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Abstract

Heat transfer measurements using a transient liquid crystal thermometry (TLCT) are presented to study the e�ect of

rotation on the local heat transfer distributions around a sharp 180° turn of a two-pass smooth square duct for the ®rst

time in open literature. The duct has a dimensionless divider wall thickness of 0.25. Detailed local Nusselt number

distributions on the leading and trailing walls are given for rotation numbers ranging from Ro � 0 to 0.20 at a Reynolds

number of 1:0� 104. The results show informative spanwise variations of heat transfer enhancement or abatement

resulting from rotation. A critical range of Ro is identi®ed, below which the regional averaged Nusselt number ratios of

the regions after the 180° sharp turn in a rotating two-pass cooling passage are rather insensitive to the rotation e�ect.

Laser±Doppler velocimetry (LDV) measurements within the turn are further performed to explain the local heat

transfer distributions. Under rotating conditions, the curvature induced symmetric Dean vortices in the turn for the

stationary case change greatly and are dominated by a single vortex most of which impinges directly on the leading

wall's outer part, resulting in a high heat transfer enhancement on the leading wall in the turn. Ó 2001 Elsevier Science

Ltd. All rights reserved.

1. Introduction

Internal cooling passages with 180° sharp turns are

encountered in many applications. One of the examples

is the internal cooling path of advanced gas turbine

blades. Heat transfer around a 180° turn is a�ected by

¯ow characteristics, such as the curvature-induced

Dean-type vortices inside the turn, turn-induced sep-

arating bubble immediately downstream of the turn, and

resulting high turbulence intensity levels [1], which are,

in turn, in¯uenced by rotation. The e�ects of rotation on

heat transfer in a two-pass smooth square duct with a

180° straight-corner turn are therefore an important is-

sue but the detailed information regarding heat transfer

distributions under rotating conditions is still limited in

open literature.

Most prior heat transfer studies relevant to 180°
turning ¯ows under rotation are based on thermocouple

measurements. Wagner et al. [2,3] experimentally stud-

ied turbulent heat transfer in a four-pass serpentine

square-sectioned channel with smooth walls. Large

changes on heat transfer were found for radially out-

ward ¯ows due to variations of density ratio and rota-

tion number while relative small changes were found for

radially inward ¯ow. Yang et al. [4] performed ther-

mocouple 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 cir-

cumferentially averaged values. Han et al. [5,6] exper-

imentally studied uneven wall temperature e�ect on local

heat transfer for turbulent ¯ows in a rotating two-pass

square channel with smooth wall. Although aforemen-

tioned heat transfer studies based on thermocouple

measurements had provided valuable information, the

reported heat transfer coe�cients were discrete and re-

gional averaged values.
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The transient liquid crystal thermometry (TLCT) is

generally superior to thermocouple technique in many

aspects and has been used by some researchers. Ekkad

and Han [7] used a transient liquid crystal image tech-

nique to measure local heat transfer distributions near a

sharp 180° turn of a two-pass smooth square channel for

Reynolds numbers of 1:0� 104, 2:5� 104, and

5:0� 104. The heat transfer results were broadly con-

sistent with the mass transfer results reported by Han

et al. [8]. Liou et al. [9] recently performed heat transfer

measurements by using a transient liquid crystal meth-

od. The e�ect of divider thickness on the local heat

transfer distributions around a sharp 180° turn of a two-

pass smooth square duct was examined. Ekkad and Han

[10] reported Nusselt number distributions for a two-

pass square channel with one ribbed wall based on the

transient liquid crystal measurements. Chyu et al. [11]

investigated heat transfer enhancement of ducts with

multiple delta wing pair arrays by using a transient

liquid crystal technique as well. In general, the transient

liquid crystal technique is able to provide detailed local

heat transfer distribution maps; nevertheless, its appli-

cations to study heat transfer associated with rotation

channel are still unprecedented.

