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Abstract

Flow visualization using a transient liquid crystal method is presented to study the e�ect of divider thickness on
the local heat transfer distributions around a sharp 180-deg turn of a two-pass smooth square duct. Detailed local
Nusselt number distributions on the bottom, blade-tip, and side walls are given for three divider thicknesses,

W �
d � 0:10, 0.25, and 0.50, at a Reynolds number of 1:2� 104: Complementary pressure loss measurements are

presented in terms of variation of friction factor with W �
d: The thermal performance investigation shows that

W �
d � 0:25 provides the highest total averaged Nusselt number ratios, both at constant ¯ow rate and at constant

pumping power conditions, and a moderate friction factor. Near-wall laser-Doppler velocimetry measurements are
further performed to explain the liquid crystal measured surface heat transfer distributions. The results show that
the direction and strength of the secondary ¯ow with respect to the wall are most important ¯uid dynamic factors

a�ecting the heat transfer distributions, followed by the convective mean velocity, and then the turbulent kinetic
energy. 7 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Heat transfer enhancement; Transient liquid crystal method; Near-wall LDV measurements; Serpentine passage; Flow

visualization; E�ects of divider thickness

1. Introduction

Internal passages with 180-deg turns (Fig. 1) are

encountered in many applications, such as the venti-

lation piping systems, the hot gas manifold of the

space shuttle main engine power heads, and the in-

ternal coolant path of advanced gas turbine blades.

Heat transfer around a 180-deg turn with a small

radius of curvature �Rc� is a�ected by ¯ow character-

istics, such as the curvature induced Dean vortices

inside the turn, turning geometry-induced separating

bubble immediately downstream of the turn [1], and

resulting high turbulence intensity levels, which are, in

turn, in¯uenced by the divider thickness. Friction loss

is also important while evaluating thermal performance

of the internal coolant channel, and its magnitude is

closely related to the divider thickness. The e�ects of

divider thickness on both heat transfer and friction

loss in a two-pass smooth square duct with a 180-deg

straight-corner turn are therefore an important issue

but have received little attention in open literature.

Streamwise ¯ow separation is either mild or absent

in most prior studies of 180-deg turning ¯ows, both

laminar [2] and turbulent [3±5], with radius of curva-

ture-to-duct hydraulic diameter ratio larger than one
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�Rc=DH > 1). For Rc=DH < 1, Metzger et al. [1,6] per-
formed surface ink-streaklines visualizations, pressure
measurements, and heat transfer coe�cient measure-
ments. The parameters examined are the ratio of inlet

to outlet channel width, the divider tip-to-wall clear-
ance, and the Reynolds number ranging from 1� 104

to 6� 104: They found that considerable nonunifor-

mity in heat transfer distribution was attributed to the
¯ow separation and reattachment along the down-
stream side of the divider. Han et al. [7] performed the

detailed mass transfer measurements around the sharp
180-deg turns in two-pass, square, smooth and rib-
roughened channels. For the smooth channel, the mass
transfer in and after the turn was higher than that

Nomenclature

A half width of duct (m)
Ar area (m2)
B half height of duct (m)

Cp speci®c heat (J kgÿ1Kÿ1)
DH hydraulic diameter, 4AB/(A + B ) (m)
f Darcy friction factor, �DP=DX � �

DH=�rU 2
b =2�

f0 friction factor of fully developed tube ¯ow,
0.316�Reÿ0.25

H vortex generator height (m)
h heat transfer coe�cient (W mÿ2 Kÿ1)
k turbulent kinetic energy, �u 2 � v 2 � w 2)/2
ka thermal conductivity of air (W mÿ1 Kÿ1)
kw thermal conductivity of wall (W mÿ1 Kÿ1)
m mass ¯ow rate (kg sÿ1)
m� smooth-duct mass ¯ow rate without a turn

(kg sÿ1)
Nu local Nusselt number, h �DH=ka

Nu0 Nusselt number in fully developed tube

¯ow, 0.023�Re 0.8�Pr 0.4
Nu total averaged Nusselt number, h �DH=ka

P pressure (N mÿ2)
P� smooth-duct pressure without a turn (N

mÿ2)
Pr Prandtl number of air, rCpn=ka

Re Reynolds number, UDH=n
Re� smooth-duct Reynolds number without a

turn, �f � Re3=0:316)1/2.75
Ti initial temperature of wall (K)

