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ABSTRACT

In this study, heat transfer to power-law dilatant fluids from a long square cylinder (heated) confined
in a channel in the steady flow regime is investigated. The effects of Reynolds number, Prandtl number
and flow behavior index on the heat transfer characteristics of a cylinder is examined for the range of
conditions 1 < Re <45, 1 <n <20 and 1 < Pr< 100 (the maximum Peclet number being 4000) for
a fixed blockage ratio, g = 1/8. The variation of the local Nusselt number on the individual surfaces
of the square obstacle for the constant wall temperature (CWT) and uniform heat flux (UHF) boundary
conditions prescribed on the surface of the square obstacle are presented. Likewise, the representative
isotherm plots for the two classical thermal boundary conditions are shown. The average Nusselt number
and the heat transfer factor (j,) have also been calculated. Irrespective of the value of the flow behavior
index, the value of the local Nusselt number at each corner of the square cylinder increases with an
increase in the Reynolds and/or Prandtl number. The average Nusselt number increases monotonically
with an increase in the Reynolds and/or the Prandtl number. Finally, simple heat transfer correlations
have been provided for the range of conditions covered here.

© 2008 Published by Elsevier Masson SAS.

1. Introduction

The fluid flow across cylinders (square or circular cross-section)
exhibits a rich variety of flow regimes depending upon the value of
the Reynolds number, power-law index and the flow domain (con-
fined or unconfined) [1-15]. Most multiphase mixtures, i.e., foams,
suspensions, emulsions, etc. and high molecular weight polymeric
systems, i.e., solutions, melts, blends, etc. exhibit shear-thinning
(pseudo-plastic fluids, n < 1) and/or shear-thickening (dilatant flu-
ids, n > 1) behaviors under appropriate flow conditions and the
simple non-Newtonian power-law model is able to describe sat-
isfactorily both the shear-thinning and shear-thickening behaviors
over moderate ranges of shear rates [16-18]. In spite of such a
wide occurrence of power-law fluids, very little is known about
the heat transfer characteristics of a heated cylinder of square or
circular cross-section confined in a channel.

Indeed, there are only a few numerical heat transfer studies
from the circular cylinder to power-law fluids in both confined
and unconfined flow configurations [7,14,15]. Soares et al. [7] in-
vestigated the forced convection heat transfer from an unconfined
circular cylinder for the range 5 < Re <40, 1 < Pr < 100 and
0.5 <n < 1.4. They used the stream-function/vorticity formulation
to solve the governing momentum and thermal energy equations.
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They reported that the effect of power-law index on the local Nus-
selt number was less pronounced for the constant temperature
condition than that for the uniform heat flux condition. The av-
erage Nusselt number was found to be a decreasing function of
power-law index; however, for lower value of the Peclet num-
ber such dependence was found to be less pronounced. Along the
same lines, Bharti et al. [14] investigated the heat transfer from
an unbounded circular cylinder to power-law fluids for 0.6 <n <
2.0, thereby covering the weak shear-thinning and strong shear-
thickening fluids. The numerical investigations have been carried
out by using finite volume method (FVM) for 1 < Pr < 1000, but
for the same range of Reynolds number as used by Soares et al. [7].
The pseudo-plastic fluids show higher heat transfer than that for
Newtonian (n = 1) and dilatant fluids. Simple heat transfer correla-
tions have also been established based on the numerical results. As
far as channel confined circular object case is concerned, there is
only one heat transfer study due to Bharti et al. [15] in the steady
cross-flow regime. They investigated the effect of two blockage ra-
tios (1/4 and 5/8) on the heat transfer characteristics of a circular
cylinder for the range 1 <Re <40, 1 <Pr<100 and 0.2 <n<1.8
by using the commercial CFD package Fluent. They found the en-
hancement in the rate of heat transfer with the increasing de-
gree of shear-thinning behavior; however, an opposite trend was
observed in dilatant fluids for a fixed value of the blockage ra-
tio. Aside from these studies, there have been numerous analyses
based on the usual boundary layer approximation [9] and most
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Nomenclature

b side of a square cylinder...................ooeevnnn. m

p specific heat of the fluid.................... Jkg 1K1

h local heat transfer coefficient.............. Wm2 K1

h average heat transfer coefficient.......... W m2K!

in Colburn factor for heat transfer (= Nu/(Re Pr'/3))

k thermal conductivity of the fluid.......... Wm~1K™!