The present study aims at performing detailed

measurements of the heat transfer coe�cient in a

straight-corner turn two-pass square duct with rotation

using the transient liquid crystal method. Such an in-

vestigation has not been reported in the past. It is hoped

that the data obtained herein lead to insight into the

relevant physics and can be used for verifying ongoing

computational predictions. Furthermore, as a continu-

ation of Liou and Chen [1], complimentary laser-

Doppler velocimetry (LDV) measurements of ¯uid ¯ow

in the rotating channel are used to explain the liquid

crystal measured surface heat transfer distributions.

2. Method of approach

2.1. Test apparatus and conditions

Fig. 1 schematically depicts the thermochromatic

liquid crystal imaging experimental setup and ¯ow cir-

cuit. A digital video camera and a light source (white

¯uorescent lamps) ®xed to the rotating test section were

used to record the color change of the liquid crystal

coating when the hot ¯ow passed through the test sec-

Nomenclature

A half width of duct (m)

B half height of duct (m)

Cp speci®c heat (J kgÿ1 Kÿ1)

DH hydraulic diameter, 4AB=�A� B� (m)

h heat transfer coe�cient (W mÿ2 Kÿ1)

TKE turbulent kinetic energy �u2 � v2�=2 (m2 sÿ2)

ka thermal conductivity of air (W mÿ1 Kÿ1)

kw thermal conductivity of wall (W mÿ1Kÿ1)

Nu local Nusselt number, hDH=ka

Nu0 Nusselt number in fully developed tube

¯ow� 0.023Re0:8Pr0:4

Nu total averaged Nusselt number, hDH=ka

Pr Prandtl number of air, qCpm/ka

Re Reynolds number, UbDH/m
Ro rotation number, XDH/Ub

Ti initial temperature of wall (K)

Tr bulk mean temperature of main stream (K)

Tw wall temperature is the liquid crystal

green-point temperature (K)

U streamwise mean velocity (m sÿ1)

Ub duct bulk mean velocity (m sÿ1)

u streamwise velocity ¯uctuation (m sÿ1)

V transverse mean velocity (m sÿ1)

v transverse velocity ¯uctuation (m sÿ1)

W spanwise mean velocity (m sÿ1)

W1 width of ®rst-pass duct (m)

W2 width of second-pass duct (m)

Wd divider thickness (m)

W �
d dimensionless divider thickness,

Wd=�W1 � W2�
w spanwise velocity ¯uctuation (m sÿ1)

X streamwise coordinate, Fig. 2

X � normalized streamwise coordinate, X=DH

Y transverse coordinate, Fig. 2

Y � normalized transverse coordinate, Y =B
Z spanwise coordinate, Fig. 2

Z�; Z�� normalized spanwise coordinate,

�i� X<0; Z���Z=�2A�Wd� �intheturn�
�ii� X P0; Z<0; Z���Z�Wd=2�=2A �inthefirstpass�
�iii� X P0; Z>0; Z���ZÿWd=2�=2A

�in the second pass�

Greek symbols

aw thermal di�usivity of wall (m2 sÿ1)

X rotating speed (rad sÿ1)

q air density (kg mÿ3)

m kinematic viscosity (m2 sÿ1)

s time step (s)

Subscripts

b bulk

rg regional average
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tion. A two-channel thermocouple recorder measured