Tr reference temperature = bulk mean tem-
perature of main stream (K)

Tw wall 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. 1
XN streamwise coordinate, (XN = 0 at the

vortex generator rear edge, Fig. 9)
X� normalized streamwise coordinate, X=DH

Y transverse coordinate, Fig. 1
Y� normalized transverse coordinate, Y/B
Z spanwise coordinate, Fig. 1

Z�, Z �� normalized spanwise coordinate,

(i) X < 0, Z �� � Z=�2A�Wd� (in the
turn)

(ii) Xr0, Z < 0, Z � � �Z�Wd=2�=2A
(in the ®rst pass)
(iii) Xr0, Z > 0, Z � � �ZÿWd=2�=2A
(in the second pass)

Greek symbols
aw thermal di�usivity of wall (m2/s)
r air density (kg/m3)
n kinematic viscosity (m2/s)

Subscripts
b bulk

rg regional averaged

Fig. 1. Sketch of con®guration, coordinate system, and

dimensions of test section.
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before the turn except at the ®rst outside corner of the

turn. Chyu [8] used an analogous naphthalene mass

transfer technique to investigate both two- and three-

pass channels with rectangular turns for Reynolds

numbers of 2 � 104±7.4 � 104. Results showed that

heat transfer at the ®rst turn has already reached the

thermally periodic condition. Ekkad and Han [9] used

a transient liquid crystal image technique to measure

local heat transfer distributions near a sharp 180-deg

turn of a two-pass smooth square channel for Rey-

nolds numbers of 1:0� 104, 2:5� 104, and 5:0� 104:
The heat transfer results were broadly consistent with

the aforementioned mass transfer results reported by

Han et al. [7]. Wang and Chyu [10] presented compu-

tational results of heat transfer distribution and mean

secondary ¯ow patterns in a two-pass, square duct

with 180-deg sharp straight-corner turn, rounded-cor-

ner turn, and circular turn. Results showed that spatial

variation in the local heat transfer was very prominent

and depended on the turn geometry greatly. The

straight-corner turn was found to yield the highest

heat transfer augmentation. Liou and Chen [11] per-

formed detailed laser-Doppler velocimetry (LDV)

measurements of developing ¯ows through a straight-

corner turn two-pass square duct with and without

duct rotation. The Reynolds number was 1:4� 104

and the divider tip had sharp corners. The ¯ow ®eld

was characterized by the curvature induced Dean vor-

tices inside the turn, turning geometry-induced separ-

ation bubble, double-peak mean velocity pro®les in the

second pass, and high turbulence levels and nonuni-

formity in the front part of the second pass. These

quantitative results complement the previous heat and

mass transfer results measured by others.

Although the aforementioned studies have provided

valuable information, each study was performed at a

®xed divider thickness �W �
d). No one has investigated

the e�ects of W �
d on heat transfer and ¯uid ¯ow. In

this connection, Liou et al. [12] examined how W �
d

a�ects the ¯uid ¯ow in a 180-deg sharp turning duct

with W �
d varying from 0.10 to 0.50, a range covering

all the W �
d adopted by previous researchers. As a con-

tinuation, the present study logically aims at perform-

ing detailed measurements of local heat transfer

coe�cient in a straight-corner turn two-pass square

duct with W �
d ranging from 0.10 to 0.50 using a transi-

ent liquid crystal method. Friction factors for the

range of W �
d examined are also measured. In order to

explain the liquid cryal measured surface heat transfer

distributions, near-wall (1 mm away from the wall)

LDV measurements are further performed. Such an in-

vestigation has not been explored in the past. It is

hoped that the data obtained herein lead to insight to

the relevant physics and can be used for verifying

ongoing computational predictions.