Lq length of the computational domain................ m

Ly height of the computational domain................ m

m power-law consistency index..................... Pas"

N; number of grid points in the x-direction

N; number of grid points in the y-direction

n power-law index

ns normal direction to the surface of the cylinder

Nu average Nusselt number (= hb/k)

Nup local Nusselt number (= hb/k)

p pressure (= p’/(pUZ.,))

Pe Peclet number (= RePr)

Pr Prandtl number (= (mcp/k)(Umax/b)"™1)

qw constant heat flux on the surface of the
cylinder......oooovviiiiii i Wm—2

Re Reynolds number (= pUZ;b" /m)

T temperature (= (T' — To)/(T}, — Teo) OF
(T’ — Too)/(@wb/k))

Too temperature of the fluid at the inlet................. K

T, constant wall temperature at the surface of the
cylinder......oooiiiiiiii i K

u component of the velocity in the x-direction
(=u'/Umax)

U max maximum velocity of the fluid at the inlet..... ms™!

v component of the velocity in the y-direction
(=V'/Umnax)

X stream-wise coordinate (= x'/b)

X4 downstream face distance of the cylinder from the
outlet

Xu upstream face distance of the cylinder from the inlet

y transverse coordinate (= y’/b)

Greek symbols

B blockage ratio (=b/L;)

8 size of the control volume clustered around the
cylinder.......oviiiiiiiii e m

A size of the control volume far away from the
cylinder.......ovouiiiii i s m

£ component of the rate of deformation tensor
(=¢'/(Umax/b))

n power-law viscosity (=1'/no)

No reference viscosity (= m(Umax/b)" D .oooiiniinnl. Pas

Iy second invariant of the rate of deformation tensor
(= Fz/(”max/b)z)

o density of the fluid..................ooeveennt. kgm—3

T extra stress component (= t’/(9oUmax/b))

Subscripts

f.t,r  front, top and rear faces of the square cylinder, respec-
tively

i index used in the x-direction

j index used in the y-direction

N Newtonian

w surface of the cylinder

(%) inlet condition

Superscript

! dimensional variable

of these along with the scant experimental results have been re-
viewed in [16].

Similarly, there are only three previous numerical studies deal-
ing with the heat transfer from a square obstacle to power-law
fluids in the steady cross-flow regime [2,3,8]. Gupta et al. [2] ex-
amined the heat transfer from the confined cylinder to power-law
liquids for 5 <Re <40, 05<n<14and 1<Pr<10 (5< Pe<
400) for both CWT and UHF conditions for a fixed blockage ra-
tio of 1/8. They implemented the finite difference method (FDM)
on a uniform staggered grid arrangement without any clustering
around the cylinder and near the channel walls. Subsequently, Pali-
wal et al. [3] studied the heat transfer characteristics of an un-
confined square obstacle over the identical ranges of the Reynolds
number, Prandtl number and the flow behavior index as covered
by Gupta et al. [2]. In gross, shear-thinning fluid behavior seems to
facilitate heat transfer whereas shear-thickening behavior impedes
it irrespective of whether the cylinder is confined or unconfined.
In yet another similar study, Nitin and Chhabra [8] extended the
work of Gupta et al. [2] for the heat transfer to power-law liquids
from a cylinder of rectangular cross-section for the same range of
conditions. Interestingly, it is worthwhile to point out here that in
all these studies [2,3,8], a relatively coarse and uniform mesh was
used having only about 10 cells on the each side of the cylinder.
Therefore, these preliminary results are probably not very accurate,
as confirmed by subsequent more accurate and detailed studies
[12,19-24]. Recently, the effects of power-law index on the flow
characteristics across the square cylinder have been studied for
three values of the blockage ratio (1/8, 1/6 and 1/4) in [19]. In an-
other recent study, Dhiman et al. [25] have investigated the mixed

