1#
"Fig[ 5#[ Streamwise distribution of internal wall tem!
peratures could generate streamwise conduction data by
a polynomial curve _tting[ However\ in the present study
the insulated and separated heating plates minimize the
streamwise heat ~ux that could be neglected in com!
parison to the total heat loss[

2[2[ Nusselt number estimation

The local Nusselt number is calculated from
Nu � hDH:Kf "3#

Fig[ 5[ The relationship between heat loss ~ux and wall!to!
ambient temperature di}erence for rpm � 299[

where Kf is the air conductivity at the local _lm tempera!
ture[ The _lm temperature\ Tf\ is de_ned as the average
of the local wall temperature and bulk mean temperature

Tf �"Tw¦Tb#:1 "4#

The local heat transfer coe.cient is calculated from net
heat ~ux transferred into the coolant ~ow

h � Qnet:Ap"Tw−Tb# "5#

where heat transfer area is always the projected area Ap

of the heating walls\ i[e[ the smooth wall surface area[
Net heat transfer is determined by subtracting the esti!
mated heat loss from the heating power which is the
product of heater voltage and current[ The local wall
temperatures "Tw# are measured values and the local bulk
mean temperature "Tb# is determined by energy balance
on each aluminum plate section[ Coolant ~ow tem!
perature will rise due to heat addition by the heating
walls and its bulk mean value can be estimated as

Tb � T9¦SQnet:mCp "6#

where SQnet is the total heat added to the coolant ~ow
summated from the inlet of the test section to the local
position X and m is the mass ~ow rate[

2[3[ Uncertainty analysis

The method of single sample experiments proposed
by Kline and McClintock ð04Ł was applied to perform
uncertainty analysis[ By substituting equation "5# into
equation "3#\ the Nusselt number can be further expressed
as

Nu � QnetDH:KfAp"Tw−Tb# �"I = V−Qloss#DH:KfApDT

� "mCpDTb#DH:KfApDT "7#

where I is the heating current supplied to the heating
foils\ V the voltage supplied across the heater\ Qloss the
heat loss\ DTb the di}erence between bulk inlet tem!
perature and bulk outlet temperature\ and m the air mass
~ow rate[ The temperature uncertainty in the ther!
mocouple and acquisition system is estimated to be
20>C[ The value of Tw−Tb varies from 7 to 39>C[ The
non!dimensional uncertainty intervals for the variables
in equation "7# are listed as follows]

power inputs IV21[4)
air mass ~ow rate m24[9)
speci_c heat of air Cp29[4)
thermal conductivity of air Kf29[4)
hydraulic diameter DH29[4)
heating area Ap20[9)
temperature T21[4Ð01[4)

According to root!sum!square method\ the most proper
uncertainty is estimated to be less than 09) for Reynolds
number larger than 09 999[ The maximum uncertainty\
12)\ occurs for the lowest heat transfer coe.cient at the
lowest Reynolds number "Re � 4999#[ The uncertainty
of Nusselt number is a function of X:DH and mainly
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in~uenced by the wall!to!bulk temperature di}erences
DT"x#[

3[ Experimental conditions

In the present study\ four Reynolds numbers\
Re � 4999\ 09 999\ 29 999\ and 49 999\ and _ve rotational
speeds\ V � 9\ 299\ 499\ 649 and 0999 rpm\ were inves!
tigated[ The corresponding rotational numbers thus
ranged from 9 to 9[33[ Only one heating condition was
tested] leading and trailing walls at the same heat ~ux
with sidewalls unheated and insulated[ Tw was varied
in the range 29Ð69>C[ Hence\ the rotational Rayleigh
number was 9 and from 1[21×094 to 0[20×096[ Flow
direction in the two!pass radial channel was outward in
the _rst pass and inward in the second pass[ Notice that
the X!coordinate origin was chosen at the entrance of
each pass\ as shown in Fig[ 3[ In each pass\ heat transfer
coe.cients were examined at X:DH � 9[7\ 1[4\ 3[1\ 4[7\
6[4\ 8[1\ 09[7\ 01[4 and 03[1[ Complementary ~ow vis!
ualization at Re � 1499 and LDV measurements of the
interesting region at Re � 0[3×093 with Ro � 9 and 9[97
were also performed to facilitate the understanding of
measured heat transfer characteristics[