2. Method of approach

2.1. Theory of liquid crystal thermometry

The transient liquid crystal thermometry is a ther-
mally transient test procedure to produce time-varying

temperature pro®les over a liquid crystal coated sur-
face. An advanced video capturing and post-processing
system is used to acquire and analyze color image

frames of surface temperature evolution. The surface
of a semi-in®nite wall is suddenly heated or cooled
convectively with a ¯uid at a constant temperature or
a bulk temperature Tb: A one-dimensional transient

heat convection analysis,

a
@ 2T

@x 2
� @T

@ t
�1�

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

boundary condition, an uniform-temperature initial
condition, and the assumption of constant property of
wall material,

ÿk@T
@x
� h�Tw ÿ Tb � at X � 0

T�X, 0� � Ti T�a, t� � Ti �2�
gives the dimensionless wall temperature Tw for the

test surface as below

Tw ÿ Ti

Tr ÿ Ti

� 1ÿ exp

 
h 2awt

k 2
w

!
erfc

�
h
�������
awt
p
kw

�
�3�

When Ti, Tr, and the time t for Tw attaining the

Fig. 2. The overall experimental setup.
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liquid-crystal green point temperature are given, the

local heat transfer coe�cient h over the test surface
coated with liquid crystals can be calculated from Eq.
(3). The local bulk mean temperature Tb�X � can be
calculated by the interpolation of inlet and outlet cool-

ant temperature.
Thermal performance evaluation is accomplished by

assuming that heat transfer area and pumping power

are constant. The pumping power relationship of the

ducts with and without a 180 deg sharp turn is directly

obtained by the expression �m � DP=r�with turn �
�m� � DP �=r�smooth, where m is the mass ¯ux. For equal
thermophysical properties and the de®nition of Darcy
friction factor f (given in Nomenclature), it is readily

shown that the constraint of equal pumping power is
reduced to �f � Re3� with turn = f � � Re�3� smooth, i.e.,
pumping power is proportional to f � Re3:
Further, by combing the experimentally determined

Fig. 3. Detailed local Nusselt number ratio �Nu=Nu0� distributions on the bottom wall for three W �
d examined at Re � 1:2� 104:
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Fig. 4. Detailed local Nusselt number ratio �Nu=Nu0� distributions on the blade-tip wall for three W �
d examined at Re � 1:2� 104:

Fig. 5. Detailed local Nusselt number ratio �Nu=Nu0� distributions on the side walls for three W �
d examined at Re � 1:2� 104:
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friction factors of the enhanced con®gurations and
those of the well-known Blasius equation,

f0 � 0:316� Reÿ0:25, for the smooth duct, one can
deduce the relation

Re� �
ÿ
f � Re3=0:316

�1=2:75 �4�
where Re� represents Reynolds number in the corre-

sponding smooth duct without a 180-deg turn. The
thermal performance is determined by the ratio of
average Nusselt number Nu of the test ducts and Nu�0
of a smooth duct without a turn at the condition of
constant pumping power, Nu=Nu�0, where Nu�0 is based
on the Dittus±Boelter correlation [13].

Nu�0 � 0:023 � Re�0:8 � Pr0:4 �5�

2.2. Test apparatus and conditions

Fig. 2 schematically depicts the thermochromatic
liquid crystal imaging experimental setup and ¯ow cir-
cuit. A digital video camera was used to record the
color change of the liquid crystal coating when the hot

¯ow passed through the test section. A thermocouple
recorder measured the main ¯ow temperatures during
the test, and a micro-di�erential transducer with press-

ure taps measured the static pressure at the upstream
and downstream locations of the test section. The ¯uid
¯ow was driven by a 3 Hp turbo blower located at

downstream end of the ¯ow circuit and operated in the
suction mode. Air was the working medium which was
drawn into a rectangular duct with an aspect ratio of

2:25:1, passing through a netting air heater, and sub-
sequently turned 908 into the two-pass test duct with a
square cross-section of 25 � 25 mm2. Downstream of
the test section with a 180-deg sharp turn, the air

¯owed through a ¯owmeter, a bellows, and then
exhausted by the turbo blower. The test section was
made of thick acrylic sheets for optical access. The

hydraulic diameter of the square ¯ow path was
DH � 25mm. At the turn, the clearance between the tip
of the divider wall and the duct outer wall was ®xed at

1DH (or 25 mm). The three divider-wall thicknesses
examined were Wd � 0:2DH, 0:5DH, and 1DH or
W �

d � 0:10, 0.25, and 0.50. The Reynolds number,
based on the bulk mean velocity of Ub � 7:3 m/s and

hydraulic diameter, was ®xed at 1:2� 104: The heat
transfer measurements were made in the region of 4DH

upstream to 4DH downstream of the turn on the bot-

tom, side, and blade-tip walls.
The LDV experimental setup for the near-wall vel-

ocity measurements in the present work, as shown in

Fig. 2, is basically the same as that described in the
work of Liou et al. [12]. Refer to this earlier paper for
more detail. Near-wall LDV scans were performed at

®ve selected stations for the three W �
d examined. At

each station the measurements were made at nine lo-

cations and could be brought as close as 1 mm from
the liquid crystal coated wall. There were typically
4096 realizations averaged at each measuring location.

