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Abstract

A numerical study has been performed on the heat transfer mechanism of Newtonian and non!Newtonian ~uids in
1 ] 0 horizontal rectangular ducts[ The e}ects of temperature dependence of viscosity\ shear thinning\ and buoyancy!
induced secondary ~ow are all considered[ Experimental data for Newtonian ~uid\ water\ and non!Newtonian ~uid\
Separan AP!162 solution "9[0)#\ were chosen for the comparison with the numerical results[ For water\ the present
numerical results are all in good agreement with the experimental data[ The heat transfer enhancement is caused by the
buoyancy!induced secondary ~ow[ For Separan AP!162 solution "9[0)#\ the present numerical results agree with the
experimental data in the region near the entrance\ but the present modeling underestimates the value of Nu in the fully!
developed region[ In the region near the entrance\ the heat transfer enhancement is caused mainly by the axial velocity
distortion\ which is mainly due to the temperature dependence of viscosity[ The e}ect of buoyancy!induced secondary
~ow are much weaker in the case for Separan solution rather than that for water[ It is mainly caused by the relatively
high viscosity of ~uid around the central zone of rectangular duct[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A cross!sectional area of a duct
b viscosity variation parameter de_ned by equation "0#
C a constant
Cu Carreau number\ lÞw¹ :Dh

Dh hydraulic diameter\ 3A:S
` acceleration due to gravity
Grq Grashof number based on constant heat ~ux\
`bucD

2
h:n¹

1
�

Gz Graetz number "Z:Pr Re Dh#−0

h heat transfer coe.cient
k thermal conductivity
M\ N number of division in X\ Y direction\ respectively
n power!law index
Nu0 local Nusselt number
P pressure
Pe Peclet number\ Re Pr
Pr Prandtl number\ n¹�:a
Pra Prandtl number de_ned by Xie et al[ ð1Ł\ n¹a:a

� Corresponding author[

Pr� Prandtl number de_ned by Hartnett et al[ ð2Ł\
Pe:Re�
qw uniform heat ~ux
Q dimensionless parameter for a measure of tem!
perature dependence for viscosity\ b"qwDh:k#
Ra Rayleigh number de_ned by Hartnett et al[ ð2Ł\
r`b"Tw−Tb#D2

h:m¹wa

Raq Rayleigh number based on constant heat ~ux\
Pr Grq

Raq\9 Rayleigh number\ r`bqwD
3
hCp:k

1n¹9

Raq\a Rayleigh number based on constant heat ~ux
de_ned by Xie et al[ ð1Ł\ r`bqwD

3
hCp:k

1n¹a

RaT Rayleigh number based on wall temperature
de_ned by equation "06#\ r`b"Tw−Tb#D2

h:m¹�a

Re Reynolds number\ WÞDh:n¹�

Rea Reynolds number de_ned by Xie et al[ ð1Ł\ WÞDh:n¹a

Re� Reynolds number de_ned by Hartnett et al[ ð2Ł\

rWÞ 1−nDn
h>$7n−0 0

a0¦b0n
n 1

n

K%
Tb bulk temperature
Tw wall temperature
Tref reference temperature
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u\ v\ w dimensionless quantity for U\ V and W\
respectively
U\ V\ W velocity components in X\ Y\ Z directions
x\ y\ z dimensionless rectangular coordinates
X\ Y\ Z rectangular coordinates[

Greek symbols
a thermal di}usivity
b coe.cient of thermal expansion with temperature
g dimensionless shear rate
g¹ dimensional shear rate
u dimensionless temperature\ "T−Tref#:"qwDh:k#
uc characteristic temperature\ qwDh:k
l¹ characteristic time of the ~uid
m dimensionless dynamic viscosity
m¹ dynamic viscosity
n¹ kinematic viscosity
n¹a apparent kinematic viscosity de_ned by Xie et al[ ð1Ł
j vorticity in the axial direction\ 1u:1y−1v:1x
r density[