the main ¯ow temperatures at the upstream and down-

stream locations of the test section during the test. The

junction-bead of the thermocouple was about 0.15 mm

in diameter. All the data and power lines from the ro-

tating part were connected to the stationary part via a

12-channel slip ring. The video and temperature data

were then fed to a PC for post-processing. As shown in

Fig. 2, the plenum cylinder was a part of the hollow

shaft and was separated into two parts by the divider

between the two passages. Ambient air was drafted into

one side of the plenum cylinder in the hollow shaft, and

then turned 90° sharply into the ®rst radial passage in

the rotor arm. Air passed by a rapid-response mesh

heater (100 mm in length as shown in Fig. 2) and was

heated. An additional length of 218 mm in front of the

test section was functioned as the ¯ow-developing re-

gion. The e�ect of entry turning may still remain for

such a length; nevertheless, this is often encountered in a

practical turbine blade's internal cooling passage. Air

¯owed radially outward in the ®rst passage and radially

inward in the second passage after making a 180° sharp

turn. The ``cooled'' air from the test section ¯owed

subsequently through the other side of the plenum cyl-

inder in the hollow shaft, a rotary joint, a ¯exible pipe, a

rotameter, and then was exhausted to ambient by a 2.2

kW turbo blower. A frequency inverter was used to

adjust the blowing ¯ow rate. Several rotameters ranging

Fig. 2. Sketch of con®guration, coordinate system, and dimensions of test section (¯ow patterns are for the case of Ro � 0).

Fig. 1. The experimental setup of transient liquid crystal thermometry system.
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from 100 to 2000 l/min were used to measure the coolant

¯ow rate. The test section was made of thick acrylic

sheets for optical access. The hydraulic diameter of the

square cross-sectional ¯ow path was DH � 22 mm. At

the turn, the clearance between the tip of the divider wall

and the duct outer wall was ®xed at 1DH (or 22 mm).

The divider-wall thicknesses examined was Wd � 0:5DH

or W �
d � 0:25 and Reynolds number, based on the bulk

mean velocity and hydraulic diameter, was ®xed at

1:0� 104. The rotational speed range from 0 to 660 rpm

corresponded to a rotation number range from 0 to 0.20.

The heat transfer measurements were made in the region

of 4.5DH upstream to 4.5DH downstream of the turn on

the trailing and leading walls.

The LDV experimental setup for the complementary

velocity measurements in the present work, as shown in

Fig. 3, is basically the same as that described in the work

of Liou and Chen [1]. Please refer to this earlier paper

for more detail. The secondary-¯ow velocity vector

mappings were performed at a mid-turn cross-section

with W �
d � 0:06. The Reynolds number was ®xed at

Re � 1:4� 104, and rotation number at Ro � 0:10.

These conditions were selected to compare with the

stationary part (Re � 1:4� 104 and Ro � 0) reported by

Liou and Chen [1]. Quantitatively, the LDV measure-

ments were also performed to reveal the rotation e�ect

on the turbulence intensity distributions in the mid-turn

cross-section.

2.2. Theory of liquid crystal thermometry

Given a semi-in®nite wall that is initially at a uniform

temperature (T � Ti at t � 0), the surface of the wall is

suddenly heated or cooled convectively with a ¯uid at a

constant temperature or a bulk temperature Tb. A one-

dimensional transient heat conduction analysis

a
o2T
oY 2
� oT

ot
�1�

over a semi-in®nite solid medium with a convective

boundary condition and assumptions of constant

property and heat transfer coe�cient values

ÿ k
oT
oY
� h�Tw ÿ Tb� at Y � 0;

T �Y ; 0� � Ti; T �1; t� � Ti; �2�
gives the dimensionless wall temperature Tw for the test

surface as follows:

Tw ÿ Ti

Tb ÿ Ti

� 1ÿ exp
h2awt

k2
w

� �
erfc

h
�������
awt
p
kw

� �
: �3�

When Ti, Tb, and the time, t, for Tw attaining the green

point are given, the local heat transfer coe�cient, h, over

the test surface coated with liquid crystals can be cal-

culated from Eq. (3). The green point is the temperature

at which the liquid crystal appears green with the largest

light intensity. The local bulk mean temperature Tb�X �
can be calculated by the interpolation of inlet and outlet

coolant temperature. Due to the inability of performing

an abrupt-change of the main air temperature during the

transient test, the time history (Fig. 4) of the main

stream air temperature is reproduced as a series of step

functions. Using the DuhamelÕs superposition theorem,

Eq. (3) can be rewritten as Eq. (4)

Tw ÿ Ti �
XN

j�1

� 1

"
ÿ exp

h2aw�t ÿ sj�
k2

w

� �
erfc

h
��������������������
aw�t ÿ sj�

p
kw

 !#
DTr� �;

�4�
where DTr and sj are the temperature and time step

changes from the recorder output. The local heat

transfer coe�cient at a given point on the measured

region is thus actually obtained by solving Eq. (4).