The statistical errors in the mean velocity and turbu-
lence intensity were less than 1.6 and 2.2%, respect-
ively, for a 95% con®dence level. More detailed

uncertainty estimates and velocity bias correlations are
included in Liou et al. [11,12]. For the range of atom-
izer pressure setting used, the saline solution was

mixed to produce particles from 0.5 to 1.2 mm. This
particle diameter range is able to follow turbulence fre-
quencies exceeding 1 kHz [14].

3. Results and discussion

The local Nusselt number distributions on the bot-

tom wall, blade-tip wall, and side wall, respectively, for
three divider thicknesses W �

d of 0.10, 0.25, and 0.50
are presented. The test surface is divided into 11
regions to evaluate regional averaged Nusselt number

ratio. Friction factors for the three divider-wall thick-
nesses examined are also calculated from measured
pressure data. Comparisons of total averaged Nusselt

number ratios (averaged over the aforementioned three
walls) at constant ¯ow rate and constant pumping
power are further performed.

3.1. Local Nu distribution

Figs. 3±5 show the detailed local Nusselt number

ratio Nu=Nu0 distributions for W �
d � 0:10, 0.25, and

0.50. The local Nusselt number ratio is based on the
Dittus±Boelter correlation for a smooth circular tube
(Eq. (3)). Fig. 3 shows the detailed local Nusselt num-

ber ratio distributions on the bottom walls. In the ®rst
pass, the local Nusselt number ratios are about 1.0
with very little variation in both spanwise and longi-

tudinal directions, suggesting that the ¯ow is thermal
fully developed in the ®rst pass for all three cases
examined. Generally, the divider thickness has no

prominent e�ect on the heat transfer in the ®rst pass.
As the ¯ow enters the turn, higher local Nusselt num-
ber ratios are observed away from the divider wall due
to the inability of the ¯ow to follow the sharp turn

and in turn the impingement of the separated ¯ow
onto the outer wall. The turn induced Dean type sec-
ondary ¯ow [11] also contributes to the local high heat

transfer region near outer wall. Making a comparison
between the three divider thicknesses, it can be found
that the local higher heat transfer region �Nu=Nu0 > 2,

green to red) moves toward upstream direction as the
divider thickness is increased. The highest local Nusselt
number ratios on the bottom walls are 5.1, 4.5, and

T.-M. Liou et al. / Int. J. Heat Mass Transfer 43 (2000) 3233±32443238



3.4 occurring at �X � � 0:15, Z � � 0:95�, (ÿ0.47, 0.89),
and (ÿ0.28, 0.94) for W �

d � 0:10,0.25, and 0.50, re-

spectively. Fig. 4 presents the detailed local Nusselt
number ratio distributions on the blade-tip walls. The
trend is similar for all three divider thicknesses. Two

high heat transfer regions exist near Z � � 0 and
Z � � 1, resulting from the secondary ¯ow impinge-
ment at these two locations. The highest local Nusselt

number ratios on the blade-tip walls are 4.3, 4.3, and
3.3 occurring at �Y � � 0, Z � � 0:95� for W �

d � 0:10,
0.25, and 0.50, respectively. Fig. 5 displays the detailed

local Nusselt number ratio distributions on the side
walls. The range of higher heat transfer region is com-
parable for W �

d � 0:10 and 0.25, and is smallest for
W �

d � 0:50: The highest local Nusselt number ratios

on the side walls are about 3.4 occurring at �X � � 0:2,
Y � � ÿ0:1), (ÿ0.68, 0), and (ÿ0.64, 0) for W �

d � 0:10,
0.25, and 0.50, respectively.