convection to power-law fluids from an isolated square cylinder in
an unconfined flow configuration. Mixed convection effects have
also been investigated in the channel confined steady flow regime
in [26]. Therefore, it can be summarized here that very limited
numerical results are available in the literature on the cross-flow
of non-Newtonian dilatant fluids past a confined square cylinder.
Thus, the objective of this work is to study the effects of Reynolds
number and Prandtl number on the heat transfer across a con-
fined long cylinder with square cross-section for dilatant fluids in
the steady regime. Further, owing to high viscosity levels of many
substances of multi phase nature and/or of high molecular weight
(e.g., pulp and paper suspensions, polymer melts and biological
process engineering applications, etc.), this study includes the re-
sults for power-law index up to 2.

2. Problem formulation

Two-dimensional, steady and incompressible fluid flow across a
square cylinder confined in a channel is studied here, as shown in
Fig. 1. The cylinder of side b is exposed to a parabolic velocity pro-
file with maximum velocity, Unax and uniform temperature, T
at the inlet. The non-dimensional distance from the inlet plane to
the front surface of the cylinder is X, /b, and the distance between
the rear surface of the cylinder and the exit plane is X;/b. The to-
tal non-dimensional length of the computational domain is Lq/b
in the axial direction. The non-dimensional height of the compu-
tational domain is Ly/b in the lateral direction.

The continuity, x- and y-components (assuming negligible
buoyancy effects) of Cauchy’s equations [19] and of the energy
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Fig. 1. Schematics of the flow around a confined square cylinder.

equation (assuming negligible viscous dissipation and constant
thermo-physical properties) [23] in their dimensionless forms can
be expressed as

Continuity equation:
v

ax  Jdy

x-Momentum equation:
ou Jd(uu a(vu

at + (8x ) + (8 y )

ap  n (d%u  d%u 2 an an
= —_— —_— —_— —_— —_— —_— —_— 2
ax+Re(ax2+8y2 T Re 8XX8x+8yx3y )

y-Momentum equation:

av n d(uv) ad(vv)
ot 0x ay

ap n [(d*v  d%v 2 an an
=+ ——=+-— — — — 3
6y+Re(8x2+ay2 * ke Syy8y+gxy8x )
where &xx = 0u/ox, £yy = 9v/dy and eyy = eyx = 1/2[du/dy +
av/ox].

(1)

Energy equation:

aT  dT) AT 1/9°T  3°T

oT | 3WD aeT) 1T T @)
at ox ay Pe \ 0x oy

The power-law fluid behavior may be presented by
Tjj = 21&ij

and the apparent viscosity, n is given by
n=(l/2)""V2

where I5/2 = 2(du/dx)%> +2(8v/dy)* + (du/dy + dv/dx)%.
The boundary conditions for the momentum and energy equa-
tions in their dimensionless forms can be written as (Fig. 1).

Inlet boundary:

u=1-QAy)™MH/M"  y=0, T=0,
where

B=b/L; and 0<y<Ly/2b

Upper boundary:

u=0, v=0, aT/dy =0

Square obstacle:

u=20, v=0, T=1(CWT) or

9T /ong = —1 (UHF)

Exit boundary:
9¢p/9x=0,

where ¢ is the dependent variable, u or v or T.

Plane of symmetry (i.e., at y = 0):

du/dy =0, v=0, aT /oy =0

Egs. (1) to (4) along with the above-noted boundary conditions
have been solved to obtain the local and average Nusselt numbers
and the derived variables like stream function, etc. In this study,
the local Nusselt number is defined as —dT /dns and 1/T,, for the
constant temperature and constant heat flux boundary conditions,
respectively. The average Nusselt number for each surface of the
square cylinder is obtained by averaging the local Nusselt number
over the cylinder surfaces. The overall average Nusselt number is
obtained by further averaging these values for each surface of the
cylinder.