Fig. 3. The experimental setup of laser-Doppler velocimetry system.
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2.3. Uncertainty estimation

The non-dimensional uncertainty intervals for the

variables in Eq. (3) are listed as follows:

According to root-sum-square method, the most proper

uncertainty is estimated to be �10%. Conduction losses

are relatively small because the transient test period is

short and the walls are made of insulating material.

Radiation is negligible because the entire walls of the

channel are heated by the mainstream at fairly uniform

temperature.

The statistical errors in the mean velocity and tur-

bulence intensity were less than 1.8% and 3.1%, re-

spectively, for a 95% con®dence level. More detailed

uncertainty estimates and velocity bias correlations are

included in Liou and Chen [1]. For the range of atomizer

pressure setting used, the saline solution was mixed to

produce particles from 0.5 to 1.2 lm. This particle di-

ameter range is able to follow turbulence frequencies

exceeding 1 kHz [12].

3. Results and discussion

The local Nusselt number distributions on the

Y � � ÿ1 wall �Ro � 0�, trailing wall (Y � � 1, for

0 < Ro6 0:20), and leading wall �Y � � ÿ1, for

0 < Ro6 0:20� are presented. The test surface is divided

into 11 regions to evaluate regional averaged Nusselt

number ratio. Furthermore, local spanwise Nusselt

number ratio distributions are presented at six selected

stages to document the rotating e�ect on the local heat

transfer enhancement and decrement.

3.1. Local Nu distribution

Fig. 5 shows the detailed local Nusselt number ratio

Nu=Nu0 distributions on the wall �Y � � ÿ1� for Ro � 0.

The local Nusselt number ratio is based on the Dittus±

Boelter correlation for a stationary smooth circular tube

�Nu0 � 0:023Re0:8Pr0:4� [13]. In the ®rst pass, the local

Nusselt number ratios are dropped steadily from 1.2 at

X � � 4 to 1.0 at X � � 0, suggesting that the ¯ow is

thermal fully developed at the end of the ®rst pass.

Generally, the 180° sharp turn has no prominent e�ect

on the heat transfer in the ®rst pass. As the ¯ow enters

the turn, higher local Nusselt number ratios are ob-

served away from the divider wall. This is mainly due to

the turn induced Dean-type secondary ¯ow [1] which

impinges directly onto the regions near the outer wall

�X � � ÿ1�. In the second pass, the heat transfer still

prevailed near the outer wall �Z� � 1� where Nusselt

number ratio has the highest value �Nu=Nu0 � 4� around

X � from ÿ1 to 1. The lower heat transfer zone near the

divider tip �X � � 0; Z� � 0� and the inner wall

�X � � 0±1; Z� � 0� is generally due to the existence of a

turn-induced separation bubble [1]. As can be seen from

Fig. 5, the heat transfer rate drops as the ¯ow redevel-

ops, e.g., Nu=Nu0 � 2:2 and Nu=Nu0 � 1:2 at X � � 2:5
and X � � 4:5 of the second pass, respectively.