3.2. Regional averaged Nu distribution

From Figs. 3±5 the regional averaged Nusselt num-
ber is calculated according to the region index layout
shown in Fig. 6(a) and the results are presented in

Fig. 6(b) and (c). It is observed from Fig. 6(b) that the
regional averaged Nusselt number ratio distributions
along the bottom wall are generally the same in the
®rst pass (region indices: ÿ5, ÿ4, ÿ3, and ÿ2) for the

three divider thicknesses. In the turn and immediately
after the turn (region indices: ÿ1, 0, 1, and 2), the re-
gional averaged Nusselt number ratio, Nurg=Nu0, along

the bottom wall, is the highest for W �
d � 0:25 and the

lowest for Wd � 0:10 whereas in the other part (region
indices > 2) of second pass, Nurg=Nu0becomes the

highest for W �
d � 0:10 and the lowest for W �

d � 0:50:
The values/region indices of peak Nurg=Nu0 along the
bottom wall are 2:20=3, 2:62=1, and 2:40=1 for
W �

d � 0:10, 0.25, and 0.50, respectively. Again, it

shows that the regional averaged higher heat transfer
region along the bottom wall in the second pass tends
to move upstream and into the turn region as the div-

ider thickness is increased. Fig. 6(c) presents the re-
gional averaged Nusselt number ratio distributions on
the blade-tip and side walls. It reveals no prominent

di�erence on blade-tip wall for the three cases exam-
ined. However, in the later part of the turn (region
index=1) and the second pass (region indices r 2),

Nurg=Nu0 on the side walls is the highest for W �
d �

0:10 and the lowest for W �
d � 0:50:

3.3. Thermal performance evaluation

Fig. 7 depicts the friction factor ratios and the
total area-averaged Nusselt number ratios at constant

¯ow rate and constant pumping power conditions
for the three divider thicknesses, where Nu � ��Nu �

Ar�bottom � Nu � Ar�blade-tip � Nu � Ar�side�=��Ar�bottom �
�Ar�blade-tip � �Ar�side� and Nubottom; blade-tip, side �
�PNu=total number of pixels�: The friction factor ratio
f=f0, where f0 � 0:316� Reÿ0:25 � 0:03 is the friction fac-
tor of fully developed tube ¯ow, drops from 3.06 to 1.82

while increasing divider thickness from 0.10 to 0.50. The
highest value of total averaged Nusselt number ratios at
both constant ¯ow rate and constant pumping power are

attained byW �
d � 0:25:Note that total averaged Nusselt

number ratios are the lowest for W �
d � 0:50 and W �

d �
0:10at constant¯owrateandconstantpumpingpower, re-

spectively.

3.4. Evolution of heat transfer and near-wall ¯uid ¯ow
parameters

Three dimensionless ¯ow parameters, i.e.,����������������������
U 2 �W 2
p

=Ub(velocity component parallel to the

bottom wall), V=Ub, and k=U 2
b , measured at 1 mm dis-

tance away from the bottom wall �Y � � 1� are used to
explain the e�ect of ¯uid ¯ow on the surface heat

transfer characteristics. Because the near-wall resultant
mean velocity

����������������������
U 2 �W 2
p

parallels the bottom wall,
its magnitude indicates the convective e�ect on the

bottom wall heat transfer. The near-wall transverse
mean velocity component V is perpendicular to the
bottom wall and denotes the secondary-¯ow e�ect on
the bottom wall heat transfer. The positive value of

V=Ub indicates that the secondary ¯ow are toward the
bottom wall, tending to impinge and break the bound-
ary layer on the bottom wall, and thereby enhance sur-

face heat transfer. Large values of near-wall turbulent
kinetic energy k=U 2

b are expected to augment surface
heat transfer as well.

The top ®gures in Fig. 8 show that heat transfer
augmentation is generally more pronounced near the
outer wall than near the inner wall for regions inside
�Z �� � 0� and after the turn �X � � 0:2±3). Immedi-

ately downstream of the turn, the augmentation can be
as high as 3.6 to 4.6 times Nu0 near the outer wall for
the three W �

d examined whereas the spanwise distri-

bution of Nu=Nu0 becomes more and more uniform
with increasing X �: At X � � 3 the average Nu=Nu0 is
about 1.5 for the three W �

d investigated.

