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Abstract—Power-law shear-thinning fluid flow over a heated square bluff body is numerically investigated under
aiding buoyancy mixed convection at low Reynolds numbers. Semi-explicit finite volume code is developed to solve
the governing equations along with the appropriate boundary conditions. Both aiding buoyancy and shear-thinning
natures are found to augment the heat transfer rate from the surface of the long square bar. In aiding buoyancy, the
total drag coefficient is found to be more for the square cylinder than that of the circular cylinder, whereas the average
cylinder Nusselt number for the square cylinder is found to be lower than the circular one on equal side/diameter basis.
Maximum augmentation in heat transfer is found to be approximately 20% with respect to forced convection. Finally, a
heat transfer correlation is established by using the Colburn heat transfer factor.

Keywords: Square Bluff Body, Non-Newtonian Fluids, Aiding Buoyancy, Drag Coefficients, Nusselt Number, Stream-
lines, Isotherms and Heat Transfer Enhancement

INTRODUCTION

Shear-thinning is the property of fluids to reduce their viscosity
as the shear force is applied on them, which makes them very useful
in many industrial applications, such as in novel heat exchange sys-
tems, continuous thermal treatment of food stuffs, polymer pro-
cessing, chemical, biological, food and mineral process engineering
applications and so forth. Under appropriate conditions of flow and
heat transfer, multiphase mixtures such as foams, paper pulp sus-
pensions, emulsions, fiber reinforced resin processing, and high molec-
ular weight slurries and polymeric materials like solutions, blends,
and melts exhibit shear-thinning behavior. In such settings, the flow
behavior depends mainly upon the number of obstacles, type or nature
of fluid flow, free stream flow or channel flow, buoyancy effect,
blockage ratio, Reynolds number. In the literature, extensive infor-
mation is now available on the non-Newtonian flow around (hori-
zontal) regular and non-regular obstacles [1-5], but only a few studies
exist for the flow around a square cylinder in the vertical configura-
tion, albeit for Newtonian fluids [6-9]. Therefore, it becomes essential
to be acquainted with the behavior of non-Newtonian fluids around
the cylinder of square cross-section for the upward flow. Thus, we
studied momentum and heat transfer phenomena of shear-thinning
fluids around the long square obstacle under the influence of aiding
buoyancy in the unconfined vertical arrangement. The buoyancy
effects when superimposed on the flow strongly influence the flow
and thermal patterns and are of particular significance at low veloc-
ity and/or when the temperature difference between the body and
the ambient fluid is large. The pertinent literature is given below
on both Newtonian and non-Newtonian flows under the impact of
mixed convection around circular and square bluff bodies.
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The unconfined Newtonian flow and heat transfer under the buoy-
ancy effects over a square cylinder in both vertical and horizontal
configurations have been recently reviewed in [6]. Briefly, Sharma
and Eswaran [7] studied the effect of aiding/opposing buoyancy (—1<
Ri<1) on the flow and heat transfer characteristics around an iso-
lated square cylinder for the fixed Reynolds number (Re) of 100
and the Prandtl number (Pr) of 0.7 (air). Subsequently, they [8] ex-
tended their study [7] to investigate the aiding/opposing buoyancy
(—1<Ri<1) around a square cylinder in a channel for the varying
values of blockage ratios (10%-50%) for Re=100 and Pr=0.7. Chat-
terjee and Mondal [9] examined the influence of aiding/opposing
buoyancy around a heated/cooled square cylinder for Re=50-150,
—1<Ri<1 and Pr=0.7 for two blockage ratios of 2% and 25% by
using Fluent. The vortex shedding frequency increases with increased
heating and suddenly reduces to zero at the critical Richardson num-
ber. On the cross-buoyancy, Bhattacharyya and Mahapatra [10] stud-
ied the effect of buoyancy (0<Ri<1) on vortex shedding and heat
transfer from a square cylinder to air for Re<1400. Subsequently,
Dhiman et al. [11] elucidated the effects of cross-buoyancy on the
flow and heat transfer characteristics of an isothermal square cylin-
der confined in a channel for the fixed blockage ratio of 12.5% (1<
Re<30, 0.7<Pr<100 and 0<Ri<1). Chatterjee and Mondal [12]
performed simulations to understand the influence of cross-stream
buoyancy on the vortex shedding process behind a stationary heated
square cylinder at low Reynolds numbers (Re=5-40, Ri=0-2 and
Pr=0.7). On the non-Newtonian fluid flow around the long square
obstacle under the influence of cross-buoyancy, as far as we know,
only two studies are reported in the open literature [13,14]. Dhi-
man et al. [13] analyzed the steady laminar mixed convection to
Newtonian and power-law fluids from a heated square cylinder for
the range of situations as Re=1-30, n=0.8-1.5, Pr=0.7-100 (Pe<
3000) for Richardson number (Ri)=0-0.5. The effects of Prandtl
number and of power-law index on the heat transfer are found to be
more prominent than that of buoyancy parameter (Ri<0.5). Bouaziz
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et al. [14] predicted numerically the flow and heat transfer of power-
law fluids in a plane channel with a built-in heated square cylinder
for the constant blockage ratio of 12.5% (n=0.5, 1 and 1.4, Re=20-
200, Ri=0-8, Pr=50). They obtained the heat transfer correlations
through forced convection. Surprisingly, no information is available
on the non-Newtonian momentum and heat transfer around the square
cylinder under the impact of aiding/opposing buoyancy.