Figs. 6±9 show the detailed local Nusselt number

ratio distributions on the leading and trailing walls for

the rotating case. It is found that even a slight rotation

with Ro � 0:01 a�ects the heat transfer distribution in

the 180° sharp turn, as evidenced from Fig. 6. The most

distinct variation occurs near the outer wall �X � � ÿ1�
inside the turn, where Nu=Nu0 increases and slightly

decreases on the leading wall (Fig. 6(a)) and trailing wall

(Fig. 6(b)), respectively. In the ®rst pass, the Nu=Nu0 on

the trailing wall also increases slightly from those of the

stationary case. Fig. 7 shows detailed local Nusselt

Time of color change t �3.5%

Thermal di�usivity of wall aw �5.0%

Thermal conductivity of

wall

kw �5.0%

Bulk mean temperature of

main stream

Tr �5.5%

Green-point temperature Tw �1.5%

Initial temperature of wall Ti �1.5%

Fig. 5. Detailed local Nusselt number ratio Nu=Nu0 distribu-

tions on the wall �Y � � ÿ1� for Ro � 0.

Fig. 4. Mainstream temperature variations during the transient

test.
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number ratio distributions for Ro � 0:04. The outer part

of the leading wall inside the turn (X � < ÿ0:5 on Fig.

7(a)) is still the most heat-transfer-elevated area in

comparison with the stationary case (Fig. 5). In the two

passes, an obvious variation occurs on the trailing wall,

where the relatively higher Nu=Nu0 color band (the sky

blue) skews toward the divider wall. Also note that a

green spot appears around X � � 2:3 and Z� � 0 in the

second pass.

For a moderate rotation number, e.g., Ro � 0:10,

rotation results in a prominent heat transfer redistribu-

tion in the internal cooling channel, as evidenced from a

comparison of Fig. 8 with Fig. 7 or Fig. 5. In the ®rst

pass, the Nu=Nu0 on the leading wall decreases from

those of the stationary case while Nu=Nu0 increases on

the trailing wall distinctly. In the second pass, rotation

causes an overall rise of Nu=Nu0. The leading wall has a

superior heat transfer enhancement �Nu=Nu0 � 3±5� in

Fig. 6. Detailed local Nusselt number ratio Nu=Nu0 distributions for Ro � 0:01 on (a) leading wall, and (b) trailing wall.

Fig. 7. Detailed local Nusselt number ratio Nu=Nu0 distributions for Ro � 0:04 on (a) leading wall, and (b) trailing wall.
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the region from X � � 0 to X � � 3. The spanwise varia-

tions originating from rotation, not reported in open

literature, are also presented in Figs. 8(a) and (b). The

variations are most prominent in the second pass where

duct rotation skews the higher heat transfer regions to-

ward inner walls on the trailing walls. Leading wall

within the turn is the best heat transfer augmentation

region as a result of rotation. These phenomena result-

ing from the combining e�ects of duct rotation and turn

will be illustrated by using the measured ¯ow ®eld re-

sults in the next section for a better comprehension.

Making a comparison between the rotating and non-

rotating cases, the highest local Nusselt number ratios

are 3.8, 5.3, and 4.7 for the wall �Y � � ÿ1� at Ro � 0

(Fig. 5), the leading wall at Ro � 0:10 (Fig. 8(a)), and the

trailing wall at Ro � 0:10 (Fig. 8(b)), respectively.

Fig. 9 displays the vivid development of the heat

transfer distributions at even higher rotation numbers. It

is found that on the trailing wall the heat transfer vari-

ation due to rotation is less obvious in the turn than in

the two passes for rotation numbers ranging from

Ro � 0:15 to 0.20. The phenomenon is opposite to those

of lower Ro cases (Figs. 6±8), where the rotation-in-

duced variations occur mainly inside the turn. A high

heat transfer region is formed around X � � 2 on the

divider wall side in the second pass for both Ro � 0:15

Fig. 8. Detailed local Nusselt number ratio Nu=Nu0 distributions for Ro � 0:10 on (a) leading wall, and (b) trailing wall.