Subscripts
ref reference state
w value at the wall
9 very small "zero# shear rate state
� very large "in_nite# shear rate state[

Superscript
− average value or dimensional state[

0[ Introduction

High heat transfer enhancement is required in the
design of modern compact heat exchangers and liquid
cooling for electronic modules[ Recently\ signi_cant heat
transfer enhancements were reported by Hartnett and his
coworkers ð0Ð2Ł for viscoelastic ~uids in a 1 ] 0 rectangular
channel[ The measured heat transfer rates were higher
"up to 299)# than the value for the purely forced con!
vection by a Newtonian ~uid[ Though the surprising
results of heat transfer enhancement were reported\ the
understanding of the mechanism of heat transfer
enhancement for these ~uids is still limited\ because it
might be caused by shear!thinning\ temperature depen!
dence of viscosity\ buoyancy!induced secondary ~ow\
and secondary ~ow due to normal stress di}erences[

There are a number of studies on the internal ~ow heat
transfer in circular tubes for Newtonian ~uids ð3Ð09Ł[ But
in the past few years\ the study of heat transfer and
~ow characteristics in rectangular channels has become
increasing important due to the high heat transfer
enhancement\ which was not observed in the circular tube
~ow[ Kostic ð00Ł addressed the phenomena of laminar
heat transfer enhancement in non!circular duct ~ow of
certain non!Newtonian ~uids[ Xie and Hartnett ð01Ł

reported the heat transfer enhancement data for mineral
oil in a 1 ] 0 rectangular channel[ By the numerical studies
of Shin et al[ ð02Ł and Chou and Tung ð03Ł\ the mechanism
of heat transfer enhancement for mineral oil in a 1 ] 0
rectangular channel has been investigated[ They found
that for the case of top wall heated\ the heat transfer
enhancement is caused mainly by the axial velocity dis!
tortion due to temperature dependence of viscosity[ For
the cases of bottom wall heated or both top and bottom
walls heated\ the axial velocity distortion is the major
factor in the region near the entrance\ while near the
fully!developed region\ the heat transfer enhancement is
mainly caused by the buoyancy!induced secondary ~ow[

From the foregoing paper review\ it is found that the
understanding of the mechanism of heat transfer
enhancement for Newtonian ~uids\ such as mineral oil\
is quite well[ But for the non!Newtonian ~uids\ the study
on the mechanism of heat transfer enhancement is still
inadequate[ Gingrich et al[ ð04Ł investigated the e}ect of
shear thinning on laminar heat transfer behavior in a
rectangular duct[ Shin and Cho ð05Ł reported the viscosity
data of an aqueous polyacrylamide "Separan# solution[
They found that the viscosity is strongly temperature!
dependent and shear thinning[ Gervang and Larsen ð06Ł
consider the {elastic e}ects| that a non!Newtonian ~uid
exhibits in fully developed laminar ~ow in rectangular
channels[ Gao and Hartnett ð07Ł investigated numerically
the fully!developed forced convective ~ow of a power law
non!Newtonian ~uid through rectangular channels[ Shin
and Cho ð08Ł considered the e}ects of temperature!depen!
dent viscosity and shear thinning in the entrance region
of top!heated rectangular channels[ It is worthy to note
that they did not include the e}ect of secondary ~ow[ Gao
and Hartnett ð19\ 10Ł used a ReinerÐRivlin constitutive
equation to study heat transfer behavior of non!New!
tonian ~uids in the fully!developed region of rectangular
ducts[ They reported that heat transfer enhancement is
caused by secondary ~ows\ which arise from normal
stress di}erences under shearing ~ow conditions[ There
is still no thorough study of mechanism of heat transfer
enhancement for non!Newtonian ~uid\ such as Separan
solution\ in the entrance region of rectangular channels[
In the present paper\ the e}ects of temperature!depen!
dent viscosity\ shear thinning and buoyancy!induced
secondary ~ow are all considered to model the heat trans!
fer behavior for water and Separan solution in the
entrance region of a rectangular channel[