To provide the rationale for the above heat transfer
results, Fig. 8 further depicts the corresponding near-
wall ¯uid ¯ow results. In a sharp turning duct, com-

pared to a symmetric top-hat ¯ow pro®les, the skew-
ness of the ¯ow pro®les at Z �� � 0 displays the ¯uid
layers undergo an acceleration and deceleration near
the inner and outer walls, respectively, except the low

speed region between X � � 0:0 and ÿ0.2 for the thick
divider wall case W �

d � 0:50 due to the presence of a
separation bubble on the divider top, as shown in

Fig. 8 � ����������������������
U 2 �W 2
p

=Ub, Z
� � 0). The trend is reversed

after the turn. That is, the acceleration now occurs
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along the region near the outer wall �Z � � 1� of the

second pass. The velocity di�erences in spanwise direc-

tion decrease with increasing X �: In general, the evol-

ution of
����������������������
U 2 �W 2
p

=Ub downstream of the turn

�X � > 0� is similar to that of Nu=Nu0: It is well known
that the turning of ¯ow passage will induce the Dean-

type secondary ¯ow. The positive values of V=Ub near

the outer wall in Fig. 8 indicate that the secondary

¯ow is toward the bottom wall �Y � � 1� whereas the

negative values of V=Ub in the regions ranging from
the passage center to the inner wall suggest that the
secondary ¯ow is away from the bottom wall. As the

¯ow proceeds downstream the ¯ow component normal
to the wall gradually decays as evidenced by the re-
duction in the values of V=Ub: The large values of

k=U 2
b near the inner wall, bottom ®gures in Fig. 8,

result from the occurrence of separation recirculation
¯ow at divider top for W �

d � 0:50 and immediately
downstream of the sharp turn (up to X � � 1:5±2�
along the inner wall for W �

d � 0:25 and 0.10. Down-
stream of back¯ow region �X � > 2), the level of k=U 2

b

decreases and becomes more uniform.

3.5. Relation between near-wall ¯uid ¯ow parameters

and surface heat transfer

A comparison of the leftest column �Z �� � 0� in
Fig. 8 reveals that Nu=Nu0 and V=Ub have more simi-

lar pro®les, suggesting that heat transfer characteristics
inside the turn are dominated by the ¯ow component
normal to the wall. For the ¯ow component normal to

the wall near the outer wall �X � � ÿ0:8 to ÿ 1:0� is
toward the bottom wall, tending to perturb the bot-
tom-wall boundary layer and even impinge upon the

bottom wall, heat transfer elevation is higher near the
outer wall, as shown in the leftest top ®gure of Fig. 8.
It can also be seen that W �

d � 0:25 has the highest

Fig. 6. Regional averaged Nusselt number ratio distributions for three W �
d examined at Re = 1.2� 104.

Fig. 7. Variation of friction factor ratio and total averaged

Nusselt number ratios at constant ¯ow rate �Nu=Nu0� and
constant pumping power �Nu=Nu�0� with divider thickness at

Re � 1:2� 104:
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V=Ub near the outer wall and thereby its Nu=Nu0
enhancement is the highest among the three W �

d exam-

ined, although W �
d � 0:50 has the largest convective

mean velocity
����������������������
U 2 �W 2
p

=Ub near the outer wall.

The above observation suggests a more in¯uential role

played by V=Ub than by
����������������������
U 2 �W 2
p

=Ub: Inside the

turn, the ratio between normal and parallel velocity

components (relative to the bottom wall),

v=
����������������������
U 2 �W 2
p

, is about 0.4 to 0.6 near the outer wall.

Also note that W �
d � 0:50 has the smallest����������������������

U 2 �W 2
p

=Ub near the inner wall or divider top

�X � � ÿ0:2±0� due to the presence of separation

bubble and negative value of V=Ub such that the ¯ow

component normal to the wall is directed away from

the bottom wall �Y � � 1). These factors cause the low-

est Nu=Nu0 augmentation near the divider top for the

case of W �
d � 0:50, although the corresponding k=U 2

b

is the largest.