On the other hand, extensive studies on the non-Newtonian forced
convection flow and heat transfer around a square cylinder are reported
in the literature. In the unconfined domain, Paliwal et al. [15] explored
the two-dimensional (2-D) steady flow of power-law liquids past a
square cylinder for Re=5-40, n=0.5-1.4 and Pe=5-400. The lower
the value of power-law index, the higher will be the Reynolds num-
ber at which a visible wake will appear. Dhiman et al. [16] numeri-
cally analyzed the steady flow of power-law fluids over an isolated
square cylinder for Re=1-45 and n=0.5-2. The shear-thinning behav-
ior (n<1) increases the drag above its Newtonian value (n=1), whereas
the shear-thickening behavior (n>1) reduces the drag below its New-
tonian value. Dhiman et al. [17] investigated the heat transfer to
power-law fluids from a heated square cylinder for the range of set-
tings: 1<Re<45, 0.5<n<2 and 1<Pr<100 (Pe<4000). They obtained
appropriate predictive correlations for estimating the value of the
heat transfer for two classical thermal boundary conditions, namely
isothermal and isoflux. Sahu et al. [18] extended the study of Dhi-
man et al. [17] for the unsteady laminar flow of power-law fluids
across a square cylinder for Re=60-160 and n=0.5-2. The leading
edge separation in shear-thinning fluids produces an increase in drag
values with the increasing Reynolds number, while shear-thicken-
ing behavior delays this separation and shows the lowering of the
drag with the Reynolds number. Sahu et al. [19] investigated the
heat transfer to power-law fluids from a heated square cylinder in
the unsteady cross-flow regime (Re=60-160, n=0.5-1.8 and Pr=
0.7-50). Broadly, the shear-thinning fluid behavior promotes heat
transfer, whereas the shear-thickening behavior impedes it. Rao et
al. [20] extended the study of Dhiman et al. [17] for the 2-D flow
of power-law fluids over a square cylinder for Re=0.1-40, n=0.2-
1.4 and Pr=0.7-100 by using Fluent. They delineated the values of
the Reynolds number denoting the onset of flow separation and the
limits of the steady flow regime for both shear-thinning and shear-
thickening type fluids. The shear-thinning characteristics can augment
the rate of heat transfer by up to 100% under appropriate condi-
tions. Similarly, in the confined domain, plenty of information on
the forced convection momentum and heat transfer of non-Newto-
nian power-law fluids around a square cylinder can be found else-
where [21-24].

It is also appropriate here to briefly recount the non-Newtonian
studies around a circular counterpart because the present study deals
with shear-thinning fluids, and also we have compared the present
square cylinder results with circular one on equal side/diameter basis
in this study (section 4). In the unconfined arrangement, Soares et
al. [25] looked into the steady flow of power-law fluids across a
heated circular cylinder to determine the dependence of individual
drag components and of heat transfer characteristics on power-law
index (0.5<n<1.4), Prandtl number (1<Pr<100) and Reynolds num-
ber (5<Re<40). The effect of power-law index on such flow behav-
ior is strongly conditioned by the kinematic conditions and less so
by the type of thermal boundary condition prescribed at the cylin-