3. Numerical details

The computational grid structure consists of five separate zones
with both uniform and non-uniform grid distributions having a
close clustering of grid points in the regions of large gradients and
the coarser grids in the regions of small gradients [19-21]. The
grid distribution is uniform with a constant cell size, A =0.25b,
in an outer region that extends beyond 4 units from the cylin-
der. A much smaller grid size, §, is clustered in an inner region
around the cylinder to a distance of 1.5b to adequately capture the
wake dynamics and steep temperature gradients close to the cylin-
der. The hyperbolic tangent function has been used for stretching
the cell sizes between the limits of A and § in x-direction [27].
Similarly, a fine grid of size, §, is also clustered near the upper
and lower bounding walls of the channel to resolve adequately the
wake-wall interactions. An algebraic expression has been used for
generating the grid points in the region 0.25b away from the cylin-
der and the channel walls in the y-direction [28].

The semi-explicit finite volume method on a non-staggered grid
has been used to solve the unsteady governing equations [29].
Here, the momentum equations are discretized in an explicit man-
ner while the pressure gradient terms are treated implicitly. How-
ever, the convective terms are discretized using the QUICK scheme
as opposed to the central difference scheme (CDS) while the dif-
fusive terms are discretized using CDS [19-21,30]. In order to dis-
cretize the non-Newtonian terms, CDS has been used [19].

The velocity fields obtained by solving the momentum equa-
tions from our recent study [19] are used as input to the energy
equation. The explicit scheme has been used for the solution of the
energy equation to obtain the temperature field over the range of
values of Re = 1-45, Pr =1-100 (Pe < 4000) and 1 <n < 2.0. The
convective term is again discretized using the QUICK scheme while
the diffusive term is discretized using CDS [23].

3.1. Choice of numerical parameters

The detailed study on the choice of numerical parameters for
the flow of Newtonian fluids (n = 1) across a square cylinder con-
fined in a channel has been reported for 8 =1/8 in [21]. However,
the non-Newtonian flow parameter study at various values of the
power-law index for 8 =1/4 is well documented in [19].
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In the present study, some further exploration has also been
carried out to examine the role of power-law rheology on the
choice of these parameters for g =1/8.

For the grid resolution study, four non-uniform orthogonal
grids, N; x N (225 x 196, 283 x 260, 323 x 300, 353 x 340 with 48,
80, 100, 120 cells on the each side of the cylinder, respectively)
have been used for the maximum value of the Prandtl number of
50 for the Reynolds number of 45 at the power-law index of 1.5,
as shown in Fig. 2. The relative changes in the values of the front
surface average Nusselt number are found to be about 3.82%, 1.07%,
0.43% for 225 x 196, 283 x 260, 323 x 300 as compared to the value
of the front surface average Nusselt number for the grid size of
353 x 340 for both the temperature conditions. However, the cor-
responding changes in the value of the average Nusselt are found
to be about 0.72%, 0.26%, 0.18% for 225 x 196, 283 x 260, 323 x 300
as compared to the value of the average Nusselt number for the
grid size of 353 x 340. In addition, limited grid independence study
is also carried out for two grids (225 x 196 and 323 x 300 with
48 and 100 cells on the side of the cylinder, respectively) for the
Prandtl number of 50, Reynolds number of 45 and the power-law
index of 2.0. The differences between the two values of the front
surface average Nusselt number and the overall average Nusselt

1.5

-
oo b

"8 85 9 95 10 105 T8 85 9

R B B -1.5
9.5 10 10.5 9.5 10 10.5
15r n=2.0 Pr=50]
T

ot
T

-0.5 -
Al
st b -1.5;""””"‘"HH'H‘"””
8 8.5 9 95 10 10.5 8 8.5 9 9.5 10 10.5 8 8.5 9 95 10 10.5
Fn=1Pr=100 “F n=1.5Pr=100 LSr

n=2.0 Pr=100]

i PR
10 10.5

Fig. 3. Isotherms (upper and lower halves present the results for CWT and UHF cases, respectively) for Re =1 and for n=1, 1.5, 2.0 at different Prandtl numbers. The

streamline representing the closed near wake at n =2.0 is shown by a thick line.
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number are found to be about 2.5% and 0.76%, respectively for
both the conditions. Therefore, the grid size of 323 x 300 having
100 cells on each side of the cylinder has been used here.