1[ Theoretical analysis

Consider a steady three!dimensional laminar ~ow in
the entrance region of a horizontal 1 ] 0 rectangular chan!
nel as shown in Fig[ 0[ The channel is adiabatic at the
side walls[ The heating conditions considered in the pre!
sent work follows those in Hartnett and Kostic ð2Ł ] upper
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Fig[ 0[ Physical con_guration for upper wall heated condition and the coordinate system[

wall heated\ lower wall heated\ and both upper and lower
walls heated[ The viscosity model used in the present
computation is adopted after Kwant and Ravenstein ð11Ł
who proposed simple power law multiplied by an
exponential decay function of temperature[ As con!
sidered in Chou et al[ ð12Ł ] to avoid singularity in com!
putation\ the power law is replaced by the Carreau model
"Bird et al[ ð13Ł# which characterize the shear!thinning
e}ect[ The _nal expression become ]

m¹ � exp ð−b"T−Tref#Ł"m¹�¦"m¹9−m¹�#ð0¦"l¹g¹#1Ł"n−0#:1#
"0#

or in dimensionless form ]

m �
m¹

m¹ ref\�

� exp "−Qu#"m�¦"m9−m�#ð0¦"Cug#1Ł"n−0#:1#

"1#

where b is a viscosity variation parameter\ u �
"T−Tref#:uc is a dimensionless temperature\ uc � qwDh:k
is a characteristic temperature\ Q � b"qwDh:k# is a
measure of magnitude of temperature dependence for
viscosity\ and m¹ 9 is the zero!shear!rate viscosity at Tref\
m¹� is the in_nite!shear!rate viscosity at Tref[ g¹ and g are

dimensional and dimensionless shear rate\ respectively[
"n−0# is the power!law slope of viscosity with respect to
shear rate[ l¹ is the characteristic time equal to reciprocal
of the shear rate at which shear thinning begins\ and it is
also temperature dependent as reported by Shin and Cho
ð05Ł ]

l¹ � l¹ ref09zub "2#

where l¹ref represents the value at the reference tem!
perature ] 19>C[ The exponent z is a constant value −03[8
for Separan AP!162 "9[0)# ~uid\ ub �
"Tb−Tref#:"qwDh:k#\ Cu � l¹WÞ :Dh is the Carreau number
in which WÞ is the averaged axial velocity[ When the value
of Q is zero\ equation "1# is reduced to the Carreau model[
To summarize the present viscosity model\ one observes
two factors in~uencing the viscosity m[ First\ the tem!
perature e}ect on the viscosity is explicitly given in the
exponential form[ Second\ the Carreau model in the
equation deals with the shear thinning phenomenon[

1[0[ Governin` equations

The Boussinesq approximation is used to characterize
the buoyancy e}ect[ The viscous dissipation and com!
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pression e}ects are neglected[ The dimensionless vari!
ables are introduced ]

x �
X
Dh

\ y �
Y
Dh

\ z �
Z

Pr Re Dh

\ u �
U
U9

\

v �
V
U9

\ w �
W
WÞ

\ g �
g¹Dh

W
u �

T−Tref

uc

\

p �
P

rWÞ n¹�:Dh

\ n �
n¹
n¹�

\ Pr �
n¹�

a
\ Re �

WÞDh

n¹�

\

Pe � Pr Re\ Grq �
`bucD

2
h

n¹1
�

\ Raq � Pr Grq "3#

where

Dh �
3A
S

\ U9 �
Grqn¹�

Dh

\ uc �
qwDh

k
[

By introducing a vorticity function in the axial direc!
tion\ j � 1u:1y−1v:1x\ the vorticityÐvelocity for!
mulation of NavierÐStokes equations can be derived and
shown as follows ]