der surface. Soares et al. [26] numerically studied the mixed con-
vection heat transfer characteristics from a cylinder immersed in
power-law fluids (n=0.6, 0.8, 1, 1.6) for Re=1-30, Ri=0-3 and Pr=1,
100. The effects of increased mixed convection on heat transfer were
generally more significant at lower values of power-law index, and
such a decrease in power-law index was found to increase the magni-
tude of the surface-averaged Nusselt number. Bharti et al. [27] con-
sidered the heat transfer to power-law fluids from a heated cylinder
in the steady cross-flow regime for the range of situations: 5<Re<
40, 0.6<n<2 and 1<Pr<1000. They developed simple correlations
as functions of pertinent dimensionless variables. Patnana et al. [28]
simulated the unsteady flow of power-law fluids over a cylinder in
cross-flow for Re=40-140 and n=0.4-1.8. The drag coefficient in-
creases and the lift coefficient decreases with the increasing value
of the power-law index. They [29] further extended their study [28]
to include the effect of Prandtl number (1-100) on the heat transfer
characteristics. The average Nusselt number increases with an in-
crease in the value of Reynolds number and/or Prandtl number. Srini-
vas et al. [30] considered the effect of aiding buoyancy over an iso-
thermally heated cylinder immersed in power-law fluids in the steady
regime (n=0.2-1.8, Ri=0-2, Re=1-40 and Pr=1-100). The buoy-
ancy effects are stronger in shear-thinning fluids and/or at low Rey-
nolds numbers than that in shear-thickening and/or at high Reynolds
numbers. On the other hand, sufficient details on the non-Newto-
nian power-law fluid flow around a circular cylinder in the con-
fined domain can be found elsewhere [31-34].

Other than the numerical studies discussed, some experimental
studies are available on Newtonian fluid flow around a long square
bar in an unconfined domain. The experiments on the fluid flow
and heat transfer around rectangular cylinders were performed by
Igarashi [35] for width to height ratios being 0.33-1.5 at high Rey-
nolds numbers (Re=7500-37500). Heat transfer correlations are pro-
vided for each surface of the cylinder with aspect ratios for air as
working fluid. The average Nusselt number for the side (top and
bottom surfaces) and the rear surfaces is found to vary as Re** (0.33
<width/height<1.5); however, the overall Nusselt number varies as
Re” (0.67<width/height<1.5) and as Re*® (width/height=0.33).
Ahmed and Yovanovich [36] analyzed experimentally the forced
convection heat transfer from isothermal bodies of different shapes.
They developed empirical models for the forced convection heat
transfer, which were valid for a wide range of Reynolds numbers
0<Re<10® and Pr=0.71. Saha et al. [37] reported the measurements
of two-components of velocity in the wake of a square cylinder using
a hot-wire anemometer. The measurements were carried out in a
low-speed, low-turbulence wind tunnel for two Reynolds numbers,
8700 and 17625. Both velocity and velocity fluctuations show sym-
metry about the wake axis. They also confirmed the energy trans-
fer from the mean flow to the streamwise velocity fluctuation in
the near wake. Singh et al. [38] experimentally investigated the effect
of aiding buoyancy on the wakes of circular and square cylinders
at low Reynolds numbers (53-118) and Ri ranging from 0.025 to
0.314. The critical Richardson number increases with Reynolds num-
ber, and also the critical Ri for a square cylinder is found close to
that of a circular cylinder at comparable Re. Sabiri et al. [39] used
micro-electrodes made of platinum to measure the local shear rate
on the surface of a cylinder (length-to-diameter ratio of 11-12) exposed
to the fully developed laminar flow of power-law fluids in a vertical
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pipe, with a wide range of Reynolds numbers 0.16<Re<75. They
used different fluids for their studies and found that their power law
index varied as n=0.83, 0.90 and 1. They observed that the shear
rate is maximum at about =130 and it tends to be higher in shear-
thinning fluids than that in Newtonian fluids otherwise under identical
conditions.

In the confined domain, sufficient experimental literature on New-
tonian flow and heat transfer phenomena around a square bluff body
can be found elsewhere (Davis et al. [40], and Suzuki and Suzuki
[41]). On the flow of Newtonian/non-Newtonian fluids past a cir-
cular cylinder, Coelho and Pinho [42-44] experimentally studied
the flow of shear-thinning fluids in the Reynolds number range Re=
50-9000 by using laser-Doppler anemometry. They delineated the
various vortex shedding regimes as a function of Reynolds and elas-
ticity numbers (Coelho and Pinho [42]). The flow characteristics
within each of these flow regimes were then analyzed in detail by
Coelho and Pinho [43]. Coelho and Pinho [44] also carried out meas-
urements of pressure on the cylinder surface for Newtonian and
non-Newtonian fluids, and the values of the pressure drag coeffi-
cient, pressure rise coefficient and the wake angle were reported.