Fig. 8. E�ects of W �
d on spanwise distributions of Nu=Nu0,

����������������������
U 2 �W 2
p

=Ub, V=Ub and k=U 2
b at ®ve stages: (a) Z �� � 0, (b)

X � � 0:2, (c) X � � 1, (d) X � � 2, and (e) X � � 3 (LDV measurements performed at 1 mm distance away from the wall

Y � � ÿ1).
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At X � � 0:2 station, W �
d � 0:10 provides the locally

highest
����������������������
U 2 �W 2
p

=Ub, V=Ub, and k=U 2
b near the

outer wall �Z � � 0:6±1:0� and thus the locally highest

Nu=Nu0 elevation near the outer wall. Near the inner

wall �Z � � 0±0:2), however, the ¯ow makes a sharpest

turn for the case of W �
d � 0:10 and separates into a

back¯ow region, resulting in a smallest����������������������
U 2 �W 2
p

=Ub: In contrast, the ¯ow has no back¯ow

region downstream of the turn for the case of W �
d �

0:50 and has the largest
����������������������
U 2 �W 2
p

=Ub near the inner

wall. Hence, W �
d � 0:50 gives a higher Nu=Nu0

enhancement than W �
d � 0:10 near the inner wall.

Similar to that at X � � 0:2 station, W �
d � 0:10 at

X � � 1:0 station has the largest
����������������������
U 2 �W 2
p

=Ub,

V=Ub, and k=U 2
b , and thereby the largest Nu=Nu0

among the three W �
d studied near the outer wall

�Z � � 0:6±1:0). Near the inner wall �Z � � 0±0:3),
W �

d � 0:1 generates the lowest
����������������������
U 2 �W 2
p

=Ub but the

highest k=U 2
b such that all the three values of W �

d pro-

vide similar Nu=Nu0 elevation. It should be pointed

out that the relative strength between the ¯ow com-

ponents normal to the wall and parallel to the wall

decreases from a value of v=
����������������������
U 2 �W 2
p � 0:4±0:6

inside the turn, Z �� � 0, to a value of

v=
����������������������
U 2 �W 2
p

10:1 at X � � 1 station. In other words,

downstream of the turn the convective and turbulent

e�ects are taking over the secondary ¯ow e�ect in con-

trolling the Nu=Nu0 elevation.

At X � � 2 and X � � 3 stations, W �
d � 0:10 again

provides the highest Nu=Nu0 augmentation near the

outer wall due to the highest
����������������������
U 2 �W 2
p

=Ub and

k=U 2
b over there. The secondary ¯ow here is too weak

to a�ect the Nu=Nu0 distribution. Near the inner wall,

the three Nu=Nu0 curves for the three W �
d examined at

X � � 1 station are almost indistinguishable inside the

¯ow reversal region; however downstream of the re-

attachment points �X � � 1:5, Z � � 0� at X � � 2 and

X � � 3 stations, the three Nu=Nu0 curves near the

inner wall are distinguishable again and controlled

mainly by the values of k=U 2
b since the V=Ub is too

weak and the convective mean ¯ow
����������������������
U 2 �W 2
p

=Ub

has nearly recovered from the e�ect of sharp

turn induced separation bubble. Also, the growth

and decline of k=U 2
b and

����������������������
U 2 �W 2
p

=Ub can be seen

from the relative intensity among the W �
d investigated.

For example, the spanwise-averaged relative strength

of ¯ow component parallel to the bottom wall,

�� ����������������������
U 2 �W 2
p

=Ub�W�
d
� 0:10=�

����������������������
U 2 �W 2
p

=Ub�W�
d
� 0:50�, is

dropped from 1.25 �X � � 1), 1:13 �X � � 2�, to

1:09 �X � � 3�, while the spanwise-averaged rela-

tive strengths of turbulent kinetic energy,

��k=U 2
b �W�d � 0:10=�k=U 2

b �W �
d
� 0:50� remain around two,

i.e., 1:97 �X � � 1�, 2:20 �X � � 2�, and 1:80 �X � � 3�:
These relative intensity data facilitate the explanation

of the Nu=Nu0 variation at X � � 2 and X � � 3: Note

that the reattachment points in the present study are

determined by near-wall LDV scanning of streamwise

mean velocity component along lines at a distance 1

mm from the wall [12]. The streamwise location where

the measured mean velocity component changes its

sign is de®ned as the reattachment point.