91u �
1j

1y
−

0
Raq 0

11w
1x 1z1 "4#

91v � −
1j

1x
−

0
Raq 0

11w
1y 1z1 "5#

Grq 0j
1u
1x

¦j
1v
1y

¦u
1j

1x
¦v

1j

1y1
¦

0
Pr 0

1w
1y

1u
1z

−
1w
1x

1v
1z

¦w
1j

1z1
� n91j¦1 0

1n

1y191u−1 0
1n

1x191v¦1
11n

1x 1y 0
1u
1x

−
1v
1y1

¦0
11n

1y1
−

11n

1x11 0
1v
1x

¦
1u
1y1−

1u

1x
"6#

Grq 0u
1w
1x

¦v
1w
1y1¦

0
Pr 0w

1w
1z1

� −
0
Pe 0

1p
1z1¦n91w¦

1n

1x
1w
1x

¦
1n

1y
1w
1y

"7#

Raq 0u
1u

1x
¦v

1u

1y1¦w
1u

1z
� 91u "8#

where 91 � "11:1x1¦11:1y1#[ It should be noted that the
axial di}usion terms in equations "6#Ð"8# are neglected
under the condition of high Peclet number[

1[1[ Boundary conditions

At the entrance z � 9\ the ~ow is considered as hy!
drodynamically fully developed[ So the axial velocity w
must satisfy

91w � C "09#

where C � −"0:Pe#"1p:1z# � constant and the con!
straint ] w¹ � 0[ Because of symmetry\ it su.ces to solve
the problem in a half region of the rectangular duct[
Therefore\ the boundary conditions are as follows ]

u � v � w � 9 on all walls

1u

1n
� 0 on the heated wall

1u

1n
� 9 on the adiabatic wall

u � u � v � j � 9\ w¹ � 0 at the entrance

u �
1v
1x

�
1w
1x

�
1u

1x
�

1j

1x
� 9

at the plate of symmetry[ "00#

After the developing velocity pro_le and temperature
_elds along the axial direction are obtained\ the local
Nusselt number Nu0 can be calculated\ and the cal!
culation is based on the overall energy balance for axial
length dz and the temperature gradient on the heated
wall[

Nu0 �
h¹Dh

kf

�
0

w"uÞw−ub#
"01#

where kf is the thermal conductivity of ~uid\ u¹w is the
averaged wall temperature\ and ub is the ~uid bulk mean
temperature[ Simpson|s rule is used to compute the aver!
age quantities indicated above[

Though the governing equations "4#Ð"8# are more com!
plicated than those shown in Chou and Hwang ð14Ł\ the
computation procedure for the simultaneous solutions of
equations "4#Ð"8# with boundary conditions "09#Ð"00# is
the same in principle[

2[ Results and discussion

Numerical experiments were carried out to ensure the
accuracy of the present results[ First\ the values of bulk
mean temperature ub were checked by the known ana!
lytical results ub � 3z:2 for the cases of upper wall heated
or lower wall heated and ub � 7z:2 for the case of both
upper and lower walls heated[ The above!mentioned ana!
lytical results may be obtained by considering an overall
energy balance for a dimensionless axial length dz[ The
deviations were seen to be less than 0[4)[
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A comparison of the present numerical modeling with
the existing experimental data "Hartnett and Kostic ð2Ł#
is used to study the mechanism of heat transfer enhance!
ment for water and Separan AP!162 solution "9[0)#[ But
only the data of Rayleigh number Ra\ Reynolds number
Re�\ and Prandtl number Pr� were shown in Hartnett
and Kostic ð2Ł[ Therefore\ the transformation of the fore!
going parameters to the parameters Pr\ Raq and Q\ which
are used in the present study\ is _rst required[ To obtain
the values of Q � b"qwDh:k# from the available data\ the
constant value b must be determined[ For water\ the
temperature dependence of viscosity is n¹19>C:n¹49>C � 0[705[
Then we can obtain b � 9[908 from equation "0#[ But for
Separan AP!162 solution "9[0)#\ there is a large variation
for the value b in equation "0#[ It will be discussed later[
The following equations are used to calculate
uc"�qwDh:k#[