Fig. 9. Detailed local Nusselt number ratio Nu=Nu0 distributions on the leading and trailing walls at high rotation numbers:

(a) Ro � 0:15, and (b) Ro � 0:20.
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and 0.20. In addition to the skewness of the higher heat

transfer area toward the divider wall, higher Nu=Nu0 is

also found near the outer wall in the ®rst pass. There-

fore, a relative low heat transfer ``gorge'' is shaped in the

®rst pass along Z� � ÿ0:7. All of these interesting rev-

elations imply a much more complicated secondary ¯ow

for high rotation numbers, say, Ro P 0:15. The asym-

metric heat transfer distribution in the ®rst pass is

caused by the entrance e�ect. In stationary conditions,

the heat transfer distribution is quite symmetrical (as

shown in Fig. 5) with respect to the pass centerline since

the 90° turning e�ect is fading out through a developing

length of about 15DH (as shown in Fig. 2). Under ro-

tation, however, the combined turning and rotating ef-

fects result in asymmetrical ¯ow ®eld as well as heat

transfer. The degree of asymmetry in heat transfer in-

creases with increasing Ro, analogical to the heat

transfer results in the second pass. In other words, ro-

tation has changed the entrance condition of the

measuring area in the ®rst pass.

3.2. Regional averaged Nu distribution

From Figs. 5±9, the regional averaged Nusselt

number is calculated according to the region index lay-

out shown in Fig. 10, and the results are also presented

in Fig. 10. It is observed that the regional averaged

Nusselt number ratio Nurg/Nu0 distributions on the

leading wall with rotation �Ro � 0:01±0:10� are 5±15%

lower than those without rotation �Ro � 0� in the ®rst

pass (region indices: )5, )4, )3, and )2 in Fig. 10(a)).

The Nurg/Nu0 on the leading wall in the ®rst pass de-

creases with increasing rotation number on a relatively

small scale. On the leading wall, the Nurg/Nu0 is mostly

elevated in the turn (region indices: )1, 0, and 1). The

regional averaged Nusselt number ratios are 12±17%,

18±55%, and 40±100% for Ro � 0:01, 0.04, and 0.10,

respectively, higher than those without rotation

�Ro � 0�. Note that, on the leading wall, the entrance

part of 180° sharp turn (region index: )1) has the highest

rotation-induced heat transfer enhancement (two times

of its stationary counter part for Ro � 0:10) among the

examined regions and conditions. Immediately after

the turn (region indices: 2 and 3), the Nurg/Nu0 on the

leading wall are 2±5%, 5±11%, and 12±25% for

Ro � 0:01, 0.04, and 0.10, respectively, higher than those

without rotation �Ro � 0�. Generally, the rotation-in-

duced heat transfer enhancement diminishes while the

¯uid ¯ow proceeds away from the turn for Ro ranging

from 0.01 to 0.10, as indicated in Fig. 10(a) that the data

band narrows down from region index 1±3. For region

index P 4, the di�erences in Nurg/Nu0 on the leading

wall between the rotatory and stationary cases drop to

2±8%.

In contrast to that occurring on the leading wall,

rotation a�ects the heat transfer on the trailing wall in

a quite di�erent way. In the ®rst pass (region indices:

Fig. 10. Regional averaged Nusselt number ratio Nurg=Nu0 distributions for various rotation numbers on (a) leading wall and

(b) trailing wall.
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)5, )4, )3, and )2 in Fig. 10(b)), the Nurg/Nu0 on the

trailing wall increases concurrently with increasing ro-

tation number. The regional averaged Nusselt number

ratios are 4±12%, 15±25%, 42±54%, 56±68%, and 80±

106%, for Ro � 0:01, 0.04, 0.10, 0.15, and 0.20, re-

spectively, higher than those without rotation �Ro � 0�.
Note that the highest heat transfer enhancement (2.1