4[ Results and discussions

4[0[ Stationary case

The _rst step of the study was to determine the Nusselt
number distribution of the two!pass cooling channel
without rotation[ It serves as the reference case so that
the e}ects of rotation may be determined by comparing
the measured results with and without rotation[ As shown
in Fig[ 6\ the results at Re � 4999\ 09 999 and 29 999 were
compared with the DittusÐBoelter "0829# correlation
values[ The Nusselt number increases monotonically with
increasing Reynolds number while the shape of the NuS vs
X:DH curve is preserved[ In the _rst passage\ the Nusselt
number _rst decreases with increasing X:DH indicating a
developing ~ow in the thermal entrance region\ sub!
sequently approaches the fully developed value "equation
"2##\ and then increases slightly near the end of the _rst
passage "X:DH � 01# because of the upstream e}ect of
the sharp turn[ The present measured Nu distribution in
the _rst passage agrees with the previously reported local
heat transfer characteristics in the entry region of a cir!
cular tube ð06Ł[ The deviation of measured values from
the DittusÐBoelter correlation believed is to be the results
of di}erent inlet ~ow conditions\ thermal boundary con!
ditions and the test section con_gurations[ Also note\
that because only one thermocouple was used to present
a regional averaged temperature\ the local di}erence of
heat transfer within a region is ignored in our work[ In

fact\ this deviation is also found in previous studies ð1\ 3\
09Ł

In the _rst part of the second passage "X:DH ³ 6\ Fig[
6#\ the heat transfer coe.cients are enhanced greatly due
to the 079> turn and a developing process followed[ More
speci_cally\ according to the laser!sheet ~ow visualization
results\ when coolant ~ow passes through the sharp turn\
curvature!generated secondary ~ow "89Ð079> in Fig[ 7\
view from downstream side# and turbulence enhance!
ment resulting from sharp turning geometry induced ~ow
separation "Fig[ 8# signi_cantly augment the heat trans!
fer[ It should be mentioned that there are lacking notice!
able secondary ~ow structures at 9> and 34> cross!sections
of the turn\ as shown in Fig[ 7\ to enhance the heat
transfer rate in the _rst part of the turn[ The shifting of
the core ~ow region toward the partition wall "i[e[\ inner
wall# at 34> cross!section of the turn "Fig[ 7# is due
to the presence of the corner recirculating ~ow region
depicted in Fig[ 8 for the case of Ro � 9[ The corner
recirculation zone measures about 9[329[0DH in length
and 9[329[0DH in height in the plane of symmetry
Y:B � 9[ In the second part of the turn\ the well!known
Dean vortices appear[ The well!organized coun!
terrotating vortex pairs at 89 and 024> cross!sections are
more stable than the vortex pairs at 079> cross section or
the entry of the second pass[ The ~ow unsteadiness at the
entry "i[e[\ 079> cross!section or near X:DH � 9[0# of the
second pass "Fig[ 7# is associated with the occurrence of
the unsteady large separating bubble immediately down!
stream of the turn\ as shown in Fig[ 8 for the case of
Ro � 9\ which has a length of 1[629[2 DH and a height
of 9[529[96DH in Y:B � 9 plane[ In view of the ~ow
visualization "Re � 1[4×092# and heat transfer results
"Re � 4×092 to 4×093# were taken at di}erent Reynolds
numbers\ a sensitivity check of the separation bubble
size to the values of Re is necessary[ A near!wall LDV
scanning "the probe volume of LDV was placed 0 mm
from the wall# at Re � 0[3×093 was therefore performed[
By graphing the velocity at each point\ the position at
which the axial mean velocity changes sign could be
found[ The reattachment length thus determined\ as
shown in the top of Fig[ 8\ was 1[9 DH which is about 64)
of that visualized at Re � 1[4×092[ This comparison is
in good accord with the previous heat transfer results
showing the reduction of the separated!~ow low heat
transfer zone with increasing Reynolds number\ using a
transient liquid crystal image technique ð07Ł[