Raq � RaT×"Nu0#fd "02#

Pr Grq � "`bD2
h:a

1#"qwDh:k# � Raq\a "03#

where "Nu0#fd is local Nusselt number in the fully
developed region[ One may ask why we did not calculate
uc directly from the data of Raq or Grq[ It is worthy to
note that the value of n¹� in Raq or Grq in equation "3# is
rather temperature sensitive\ therefore\ it is hard to
obtain the corresponding values of uc in the experimental
work of Hartnett and Kostic ð2Ł directly from the data of
Raq or Grq[ But the value of a is relatively temperature
insensitive\ and uc can be obtained from the equation
"03#[

Figure 1 presents the variation of local Nusselt number
Nu0 vs[ z for water with only upper wall heated and others
walls adiabatic in a 1 ] 0 rectangular duct[ The present
modeling shows an excellent agreement with the exper!
imental data of Hartnett and Kostic ð2Ł[ Since only upper
wall is heated\ the e}ect of buoyancy!induced secondary
~ow on the value of Nu0 is rather weak[ The variation of
Nu0 vs[ z for the case of both upper and lower walls
heated is shown in Fig[ 2[ One can see that Nusselt num!
ber variations on the upper and lower heated walls are
also shown[ On the lower wall\ the Nusselt number is at
_rst decreasing to a local minimum\ and then gradually
increasing due to the buoyancy!induced secondary ~ow[
While on the upper wall\ the variation of Nusselt number
is rather similar to that shown in Fig[ 1[ The present
modeling again shows an excellent agreement with the
experimental data ð2Ł[ From the above comparison of the
present modeling with the experimental data ð2Ł\ we may
say that the heat transfer enhancement mechanism for
water\ which is caused by the buoyancy!induced sec!
ondary ~ow\ is rather clear now[

Then we try to study the mechanism of heat transfer
enhancement for non!Newtonian ~uids\ such as Separan
AP!162 solution "9[0)#[ The _rst task is the modeling of
viscosity[ The second task is the modeling of the axially

developing secondary ~ow\ which is induced both by the
buoyancy e}ect and the normal stress di}erences[

Concerning the modeling of viscosity\ the data of vis!
cosity variation for Separan AP!162 solution "9[0)# by
Hartnett ð0Ł and Xie and Hartnett ð1Ł are reshown in Fig[
3[ The viscosity data from Xie and Hartnett ð1Ł is those
for 52 h of circulation[ In Fig[ 3\ one can _nd that the
viscosity is only changed with shear rate\ and the data
can be well _tted by equation "0#[ It is worthy to note
that the temperature dependence of viscosity for Separan
AP!162 solution "9[0)# was not reported by Hartnett ð0Ł\
Xie and Hartnett ð1Ł\ and Hartnett and Kostic ð2Ł[
Besides\ the temperature e}ect on viscosity over the stud!
ied temperature range was considered negligible or like
that of water by Kostic ð15Ł and Xie ð16Ł[ But Shin and
Cho ð08Ł showed that the viscosity depends both on shear!
rate and temperature as shown in Fig[ 4[ They pointed
out that one of the possible reasons for this obvious
di}erence is the e}ect of solvent[ Tap water was used as
the solvent by Kostic ð15Ł and Xie ð16Ł\ while distilled
water was used by Shin and Cho ð08Ł[ We found that
the second possible reason might be that the signi_cant
temperature dependence of viscosity is seen at the zero!
shear!rate range by Shin and Cho ð08Ł\ but Kostic ð15Ł
and Xie ð16Ł did not show the range of shear rate at which
they evaluated the e}ect of temperature on viscosity[ It
is also noted in Xie ð16Ł that there is a large viscosity
variation with the hours of circulation[ In the present
work\ we focused on the e}ects of shear thinning\ tem!
perature dependence of viscosity and buoyancy!induced
secondary ~ow on the laminar heat transfer of Separan
AP!162 solution "9[0)#[ The e}ect of the axially develop!
ing secondary ~ow\ which is induced by the normal stress
di}erences\ will be the scope of our future work[