times of its stationary counter part for Ro � 0:20) oc-

curs at region index )2 on the trailing wall among the

regions and conditions examined. Inside the turn, ro-

tation-induced alteration on Nurg/Nu0 distribution is

quite similar to that occurring in the ®rst pass, except

for the cases with relatively high rotation numbers

�Ro P 0:15�. Figs. 9 and 10(b) indicate that the rota-

tion-induced heat transfer enhancement ceases to in-

crease as Ro is increased from 0.15 to 0.20 at the mid-

turn (region index 0) and post-turn (region index 1)

regions. After the turn (region index: 2±5), a critical

range of rotation number, 0:10 < Roc6 0:15, can be

de®ned. That is, there exists a critical range of Roc

below which rotation has no prominent e�ect on the

regional averaged Nusselt number ratios (Ro � 0:01,

0.04, and 0.10 in Fig. 10(b)) on the trailing wall of the

second pass. When rotation number is above Roc, the

in¯uence of rotation is presented de®nitely by the 15±

28% and 19±41% enhancement of Nurg/Nu0 for

Ro � 0:15 and 0.20, respectively, as shown in Fig.

10(b). The above observation suggests that when Ro is

larger than the Roc, the rotation e�ect on the heat

transfer augmentation in the second pass will overtake

the role previously dominated by the turning e�ect in

the stationary or low rotation number cases.

3.3. Rotation e�ects on the secondary ¯ow in the 180° turn

Fig. 11 shows the secondary-¯ow pattern at the mid-

turn �Z�� � 0� cross-section for W �
d � 0:06 under sta-

tionary and rotatory conditions. It is well known that a

Dean-type secondary ¯ow typically exists for a ¯ow

through a turn due to the imbalance of centrifugal force

and pressure gradient, as shown by Fig. 11(a) [1]. In the

stationary case, the counter-rotating Dean vortex pair

appears symmetrically with the vortex centers locating

at X � � ÿ0:80 and Y � � �0:75. The maximum cross-

stream mean velocity occurs at Y � � 0 near the divider

tip �X � � ÿ0:08�. Relatively low secondary-¯ow veloci-

ties appear around X � from ÿ0:4 to ÿ0:7 near the walls

�Y � � �1�. Two regions with secondary ¯ow directed

toward the leading and trailing walls occur around

X � � ÿ1 and Y � from �0.5 to �1 where heat transfer is

elevated. In particular, the downwash regions of the

secondary ¯ow are associated with the highest Nu=Nu0

enhancement, as evidenced from Fig. 5.

As the duct rotates, Fig. 11(b) clearly reveals that the

di�erence in Ro does a�ect the cross-stream ¯ow pattern

inside the turn. In the ®rst pass of the rotating duct, the

streamwise mean velocity pro®les are skewed towards

the trailing wall [1], as evidenced in Fig. 11(b) that most

¯ow directs along the trailing wall around X � from 0 to

)0.5. Therefore, the symmetry of the turn-induced sec-

ondary ¯ow is signi®cantly altered, and the lower part of

Dean vortex pair dominates the whole cross-section of

mid-turn. The ruling vortex occupies 90% area of the

mid-turn cross-section, and directs the major ¯ow to

impinge and sweep the leading wall. This is the main

Fig. 11. Secondary ¯ow patterns at mid-turn cross-section for Re � 1:4� 104: (a) Ro � 0 [1], and (b) Ro � 0:10.
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reason that the heat transfer enhancement is much

greater on the leading wall than on the trailing wall in

the 180° sharp turn (Fig. 8, Ro � 0:10). The upper part

of the distorted Dean vortex pair still exists but is con-

®ned to the upper left corner �Y � > 0:7 and X � < ÿ0:8�.
Although its size is small, the upper vortex has a larger

normal component to the trailing wall than its station-

ary counter part, and thus contributes to the heat

transfer enhancement on the mid-turn trailing wall, as

shown in Figs. 7(b) and 8(b). A corner vortex is also

found near the lower right corner �X � � 0 and Y � � ÿ1�
of the mid-turn cross-section. This rotation-induced