Also\ notice that there exists an additional coun!
terrotating vortex pair near the inner wall at 079> cross!
section of the second pass\ as compared with the single
counterrotating vortex pair at 89 and 024> cross!sections
inside the turn "Fig[ 7#[ The interaction of the two pairs
of counterrotating vortex structures at 079> cross!section
"or near X:DH � 9[0# of the second pass\ one pair located
inside and the other outside the separating bubble\ also
contributes to the ~ow unsteadiness and in turn tur!
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Fig[ 6[ Streamwise heat transfer coe.cient distributions in the two!pass stationary duct at various values of Re[

bulence enhancement in the _rst region of the second
pass[ Quantitatively\ the complementary LDV measure!
ments around the sharp turn reveal the great enhance!
ment of turbulence intensity\ as demonstrated in Fig[ 09[
It is seen that the turbulent kinetic energy de_ned as
"u1¦v1#:"1U1

b# is increased from 0) before the turn to
13) in the separating bubble after the turn[ At the end
of the second passage\ the Nusselt number approaches
the correlation value of equation "2# again\ as shown in
Fig[ 6[ Note that the di}erences in Nusselt number
between the leading and trailing walls are less than 4)
for the range of Reynolds number examined[ Hence\ only
one curve is used to present both distributions on leading
and trailing walls[

4[1[ Rotatin` case

Figure 00 shows the wall temperature distributions for
the two!pass turbulent duct ~ow of Re � 2×093 with
"Ro � 9[962# and without "Ro � 9# duct rotation[ In gen!
eral\ the temperature di}erences between the leading and
trailing wall are larger in the _rst pass than in the second
pass\ which is due to the opposite directions of the Cori!
olis!induced secondary ~ow for the outward " _rst pass#
and inward "second pass# ~ows\ as will be illustrated
shortly[ In the _rst passage\ the leading wall temperatures
are higher for the rotating case "symbol ž than for the
stationary case "symbol¦#\ while the trend is reversed
for the trailing wall temperatures "symbol �#[ In the
second passage\ both leading and trailing wall tem!
peratures are lower with rotation than without rotation[

As a result of the above fact\ the leading wall of the
outward ~ow is susceptible to heat transfer deterioration[

Figure 00 also illustrates the e}ect of rotation on the
local Nusselt number ratio distributions "Ro � 9[944#[ In
the _rst passage\ the trailing wall Nusselt number ratio
level of the rotational case is higher than that of the
stationary one while the trend is reversed for the leading
wall Nusselt number ratio level[ At this point\ it is worth
pointing out that the previous observations based on the
single!pass studies ð2\ 3Ł are basically in agreement with
our measured results for the _rst pass[ However\ our
measured heat transfer results in the second pass are
greatly di}erent from the previously reported single!pass
results[

In the second passage the Nusselt number ratio level
of the stationary case is the lowest in most cases^ more!
over\ the Nu:Nu9 level of the leading wall is higher than
that of the trailing one for the rotating case[ Notice that
the Nu:Nu9 level of the leading wall is the lowest in the
_rst pass\ whereas it is highest in the second pass[ The
above di}erent behaviors are attributed to the direction
of the Coriolis!induced secondary ~ow\ and can be real!
ized by comparing our LDV measurements between
Ro � 9 and 9[97\ as depicted in Fig[ 01[ It is observed
that in the radially outward ~ow\ top of Fig[ 01\ the
Coriolis force due to rotation "Ro � 9[97# shifts the sym!
metric streamwise mean velocity pro_le of Ro � 9 "curve
with symbol �# toward the trailing wall "curve with
symbol Ž# while in the radially inward ~ow\ bottom of
Fig[ 01\ the Coriolis force shifts the streamwise main ~ow
of Ro � 9 toward the leading wall[ Note that the mean
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Fig[ 7[ Secondary ~ow patterns from two di}erent instants at 9\ 34\ 89\ 024 and 079> cross!sections of turn "Ro � 9 and Re � 1499#[
"View from downstream side[#