Hence, as far as we know, no information is available on the mixed
convection of non-Newtonian fluids around a square cylinder in
the vertical unbounded laminar flow regime, despite its numerous
engineering applications. Accordingly, the aim of the present study is
set to investigate the momentum and heat transfer characteristics of
non-Newtonian power-law fluids under the impact of aiding buoy-
ancy in the vertical unconfined configuration.

PROBLEM STATEMENT, GOVERNING EQUATIONS
AND BOUNDARY CONDITIONS

A schematic of the non-Newtonian upward flow and heat trans-
fer around a long heated square bar in the 2-D unconfined domain
is depicted in Fig. 1. The artificial boundaries of the flow domain
are considered to make the problem computationally feasible. The
incompressible power-law fluid enters the flow domain with a uni-
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Fig. 1. Schematic of the unconfined flow around a heated square
cylinder under the impact of aiding buoyancy.
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form velocity V,, and at a temperature T, in the vertical direction,
from bottom to top. The stationary square cylinder (of side b) is
placed symmetrically between the two parallel vertical boundaries
and the long square obstacle is maintained at a constant tempera-
ture of T, (>T,.). The width of the computational domain is L,=
30b in the x-direction and the domain height is L,=32b in the y-
direction. The distance from the inlet to the front surface of the square
cylinder is H,=10.5b (i.e., upstream distance) and from the rear sur-
face of the square bar to the outlet is H,=20.5b (i.e., downstream
distance). These distances were chosen after a thorough investiga-
tion and the details are given in section 3.2.

The thermo-physical properties such as heat capacity and ther-
mal conductivity are assumed to be independent of the temperature,
except for the body force term in the momentum equation. The Bouss-
inesq approximation accounts for the thermal buoyancy effects. The
viscous dissipation is also assumed to be negligible as Brinkman
number is assumed to be small over the range of settings studied
here. The 2-D conservative continuity equation (Eq. (1)), x- and y-
components of Cauchy’s equations (Egs. (2) and (3)) and thermal
energy equation (Eq. (4)) in their dimensionless form are given as
[4,5,45]:

Continuity equation:
g—;‘ + 2_; =0 )
x- and y-momentum equations
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The fluid behavior is represented here by
5=2ng  where (i, )=(x,y) @)
and the viscosity (77) of power-law fluids is defined as

= (12_2)(11—1)/2 (6)
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where m is the power-law consistency index, n is the power-law
index (n<1 and n=1 imply shear-thinning and Newtonian behav-
iors, respectively) and I, is the second invariant of the rate of strain
tensor, L/2=2(0wo0x)*+2(0v/dy *-+H(Ou/dy+Ov/Ox ).

The physical boundary conditions for the flow system under con-
sideration in their dimensionless form can be written as (Fig. 1): At
the inlet boundary: u=0, v=1 and #=0 (uniform and isothermal
flow); on left and right boundaries: u=0, ov/0x=0 and 040x=0 (slip
and adiabatic); on the surface of the long square obstacle: u=0, v=0
and @=1 (no-slip and uniform temperature), and at the exit bound-
ary: ow/oy=0, ov/0y=0 and 040y=0 (Neumann condition). In addi-
tion, homogeneous Neumann boundary conditions are utilized for
the pressure at all boundaries, except at the outlet. Dirichlet bound-
ary condition is implemented at the outlet.

The governing mass, momentum and energy equations (Eqgs. (1)-
(4)) along with the above noted boundary conditions are used to
solve the shear-thinning flow and heat transfer around the square
cylinder in terms of velocities u(x, y) and v(x, y), pressure p(X, y)
and temperature 6(x, y) fields.

NUMERICAL METHODOLOGY

The identical computational grid structure is found adequate here
as used in our recent study [6]. The non-uniform computational grid
is generated by writing a code in MATLAB. The grid structure has
five separate zones in both x- and y-directions, and uniform as well
as non-uniform grid distributions are utilized in the full computational
domain, whereas a half domain is exploited in the steady state regime.
The grid distribution is made uniform with a constant cell size (A)
of 0.25b outside a region around a square cylinder that extends 4b
upstream, downstream and sideways. A very fine grid of much smaller
size (0) of 0.01b is clustered around the square cylinder over a dis-
tance of 1.5b to capture the wake-wall interactions satisfactorily. A
hyperbolic tangent function is utilized for stretching the cell sizes
between the limits of dand A [46].