Based on our previous study [25] and that of others [24,30],
the upstream distance of 8.5 is used in this work. However, the
additional computations have also been carried to explore the in-
fluence of the upstream distance for X, /b =10.5 (331 x 300) and
for X, /b =6.5 (315 x 300) for the lowest Reynolds number, Re =1
and the lowest Prandtl number, Pr=1 at n=1.5 and X4/b =16.5.
The percentage changes in the values of the average Nusselt num-
ber for X,/b =6.5 and 8.5 are only 0.97% and 0.25% with re-
spect to the value of the average Nusselt number for X, /b = 10.5
for both the temperature boundary conditions. Therefore, the up-
stream distance of 8.5 is being used in this study.

Based on our previous study and that of others [19,24,30], the
downstream distance of the cylinder from the exit plane is used as
Xq/b =16.5.

4. Results and discussion

In our recent study [19], we have established that the fluid flow
will be steady and symmetric up to Re =45 for 0.5 <n < 2.0 for

three values of the blockage ratios, i.e, § =1/8,1/6 and 1/4 by
carrying out the full domain (—Ly/2b < y < Ly/2b) calculations.
Therefore, the numerical computations have been carried out for
the symmetric top half of the channel (0 < y < Ly/2b) over the
ranges as 1 <Re <45, 1 <n<2.0 and for 1 < Pr < 100 such that
the maximum value of Peclet number, Pe is 4000. The role of the
two classical thermal boundary conditions, i.e., CWT and UHF has
also been examined for the above range of conditions.

4.1. Validation of results

The validity of the power-law fluid flow results for the drag
coefficient for § = 1/8 has been demonstrated in [19]. However,
the present numerical solution procedure has also been bench-
marked in number of studies in both confined and unconfined
domains as reported elsewhere [12,20,22,23,25]. For the problem
under consideration, a typical comparison of the normalized aver-
age Nusselt number (Nu/Nuy) at various values of the Reynolds
number and Prandtl number at n=1.4 is presented in Table 1.
The small discrepancy between the present results and that of
Gupta et al. [2] must be due to the differences inherent in the
two numerics [31]. Gupta et al. [2] have used FDM on a uni-
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Table 1
Comparison of the normalized average Nusselt number (Nu/Nuy) with Gupta
et al. [2].

Source Re=5 Re=5 Re =40 Re =40
Pr=1 Pr=10 Pr=1 Pr=10
n=14
CWT
Present 0.952 0.92 0.92 0.91
Gupta et al. [2] 0.964 0.94 0.95 0.94
UHF
Present 0.942 0.92 0.917 0.918
Gupta et al. [2] 0.958 0.94 0.944 0.945

form staggered grid arrangement (grid size = 190 x 120) without
any clustering of grid points around the cylinder as well as near
the channel walls. They also used a slightly shorter flow domain
(Xy/b =6 and Xy/b = 12) as opposed to the flow domain used
in the present study (X,/b =8.5 and X4/b = 16.5). Furthermore,
Gupta et al. [2] have used only 10 cells on each side of the square
obstacle as opposed to 100 cells here. The present study covers
wider ranges of values of the Reynolds number (Re =1, 2 and

5-45 in the steps of 5), Prandtl number (Pr=1, 10, 50 and 100)
and the power-law index (n=1, 1.2, 14, 1.5, 1.6, 1.8 and 2) than
that in their study. Since the flow structures, drag coefficients, etc.
have been discussed in [19], therefore, in the following sections
isotherm patterns, local and average Nusselt numbers, etc. have
been investigated.