The comparison of the present numerical results of
Nusselt number variation with the data of Xie and Hart!
nett ð1Ł is shown in Fig[ 5 for the Separan AP!162 solution
"9[0)#[ It is noted that only upper wall is heated while
the other three walls are adiabatic[ The present numerical
results are obtained by the viscosity modeling\ which is
corresponding to the data of 52 h of circulation[ To
transfer the value of parameters in Xie and Hartnett ð1Ł
to the present modeling\ the following values of viscosity
of ~uid for 52 h of circulation in Xie and Hartnett ð1Ł
are considered ] at shear!rate g¹ � 9[4 "0:s#\ the viscosity
m¹ 9 � 06[45 cp "centipoise# ^ at shear!rate g¹ � 499 "0:s#\ the
viscosity m¹� � 4[54 cp\ and this value is also the reference
value m¹�\ref in the present modeling[ The values of Prandtl
number Pr and Rayleigh number Raq will be calculated
by this value[ It should be noted that the parameters set ]
Raq � 8[24×094 and Pr � 26[0 in this numerical work
shown in Fig[ 5 is corresponding to the set ]
Raq\a � 3[72×094\ and Pra � 60[7 in the experimental
work of Xie and Hartnett ð16Ł[ The characteristic time
l¹ref � 9[0 "s#\ w¹ � 9[011 "m s−0#\ and Dh � 9[901 "m#\
so the initial Carreau number Cui � l¹w¹ :Dh � 0[9056[ As
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Fig[ 1[ The comparison of the present numerical results of Nu with experimental data for water under the heating condition of only
upper wall heated[

already shown in Fig[ 3\ the viscosity change is rather
small for the ~uid of 52 h of circulation[ So b � 9[908\
which is usually used for water\ is used here as considered
by Xie ð16Ł[ From equation "07#\ the value of qwDh:k
can be calculated from the experimental data\ and then
Q � b"qwDh:k# about 4[9 is obtained[ To demonstrate
whether there is heat transfer enhancement or not\ the
curve of Nu for purely forced convection "Raq � 9 and
Q � 9# is also shown in Fig[ 5 for comparison[ It is seen
that the curve of Raq � 8[24×094\ Pr � 26[0 and Q � 4[9
falls above the curve of purely forced convection for
Gz ³ 093 due to the heat transfer enhancement\ and the
curve of Raq � 8[24×094\ Pr � 26[0 and Q � 4[9 shows
a better agreement with the data of Raq\a � 3[72×094

and Pra � 60[7 especially in the region near the entrance
"Gz × 49#[ Compared with the experimental data\ the
present modeling still underestimates the value of Nu
in the fully!developed region[ This underestimation is
believed to be caused by the exclusion of the secondary
~ow induced by the normal stress di}erences as reported
by Gao and Hartnett ð10Ł in the present numerical mod!
eling[ To study the mechanism of heat transfer enhance!

ment\ the axial development of velocity distributions
w � W:WÞ along y at the symmetry plane "x � 9[64# are
shown in Fig[ 6[ It is seen that the velocity distribution is
quite symmetric at Gz � 2×092[ But as Gz decreases\
the velocity distributions are more and more distorted
toward the heated upper wall[ By a comparison of Figs
5 and 6\ one can _nd that with stronger velocity distortion
at Gz � 49\ there is a stronger heat transfer enhancement
at Gz � 49[ This axial velocity distortion is mainly due
to the temperature dependence of viscosity[ The dis!
tortion of axial velocity will induce secondary ~ow[ The
secondary ~ows at Gz � 2×092 and 49 are shown in
Fig[ 7"a#Ð"b#[ The motions of secondary ~ow are mainly
upward at Gz � 2×092 especially in the central zone of
Fig[ 7"a#[ But it is seen in Fig[ 7"b# that there are both
upward and downward motions for secondary ~ow at
Gz � 49\ and a clockwise vortex is formed[ But the mag!
nitude of downward motion is smaller than that of
upward motion[ This kind of secondary ~ow pattern is
caused by the combined e}ects of axial velocity distortion
and buoyancy!induced secondary ~ow[ The value of
Raq � 8[24×094 is not small but it should be noted that
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Fig[ 2[ The comparison of the present numerical results of Nu with experimental data for water under the heating condition of both
upper and lower walls heated[