The semi-explicit finite volume code implemented on the collo-
cated grid arrangement is used to solve the governing equations along
with the appropriate boundary conditions, in which momentum equa-
tions are discretized in an explicit manner and the pressure gradient
terms are treated implicitly [6,13,16,45,47]. As a result, the pres-
sure-velocity coupling reduces to a Poisson equation for the pres-
sure correction. The possible oscillations due to pressure-velocity
decoupling on the collocated grid have been avoided by using the
momentum interpolation scheme of Rhie and Chow [48]. In brief,
two steps are implemented at each time level: first, a predictor step,
a predicted velocity is obtained from the discretized momentum
equation using the previous time-level pressure field; second, the
corrector step, consists of iterative solution of the pressure-correc-
tion equation and in obtaining the corresponding velocity corrections
such that the final velocity field satisfies the continuity equation to
the prescribed limit. The convective terms are discretized using the
third-order accurate QUICK scheme, though the diffusive and non-
Newtonian terms are discretized using the central difference scheme
(CDS). The velocity fields obtained by solving the momentum equa-
tions are used as input to the energy equation. The explicit scheme
has also been used for the solution of the energy equation to obtain
the temperature field at the each time level and is used for the solution

of velocity field at the next time level. The convective term in the
energy equation is discretized by using the QUICK scheme and the
diffusive term is discretized by using CDS. Because no information
is available in the literature for the transition from steady to time-
periodic regime for the flow of non-Newtonian power-law fluids
around a square bluff body, the time-periodic calculations were car-
ried out here at the extreme values of Re and n For this, a second-
order explicit scheme is used for the time discretization. Also, a dimen-
sionless time step of 0.01 is found adequate, as the smaller value of
the time step did not produce any considerable change in the values
of physical output parameters considered. The convergence crite-
rion of 10 is set to the residuals and is found suitable.

As the accuracy of numerical results depends largely on the grid
and domain sizes, based upon our own experience and others [6,7,
13,30], the grid size, upstream and downstream distances and width
of the computational domain are finalized in this work and the details
are presented in subsequent subsections.

1. Grid Dependence Study

The grid resolution study is performed by experimenting with
various grid sizes to find the optimum size of the grid to capture
the wall interactions of long square bar with the fluid adequately.
In particular, this is done by comparing the results generated here
at three different grid sizes (374382 cells, 339%347 cells and 264 x
272 cells with 125, 100 and 50 control volumes (CVs), respectively).
Also, it is apparent that as the grid spacing decreases (or the number
of CVs increases), the result tends to become relatively accurate.
Accordingly, the optimum grid size is selected in such a way that
the present results are in the permissible level of tolerance and also
that the time of convergence is optimized. Table 1 shows the differ-
ence of results produced with the three grid sizes of 0.008b, 0.01b
and 0.02b for the extreme cases of n=0.6 and 1 for Re=40, Pr=50
and Ri=0 and 1. At n=1, the percentage relative deviation (with
respect to the results at the highest grid size) for the values of pressure
drag, friction drag, overall drag and Nusselt number for the grid size
of 0.01b is found to be under 0.6%, 0.5%, 0.6% and 0.2%, respec-
tively; whereas, for the grid size of 0.02b, it is less than 3.2%, 2.4%,

Table 1. Grid dependence study at Re=40 and Pr=50 for n=1 and
0.6 and for Ri=0 and Ri=1

S.No. Sizeof CV Ri Cp Cor Cp Nu

n=1

1. 0.008b 1.5104 0.2453 1.7557 10.9510
2. 0.01b 0 1.5166 0.2465 1.7632 10.9516
3. 0.02b 1.5585 0.2511 1.8096 11.1200
1. 0.008b 2.0900 0.4902 2.5803 12.0386
2. 0.01b 1 21028 0.4924 2.5952 12.0667
3. 0.02b 2.1455 0.4967 2.6422 12.3283
n=0.6
1. 0.008b 1.3786 0.1075 1.4930 11.7235
2. 0.01b 0 1.3583 0.1110 1.4693 11.4672
3. 0.02b 1.3995 0.0996 1.4991 11.2971
1. 0.008b 1.9083 0.2999 2.2082 13.8710
2. 0.01b 1 19370 0.2901 2.2271 13.7610
3. 0.02b 1.9409 0.2856 2.2265 13.7689
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3.1% and 2.4%, respectively, for all the values of Ri scrutinized.
However, at n=0.6, the respective deviation of results for the grid
size of 0.01b is less than 1.5%, 3.3%, 1.6% and 2.2%, respectively;
whereas, for the grid size of 0.02b, it is less than 1.8, 7.4%, 1.0%
and 3.7%, respectively, for the values of Ri. Therefore, the grid size
of 339%347 cells is found appropriate to generate further results in
the present study.
2. Domain Dependence Study