In summary, several observations can be made from

Fig. 8 regarding the roles played by the three dimen-

sionless parameters examined in a�ecting Nu=Nu0 dis-

tribution. First, inside (e.g. Z �� � 0 station) and

immediately after the turn (e.g. X � � 0:2 station) the

Nu=Nu0 elevation is dominated by the secondary ¯ow

e�ect. Second, downstream of the turn and after the

decay of the secondary ¯ow which is directed towards

the bottom wall (e.g. X � � 1 station), the Nu=Nu0 aug-

mentation is mainly a�ected by the convective mean

velocity. Third, downstream of the turn induced separ-

ation bubble on the inner wall side, the Nu=Nu0
enhancement is controlled by the values of turbulent

kinetic energy.

It is interesting to elaborate on the signi®cant role

played by the secondary ¯ow in a�ecting the Nu=Nu0
augmentation in the regions inside �Z �� � 0� and im-

mediately after the turn �X � � 0:2� where convective

and turbulent motions also prevail. An example shown

in Fig. 9 is used to illustrate the point. A V-shaped rib

pointing downstream is placed on the bottom wall of

the ®rst pass. At one rib height downstream of the rib,

XN=H � 1 [15], the Nu=Nu0 curve is similar to the

U=Ub and V=Ub curves but opposite to the k=U 2
b

and
�����
v 2

p
=Ub curves. As the ¯ow proceeds downstream

to the XN=H � 4 station, i.e. away from the rib

induced back¯ow region as indicated by the negative

U=Ub around Z=A � 0 at XN=H � 1 (solid circle), the

U=Ub curve (open circle) has recovered to that of the

duct ¯ow with maximum velocities around the duct

centerline. However, the V-shape induced secondary

¯ow, a pair of counterrotating longitudinal vortices,

maintains the shape of its V=Ub curve with positive

peak adjacent to Z=A �2 1 and lower value around

duct centerline Z=A � 0, a shape qualitatively similar

to that of Nu=Nu0 curve. As for the k=Ub curve, its

central portion decrease, contrary to the increase of

central portion of Nu=Nu0 curve, as ¯ow proceeds

from XN=H � 1 to 4. The
�����
v 2

p
=Ub curve has the least

streamwise variation among the four ¯ow parameters

examined. The peak values of
�����
v 2

p
=Ub are found to

appear around the regions where the secondary ¯ow

impinges and rebounds from the wall, i.e., Z �=A �
0:2±0:4 and Z �=A � ÿ0:2± ÿ 0:4 �V=Ubvs. Z/A in

Fig. 9). The locations of peak
�����
v 2

p
=Ub are thus di�er-

ent from those of peak Nu=Nu0�Z �=A � 0:5±0:7
and Z �=A � ÿ0:5± ÿ 0:7, Nu=Nu0 vs. Z/A in Fig. 9).

Consequently, when U=Ub, V=Ub,k=U
2
b , and

�����
v 2

p
=Ub

prevail simultaneously in the region examined, the
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V=Ubcorrelate most well with the Nu=Nu0 elevation

followed by the U=Ub:

4. Conclusions

The following main results are drawn from the data

presented:

1. The highest local Nusselt number ratios on the bot-
tom/blade-tip/side walls can be up to 5:1=4:3=3:4,
4:5=4:3=3:4, and 3:4=3:3=3:4 for W �

d � 0:10, 0.25,
and 0.50, respectively.

2. The divider-wall thickness W �
d has a prominent

e�ect on the local heat transfer distributions inside
and after the turn. Generally, the position of peak
local heat transfer rate moves toward upstream

direction and Nu distribution becomes more uni-
form with increasing W �

d:
3. Regional averaged heat transfer analysis indicates

that W �
d has di�erent e�ects on the turn-induced

heat transfer enhancement on the bottom, blade-tip,
and side walls. It is found that W �

d � 0:25 and

W �
d � 0:10 provide the highest heat transfer aug-

mentation on the bottom and side walls, respect-

ively, whereas the heat transfer rate distributions on
the blade-tip wall are similar for the three W �

d

examined.

4. The turning duct with W �
d � 0:25 produces the

highest total averaged Nusselt number ratios, both
at constant ¯ow rate and constant pumping power

conditions, and a moderate friction factor. Quanti-
tatively, it attains about 65 and 30% heat transfer
enhancement over the fully developed values in a

straight channel at constant ¯ow rate and constant
pumping power conditions, respectively.

5. The direction and strength of the secondary ¯ow
component normal to the wall are most important

¯uid dynamic factors a�ecting the local heat trans-
fer distributions, followed by the convective mean
velocity, and then the turbulent kinetic energy.
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