the value of Raq is evaluated by n¹�[ In other words\ the
actual buoyancy e}ect in this upper wall heated case is
smaller if the value of Raq is evaluated by n¹9\ the viscosity
around the central zone of rectangular channel[ The cor!
responding value is Raq\9 � 2×094[

Another heat transfer performance of the Separan AP!
162 solution "9[0)# is shown in Fig[ 8 for the case that
both the upper and lower walls are heated while the other
two walls are adiabatic[ Hartnett and Kostic|s exper!
imental data ð2Ł is used for comparison with the numerical
results[ From the Hartnett|s viscosity data ð0Ł\ which is
already shown in Fig[ 3\ one can obtain that ] at shear!
rate g¹ � 9[990 "0 s−0#\ the viscosity m¹ 9 � 105 cp ^ at shear!
rate g¹ � 12 880 "0:sec#\ the viscosity m¹� � m¹�\ref � 2[988
cp ^ the characteristic time l¹ref � 2[91 "s#[ For di}erent
~ow velocities w¹ � 9[74 and 0[0 "m s−0#\ the initial
Carreau numbers are Cui � 103 and 166\ respectively[
Because the viscosity change is very large\ b � 9[0 was
considered as shown in Shin and Cho ð05Ł for this simu!
lation\ then Q � 08 and 08[3\ respectively[ At the region
of high Graetz number "near the entrance#\ the numerical
results are in good agreement with experimental data[

But the present modeling again underestimates the value
of Nu in the fully!developed region[ To study the mech!
anism of heat transfer enhancement\ the axial devel!
opment of velocity distributions w � W:WÞ along y at the
symmetry plane "x � 9[64# are shown in Fig[ 09[ It is seen
that the velocity distributions are always symmetric[ But
as Gz decreases\ the velocity distributions are more and
more ~at[ The velocity distributions are symmetrically
distorted toward the heated upper and lower walls[ By a
comparison of Fig[ 8 and 09\ one can _nd that with
stronger velocity distortion at Gz � 199 than that at
Gz � 2×092\ there is a stronger heat transfer enhance!
ment at Gz � 199[ This axial velocity distortion is mainly
due to the temperature dependence of viscosity[ The dis!
tortion of axial velocity will induce secondary ~ow[ The
secondary ~ows at Gz � 2×092 and 199 are shown in
Fig[ 00"a#Ð"b#[ The motions of secondary ~ows are almost
symmetric with respect to y � 9[264 at Gz � 2×092 in
Fig[ 00"a#[ But it is seen in Fig[ 00"b# that the secondary
~ow pattern is no more symmetric\ and it can be con!
sidered as a superposition of secondary ~ows which are
induced by the axial velocity distortion and buoyancy
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Fig[ 3[ Numerical modeling and experimental data of the shear thinning viscosity for Separan AP!162 solution "9[0)#[

e}ect\ respectively[ By a deeper inspection of the mag!
nitude of secondary ~ows in Fig[ 00"a# and "b#\ one can
see that the strength of secondary ~ow in Fig[ 00"a# is
almost ten times larger than that in Fig[ 00"b#[ In other
words\ the buoyancy!induced secondary ~ow is rather
weak[ The value of Raq � 0[22×095 is not a small value[
But if Raq is evaluated by n¹9\ the viscosity around the
central zone of rectangular channel\ the corresponding
Raq\9 � 0[82×093 is even one order smaller than that in
Fig[ 5[