4.2. Isotherm patterns

Representative isotherm profiles around the square cylinder
at different values of the Reynolds number, Prandtl number and
power-law index have been shown in Figs. 3-6. As the fluid flow
across the square object is steady and symmetric up to Re =45 for
n < 2.0 [19], the isotherm plots for the constant temperature con-
dition are shown in the upper half of the figures while the lower
half displays the corresponding results for the uniform heat flux
boundary condition. Figs. 3-6 also include the closed near-wake
streamline, as shown by a thick line, for Re =1 at n=2.0 as the
flow separation has been found for the range of power-law index
1.6-2.0 at Re =1 [19]. Likewise, closed near-wake streamline has
also been presented for Re = 15, 30 and 45 at different values
of the power-law index. The maximum crowding of the temper-



1558 A.K. Dhiman / International Journal of Thermal Sciences 48 (2009) 1552-1563

3rin=1.5Pr=1 3r

n=2.0Pr=1

2 F 2+ 2+
_3:..‘.1‘..1..‘.1“‘1..,.1‘.“ _3:.“1.,..1..‘.1‘..1..‘.1‘.. _3:..‘.1 PN ISR EATANIE STATENATE AR
8 9 10 11 12 13 8 9 10 12 13 8 9 10 11 12 13
3r 3r

L n=1Pr=10 . In=1.5Pr=10|

2F 2F

2f 2F
_3:...‘|...1...‘|.H|....|.H. _3:”.1....|‘..‘|...1...‘|... _3:...‘1 PN RRPIT PRI PRI
8§ 9 10 11 12 13 8§ 9 10 12 13 8§ 9 10 11 12 13
3r 3r 3r

" n=1Pr=50 - n=1.5Pr=50| - n=2.0Pr=50|

2 f 2f 2f

_3:\\\\|\|\|\\\\|\\\||\1\|\\\\ _3:\\\|\1\\|\\\\

P TR R _3:\\\\| P BN EEEETETE BRI SR

8 9 10 11 12 13 8 9 10

12 13 8 9 10 11 12 13

Fig. 6. Isotherms (upper and lower halves present the results for CWT and UHF cases, respectively) for Re =45 and for n=1, 1.5, 2.0 at different Prandtl numbers. The

streamline representing the closed near wake is shown by a thick line.

ature contours can be seen at the front surface of the cylinder for
both the constant temperature and the uniform heat flux bound-
ary conditions thereby resulting in the highest Nusselt number as
compared to the other surfaces of the cylinder. With the gradual
increase in the value of the Reynolds number and Prandtl number
irrespective of the value of the power-law index, the crowding of
the temperature contours near the rear surface of the cylinder in-
creases. Regardless of the type of temperature boundary condition,
this is due to the thinning of the thermal boundary layer with the
increase in the value of the Prandtl number. Decaying of tempera-
ture fields can be seen with the increase in the Prandtl number for
the fixed value of the power-law index and the Reynolds number.

4.3. Local Nusselt number

In order to handle the singularity at the corners of the square
obstacle, special attention was paid to the role of the grid size on
the value of the local Nusselt number at each corner of the square
cylinder. For this, various grid sizes have been tested as discussed
in the grid resolution study and found that the grid with 100 cells
on the one side of the cylinder is sufficiently fine to obtain results
that are essentially grid independent [22,23].