velocity in Fig[ 01 is positive along the streamwise direc!
tion[

Figure 00 further shows that the di}erences of heat
transfer coe.cient ratio between the leading and trailing
walls are larger in the _rst passage than in the second
passage[ A possible explanation is that the centrifugal
buoyancy force enhances the Coriolis e}ect and\ in turn\
accelerates the cold core stream in the _rst passage\ while
in the second passage\ because the ~ow direction is
reversed\ buoyancy force retards the cold core stream
and thus countervails the Coriolis e}ect\ as pointed by
Han et al[ ð02Ł in studying the uneven wall temperature

e}ect on the local heat transfer in a two!pass turbine
blade cooling channel[ Moreover\ in the _rst part of the
second pass\ the heat transfer augmentation is mainly
contributed by the turn induced secondary ~ow and the
high turbulent intensity[ Near the inner wall\ a recir!
culation bubble exists with relatively low heat transfer
rate[ It is believed that in the _rst part of the second pass\
the test section con_guration has a stronger e}ect on
the heat transfer characteristics than does the rotation[
Further downstream\ however\ because the secondary!
~ow patterns of the turn!induced Dean!type vortices
"Fig[ 7# and the rotation!induced vortices are di}erent*
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Fig[ 7*continued[

the symmetry planes are horizontal "e[g[\ 079> in Fig[ 7#
and vertical for the former and latter cases\ respectively*
there will be a range of X:DH within which the afore!
mentioned two types of streamwise vortices interact each
other to form another rather complex secondary ~ow
pattern[ Although\ due to experimental di.culty\ we
have not yet gathered detailed ~ow and heat transfer data
to support this point\ it could be the reason for the least
and larger di}erences in Nu:Nu9 levels of the leading and
trailing walls around X:DH � 9½ 3 and downstream of
X:DH � 4\ respectively\ in the second pass for the rotating
case[ The slight increase of Nu:Nu9 level from X:DH � 5Ð

8 re~ects the characteristics of the test section\ as can also
be found from the previous result ð3Ł[

4[2[ Rotation number and location effect

Figure 02 shows the length!averaged Nusselt number
ratio vs rotation number for Re � 4999\ 09 999\ 29 999
and 49 999[ Two observations can be made[ First\ the
Nu:Nu9 di}erences between the leading and trailing walls
in both passages are found to increase with increasing
rotation number[ The rotation e}ect is more prominent
in the _rst pass than in the second pass\ a result similar
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Fig[ 8[ Flow pattern in the streamwise plane Y � 9 "Ro � 9 and Re � 1499# and variation of streamwise mean velocity along a line 0
mm away from the divider wall for Ro � 9 and Re � 03 999[

to that observed by Wagner et al[ ð09Ł in studying a four!
pass rotating cooling channel[ Second\ the e}ect of Ro
on the averaged heat transfer coe.cient is quite di}erent
between the _rst and second pass[ In the _rst pass\ as Ro
increases\ Nu:Nu9 increases and decreases on the trailing
and leading walls\ respectively[ As a result\ for the highest
rotational number examined\ Ro � 9[33\ the Nu:Nu9 of
the trailing wall can be as high as three times that of the
leading wall[ In contrast\ the values of Nu:Nu9 on the
leading and trailing walls of the second pass increase with
increasing Ro[ The increasing rate of the former is slightly
faster than that of the latter[ As a result\ the Nu:Nu9

di}erence between the leading and trailing walls of the
second pass increases slowly^ as Ro � 9[33 the Nu:Nu9 of
the trailing wall is 0[3 times that of the leading wall[

The experimental results of Han et al[ ð02Ł for the case
of four walls heated at the same temperature are also
included in Fig[ 02 for comparison[ Note that the results
of the Han et al[ for Ro � 9[924Ð9[24 were obtained from
Re � 1[4×092 to 1[4×093\ rpm � 799\ RÞ � 270 mm\
o � 29\ and L:DH � 01[ It is seen that the two obser!
vations made in the preceding paragraph for our study
are also found for the study of Han et al[ ð02Ł[ The
quantitative di}erence in the level of Nu:Nu9 between the
two works could be due to the di}erence in boundary
conditions[

Figure 03 shows the ratio of the local Nusselt number
with rotation to without rotation "Nu:NuS# vs streamwise
location for Re � 4999 and Ro � 9[02\ 9[11\ 9[22 and
9[33[ Dividing the local Nusselt number of the rotational
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Fig[ 09[ Turbulent kinetic energy distribution near the 079> turn[