From the present modeling\ we found that the heat
transfer enhancement for Separan AP!162 solution
"9[0)# in the region near the entrance is caused by the
axial velocity distortion[ And the axial velocity distortion
is mainly caused by the temperature dependence of
viscosity[ But in the fully!developed region\ the present
modeling underestimated the value of Nusselt number[
It is believed that the secondary ~ows caused by the
normal stress di}erences may be the reason for the heat
transfer enhancement in the fully!developed region as
reported by Gao and Hartnett ð10Ł[

3[ Concluding remarks

A numerical study has been done to investigate the
laminar ~ow and heat transfer behaviors of Newtonian
and non!Newtonian ~uids in a 1 ] 0 horizontal rectangu!
lar duct[ The e}ects of temperature dependence of
viscosity\ shear thinning\ and buoyancy!induced sec!
ondary ~ow are all considered to model the laminar ~ow
and heat transfer behaviors[ Experimental data for New!
tonian ~uid\ water\ and non!Newtonian ~uid\ Separan
AP!162 solution "9[0)#\ were chosen for the comparison
with the numerical results[ For water\ the present numeri!
cal results are all in good agreement with the experimental
data of Hartnett and Kostic ð2Ł[ For Separan AP!162
"9[0)#\ the present numerical results agree with the data
ð1\ 2Ł in the region near the entrance\ but the present
modeling underestimates the value of Nu in the fully!
developed region[ The key _ndings are as follows ]

"0# For Newtonian ~uid\ water\ Nusselt number
decreases along the axial direction and _nally reach
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Fig[ 4[ Numerical modeling and experimental data of the shear thinning and temperature!dependent viscosity for Separan AP!162
solution "9[0)#[
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Fig[ 5[ The comparison of the present numerical results of Nu with experimental data for Separan solution under the heating condition
of only upper wall heated[



P[Y[ Chan` et al[:Int[ J[ Heat Mass Transfer 30 "0887# 2730Ð2745 2740

Fig[ 6[ Development of dimensionless axial velocity w along y at the symmetry plane for Raq � 8[24×094\ Pr � 26[0 and Q � 4[9 with
only upper wall heated[
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Fig[ 7[ Development of secondary ~ow for Raq � 8[24×094\ Pr � 26[0 and Q � 4[9 with only upper wall heated[
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Fig[ 8[ The comparison of the present numerical results of Nu with experimental data for Separan solution under the heating condition
of both upper and lower walls heated[
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Fig[ 09[ Development of dimensionless axial velocity w along y at the symmetry plane for Raq � 0[22×095\ Pr � 10 and Q � 08 with
both upper and lower walls heated[
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Fig[ 00[ Development of secondary ~ow for Raq � 0[22×095\
Pr � 10 and Q � 08 with both upper and lower walls heated[

an asymptotic value for the case of only upper wall
heated[ While for the case of both upper and lower
walls heated\ Nusselt number decreases at _rst\ and
then gradually increases due to the e}ect of buoy!
ancy!induced secondary ~ow[

"1# For non!Newtonian ~uid\ Separan solution\ the
e}ects of temperature dependence and shear thinning
on viscosity signi_cantly in~uence the heat transfer
mechanism especially in the region near the entrance[
And the heat transfer enhancement is caused mainly
by the axial velocity distortion[

"2# By the inspection of the developments of axial vel!
ocity distributions\ one can _nd that the velocity dis!
tributions are more and more distorted toward the
heated upper wall for the case of only upper wall
heated[ While for the case of both upper and lower
walls heated\ the velocity distributions are more and
more ~at\ the velocity distributions are symmetrically
distorted toward the heated upper and lower walls[

"3# The e}ect of buoyancy!induced secondary ~ow are
much weaker in the case for Separan solution than
that shown in the case for water[ It is mainly caused
by that the value of Rayleigh number is rather low if
we evaluate it by the viscosity of ~uid around the
central zone of rectangular duct[ At the central zone
of duct\ the temperature and shear rate of ~uid are
all relatively lower\ and then the viscosity is relatively
higher than that near the walls[
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