4.3.1. Influence of constant temperature condition on local Nusselt
number

The variation of the local Nusselt number for CWT condition
for the symmetric top half of the channel along the cylinder front,
top and rear surfaces for Re =1, 15, 30 and 45 at different values
of Prandtl numbers (Pr =1, 10, 50 and 100) and power-law index
(n=1, 1.5 and 2.0) is shown in Figs. 7 (a-d). It is clear from the
figure that the value of the local Nusselt number along each sur-
face of the obstacle increases with the increasing Reynolds number
and/or increasing Prandtl number for a fixed value of the power-
law index. Also, it is interesting to see here that each corner of
the square object shows a high value of the local Nusselt num-
ber due to the large temperature gradient normal to the surface
of the obstacle. However, as the value of the power-law index in-
creases, the local Nusselt number decreases for a fixed Reynolds
and Prandtl number. Fig. 7 shows that the local Nusselt num-
ber increases towards the top corner on the front surface of the
square cylinder as there is a maximum crowding of isotherms at
this surface. Also, with an increase in the power-law index, there
is @ minimum in the local Nusselt number on this surface for a
fixed value of the Reynolds number, especially at high Prandtl and
Reynolds numbers. On the top surface of the cylinder, a minimum
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Fig. 7. Local Nusselt number variation along the cylinder surfaces from the front stagnation point to the rear stagnation point for Re =1, 15, 30 and 45 (n=1, 1.5, 2.0) at

different Prandtl numbers for CWT case.

in the value of the local Nusselt number exists due to the turning
of the isotherms near the trailing edge of the cylinder. On the rear
surface of the cylinder, there is a local minimum for Re =1 for dif-
ferent values of power-law index and Prandtl number as isotherms
approach the axis of the symmetry (Fig. 7a); however, for Re = 15,
30, 45 for Pr > 1, the local minimum can be seen near the rear
corner of the obstacle for the fixed values of power-law index and
Reynolds number (Figs. 7 (b-d)). The values of Nusselt numbers
for dilatant fluids at the rear surface of the square obstacle shows
higher values than those for Newtonian fluids due to the increase
in the wake region with increasing values of the Reynolds number
and the power-law index for a fixed value of the Prandtl number;
however, the complex (mixed) dependence has also been observed
for Re =30 (Pr=100) and Re =45 (Pr =50) (Figs. 7 (c-d)).

4.3.2. Influence of uniform heat flux condition on local Nusselt number

For this condition, the representative variation of the local Nus-
selt number for the top half of the square cylinder along the
cylinder surfaces for Re =1, 15, 30 and 45 at different values of
power-law index and Prandtl numbers is shown in Figs. 8 (a-d).
These plots reveal qualitatively similar features as seen above for
the constant temperature boundary condition case. Broadly speak-
ing, the variation of the local Nusselt number around the cylinder
for the constant heat flux condition is found to be more pro-
nounced than that of the constant temperature condition for the
range of physical parameters considered here (Fig. 8).

4.4. Average Nusselt number

As the heat transfer area is the same for each surface of the
square obstacle, the overall average Nusselt number is simply the

mean of the surface average values of the Nusselt number corre-
sponding to the four surface of the cylinder.

4.4.1. Influence of constant temperature condition on average Nusselt
number

Figs. 9 (a-d) show the variation of the overall average Nusselt
number with Reynolds number at different values of power-law
index (n =1, 1.2, 14, 15, 1.6, 1.8 and 2.0) and Prandtl number
(Pr=1, 10, 50 and 100) for this case. The average Nusselt num-
ber increases with an increase in Reynolds number and/or Prandtl
number for a fixed value of power-law index. With the increase
in the value of the power-law index, the overall average Nusselt
number decreases for a fixed value of the Reynolds number and
the Prandtl number.

The present results have also been presented in terms of the
Colburn heat transfer factor (j,) to show the functional depen-
dency of the flow and heat transfer parameters on this fac-
tor [22,23]. Figs. 10 (a-d) show the variation of the jj, factor
with Reynolds number at different values of power-law index and
Prandtl number. The j, factor varies approximately linearly with
Reynolds number at different values of the Prandtl number and
the power-law index on a logarithmic scale. The following simple
correlation can be used to evaluate the average Nusselt number for
the range of conditions as Re = 1-45, n =1-2.0 and Pr = 1-100.

jh — 0.7155R670.6136n70.20 (5)