Fig[ 00[ Streamwise variation of wall temperature and local Nusselt number ratio for duct with and without rotation[

case by that of the measured stationary case of the same
geometry rather than that of the heat transfer correlation
"DittusÐBoelter\ 0829# for the stationary circular tubes\
the geometry e}ect of the 079> sharp turn on the heat
transfer characteristics is reduced and the rotation e}ect

could thus be more clearly revealed[ Figure 03 depicts
that\ due to duct rotation\ the di}erence in Nu:NuS

between the leading and trailing walls is quite large at all
locations of the _rst pass\ especially in the middle part of
the passage[ In contrast\ in the second pass the di}erence
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Fig[ 01[ Comparison of LDV measured streamwise velocity pro!
_les between Ro � 9 and Ro � 9[97 for the _rst and second
passages[

in Nu:NuS between the leading and trailing wall is rela!
tively small\ except for the rear part of the passage[ The
reason is that the heat transfer in the _rst part of the
second pass is mainly dominated by the e}ect of turning
geometry[ Moreover\ as a given X:DH the scattering of
Nu:Nus itself with Ro indicates the rotational e}ect on the
local heat transfer characteristics[ Figure 03 thus further
shows that the rotation has a more prominent e}ect on
the Nu:Nus around the _rst part of the _rst pass leading
wall and around the rear part of the _rst and second
passes trailing wall[

Quantitatively\ in the _rst pass the percentage Nu:NuS

enhancement of the trailing wall is maximum for
Ro � 9[33 and occurs at X:DH � 01[4 with a peak value
as high as 094)^ the heat transfer deterioration on the
leading wall of the _rst pass is also most severe for
Ro � 9[33 and occurs at X:DH � 09[7 with a percentage
Nu:NuS as low as 47)[ The rotation e}ect is smaller in

the second pass than in the _rst pass\ similar to that found
for a four!pass cooling channel ð8Ð09Ł[ In the second pass
the greatest enhancement in Nu:NuS occurs at
X:DH � 01[4 on the leading wall for Ro � 9[33 and is
59)\ and the lowest Nu:NuS occurs at X:DH � 1[4 on the
trailing wall for Ro � 9[02 and is 73)[

5[ Conclusions

Based on the range of parameters examined and the
results presented above\ the main conclusions are
"0# For the stationary case\ the complementary ~ow vis!

ualization and LDV measurements both indicate that
the secondary ~ow induced by the turning curvature
and turbulent enhancement\ associated with ~ow sep!
aration by the sharp turning geometry\ are the main
reasons for the heat transfer enhancement in the _rst
part of the second passage[

"1# For the stationary case\ the secondary ~ow in the
_rst part of the second pass is featured by two pairs of
counterrotating vortex structures\ one located inside
and the other outside the separating bubble\ which
interact with each other and are more unstable than
the single vortex pair prevailing inside the sharp turn[
As a result\ the turbulence intensity and in turn heat
transfer are enhanced there[

"2# For the rotating case\ the LDV measurements per!
formed in the present study\ lacking in the open
literature\ clearly demonstrate that the opposite
directions of the Coriolis!induced secondary ~ow in
the _rst and second pass are responsible for the skew!
ness of the streamwise mean!velocity pro_le toward
the trailing wall in the _rst pass and leading wall in
the second pass\ which in turn leads to the measured
dominant local heat transfer enhancement on the
trailing wall of the _rst pass and leading wall of the
second pass[

"3# As the rotational number is increased\ the length!
averaged Nusselt number ratio "Nu:Nu9# is found to
increase and decrease on the trailing and leading
walls respectively\ of the _rst pass\ whereas Nu:Nu9

increases both on the trailing and leading walls of
the second pass\ although the increase rate is slower
on the former[

"4# It is found that the rotation number has the largest
e}ect on the di}erence in Nu:Nus between the leading
and trailing walls in the middle part of the _rst pass
and has the least e}ect in the _rst part of the second
pass[
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Fig[ 02[ Rotational e}ect on the averaged heat transfer coe.cient ratios[

Fig[ 03[ Location e}ect on the heat transfer coe.cient ratios for Re � 4999[
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