vortex is formed by the collision of the two opposite

streams ± one is the main stream from the ®rst pass and

the other is the reverse ¯ow of the dominative vortex in

the turn ± near the entrance of the turn �X � � 0�.
Quantitatively, rotation increases the total averaged

strength of secondary ¯ow,
�����������������
U 2 � V 2
p

, from 0.68Ub

�Ro � 0� to 0.78Ub �Ro � 0:10� in the mid-turn cross-

section. In particular,
�����������������
U 2 � V 2
p

is noticeably increased

by rotation from 0.32Ub �Ro � 0� to 0.71Ub �Ro � 0:10�
around the most-heat-transfer-elevated area (Y � < ÿ0:7
and X � < ÿ0:2 on the leading wall, Figs. 8(a) and 11).

In view of the large distortion of the secondary-¯ow

mean velocity pro®les by rotation in the mid-turn of the

180° sharp turn, the di�erence of turbulence distribu-

tions between rotating and non-rotating cases is ex-

pected to be obvious. Fig. 12 thus depicts the

dimensionless turbulent kinetic energy (TKE) distribu-

tion in the corresponding region. Note that the TKE

discussed here is composed of X and Y components. It is

seen that the symmetric distribution of TKE for Ro � 0

is demolished by increasing Ro to 0.10. The highest local

TKE peak near the divider wall is associated with the

separation-bubbleÕs shear layer [1] and is elevated from

0.33 �Ro � 0� to 0.43 �Ro � 0:10� by rotation. In the

stationary case �Ro � 0�, two higher TKE (0.07) regions

are associated with the Dean-type vortex pair while a

low TKE (0.01) region with the central main stream. In

the rotating case �Ro � 0:10�, the second highest peak of

TKE (0.23) is generated around the center of the do-

minative vortex. In addition, the aforementioned rota-

tion-induced single vortex derives one more high

turbulence region (TKE � 0:17, X� from 0 to )0.3 and

Y� from )0.6 to )1.0). As far as heat transfer en-

hancement in the mid-turn region is concerned, it is

worthwhile of pointing out that the controlling ¯uid

dynamics factor is more assumed by the direction and

magnitude of the secondary-¯ow mean velocities than

by the TKE as supported by the above discussion.

4. Conclusions

The following main results are drawn from the data

presented:

1. The TLCT has been successfully implemented on the

investigation of heat transfer enhancement in the ro-

tating internal cooling channel for the ®rst time. Duct

rotation is found to have signi®cant e�ects on the

spanwise (Z-direction) heat transfer distribution. A

result is di�cult to being resolved by the regionally

averaged analysis from the conventional thermo-

couple measurements.

Fig. 12. Turbulent kinetic energy contours at mid-turn cross-section for Re � 1:4� 104: (a) Ro � 0, and (b) Ro � 0:10.
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2. The variations are most prominent in the second pass

where duct rotation skews the higher heat transfer re-

gions toward inner walls on the trailing walls.

3. There exists a critical range of rotation number,

0:10 < Roc6 0:15. Below Roc, rotation has no prom-

inent e�ect on the regional averaged Nusselt number

ratios of the regions after the 180° sharp turn in a ro-

tating two-pass cooling passage. This piece of infor-

mation provides a useful reference of practical tests

of computational models.

4. Duct rotation provides an overall enhancement on

the heat transfer enhancement, except the slight

abatement on the leading wall of the ®rst pass.

5. The curvature induced symmetric Dean-type vortices

in the mid-turn for the stationary case changes great-

ly with rotation. For the case of rotation, the cross-

stream secondary ¯ow in the mid-turn is gradually

dominated by a single vortex most of which impinges

directly on the outer part of leading wall, and thus

greatly enhances heat transfer rate in the vicinity.

6. Duct rotation elevates noticeably the magnitude of

the TKE of the secondary ¯ow in the 180° sharp turn.

Meanwhile, the symmetrical TKE contour for the

stationary case is skewed and redistributed by rota-

tion.
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