Eq. (5) has an average deviation of about 3.5% as compared to the
computed results for 301 numerical data points. The maximum de-
viations are about 9.5% for 2 < Re < 45, 14.5% for Re =2 and 12.0%
for Re =1.
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4.4.2. Influence of uniform heat flux condition on average Nusselt
number

Here the variation of the overall average Nusselt number with
the Reynolds number at different values of the power-law index
and the Prandtl number is presented in Figs. 11 (a-d). It can be
seen that the average Nusselt number changes in the similar fash-
ion as observed for the case of constant temperature condition.
However, the average Nusselt number always found to be higher
for the constant heat flux condition than that of the constant tem-
perature condition for dilatant fluids (n < 2.0) for 1 < Re <45 and
1 < Pr < 100. For instance, the maximum difference ([Nu(CHF) —
Nu(CWT)]/Nu(CHF) x 100) in the value of the heat transfer coeffi-
cient for these two boundary conditions is of the order of 18% for
Pe = 3500 (Re = 35, Pr =100) and for n = 1.2. Figs. 10 (e-h) show
the variation of jj-factor as a function of Reynolds number and
power-law index for different values of Prandtl number (Pr =1,
10, 50 and Pr = 100). Similar dependence of jj-factor can also be
seen here as that for the constant temperature condition. In this
case, the following expression can be used to calculate the average
Nusselt number for the range of conditions covered in this work.

jn =0.7579Re 029297020 (6)
This equation has an average deviation of about 3.5% as compared
to the computed results for 301 numerical data points. The max-
imum deviations are about 8.0% for 2 < Re < 45, 11.0% for Re =1
and 2.

Egs. (5) and (6) reduced to identical correlations for the value of
the power-law index of unity (Newtonian) for CWT and UHF ther-
mal boundary conditions as reported in our previous study [20].

Furthermore, it is observed that the ratio of the average Nus-
selt number for the confined case to that of the average Nusselt
number for the unconfined case [23] increases up to Re =2 and
decreases for 2 < Re < 45 for Pr =1 for a fixed value of the power-
law index for both CWT and UHF conditions. This ratio decreases
monotonically with increasing Reynolds number for Pr = 10, 50
and 100 for CWT condition; however, for the UHF condition, the
ratio decreases with increasing Reynolds number for Pr =10 and
has a complex (mixed) behavior for Pr =50 and 100 due to the
higher values of the average Nusselt number for the unbounded
case than that of the average Nusselt number for the bounded case.
The maximum relative changes in the values of the ratio are 16.5%,
11.5%, 5.9% and 3.5% for Re =1,2,5 and 10-45, respectively for
different values of the power-law index and the Prandtl number
for the uniform wall temperature condition. The corresponding
changes in the values of the ratio are 15.5%, 11.0%, 5.6% and 4.0%
for Re=1, 2, 5 and 10-45, respectively for different values of the
power-law index and the Prandtl number for the uniform heat flux
condition. This ratio decreases with increasing value of the power-
law index for a fixed value of the Reynolds number for both the
temperature boundary conditions; however, the ratio has a com-
plex behavior for Pr =50 and 100 for the UHF condition.

5. Conclusions

In this study, the effects of Reynolds number and Prandtl num-
ber on the heat transfer characteristics of dilatant fluids (n < 2.0)
across the square cylinder confined in a channel has been inves-
tigated for the varying range of Reynolds number (1 < Re < 45)
and Prandtl number (1 < Pr < 100) for the constant temperature
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and uniform heat flux conditions. The local Nusselt number at
each corner of the square cylinder increases with an increase in
the Reynolds number and/or Prandtl number irrespective of the
value of the power-law index. The average Nusselt number in-
creases monotonically with an increase in the Reynolds number
and/or the Prandtl number. Broadly, the average Nusselt number is
always higher for the case of uniform heat flux boundary condi-
tion than that for the constant temperature condition for the same
values of the Reynolds and Prandtl numbers and the power law in-
dex. Finally, simple heat transfer correlations have been obtained
for both the thermal boundary conditions.
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