As the domain dependence study is very essential in numerical
investigations it is generally divided into three elements: upstream
independence, downstream independence and computational width
independence tests. Analogous to the grid dependence study, the
optimum domain size is selected taking into account the less time
of convergence and the acceptable level of tolerance in the con-
verged solution. In the present study, these investigations are per-
formed for the extreme values of n=1 and 0.6, Re=1 and 40, Ri=0
and 1 at Pr=50.

The upstream independence test is accomplished for upstream
distances of 10.5b (339x347) and 12.5b (339%355), while the down-

(a)n 06 Re—l Ri=0

stream distance and the width of the domain are kept constant as
20.5b and 30b, respectively. For Newtonian fluids (n=1), the rela-

Table 2. Validation for Newtonian and non-Newtonian flows in a

lid-driven square cavity at Re=100 for varying values of
power-law index (n)

Source Wi Vi Vi
n=0.75

Sahu et al. [20] —-0.2386 0.2260 -0.2657

Present work -0.2368 0.2265 -0.2657

n=1

Ghia et al. [48] -0.2109 0.1753 —-0.2453

Present work -0.2107 0.1752 —-0.2468
n=1.5

Sahu et al. [20] —-0.1811 0.1408 -0.2236

Present work -0.1821 0.1400 -0.2226

() n=0.6,Re=1,Ri=0.5 () n=0.6,Re=1,Ri=1
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tive difference in the values of pressure drag, friction drag, overall
drag and Nusselt number is found to be less than 0.2%, 2.1%, 0.6%,
0.4% (for Re=1 and Ri=0); 0.9%, 0.5%, 0.8%, 1.4% (for Re=40
and Ri=0); 0.9%, 1.8%, 0.02%, 0.4% (for Re=1 and Ri=1) and
0.5%, 0.1%, 0.4%, 0.1% (for Re=40 and Ri=1), respectively. The
test is also performed for the non-Newtonian behavior (n=0.6) at
various physical parameters, and the results of C,,, C,,5 C, and Nu
obtained are under 3.9%, 3.2%, 3.7%, 4.5% (for Re=1 and Ri=0),
0.9%, 2.2%, 1.0%, 1.0% (for Re=40 and Ri=0); 2.3%, 1.9%, 1.6%,
1.1% (for Re=1 and Ri=1) and 1.8%, 2.7%, 1.2%, 0.4% (for Re=
40 and Ri=1), respectively. Hence, the dimensionless upstream dis-
tance of 10.5 is used in this study.

Likewise, the downstream dependence study is carried out for
the distances of 16.5b (339x331) and 20.5b (339x347) with the
upstream distance of 10.5b and the width of the domain of 30b. For
Newtonian fluids (n=1) the percentage difference in the values of
pressure drag, friction drag, overall drag and Nusselt number is less
than 4.7%, 1.0%, 3.4%, 0.1% (for Re=1 and Ri=0); 0.1%, 1.1%,

(a)n 0.6, Re =40, Ri=0
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0.2%, 1.4% (for Re=40 and Ri=0); 0.2%, 0.1%, 0.1%, 0.007% (for
Re=1 and Ri=1) and 0.002%, 0.02%, 0.002%, 0.01% (for Re=40
and Ri=1), respectively. When the analysis is performed for the non-
Newtonian fluids (n=0.6), then the percentage deviation is below
1.5%, 3.1%, 2.0%, 3.7% (Re=1 and Ri=0); 1.4%. 4.6%, 1.0%, 2.3%
(Re=40 and Ri=0); 4.0%, 4.4%, 4.1%, 4.6% (Re=1 and Ri=1) and
0.8%, 0.2%, 0.7%, 0.4% (Re=40 and Ri=1), respectively. Thus,
the dimensionless downstream distance of 20.5 is found adequate
for the range of settings considered.

In the same way, subsequent to upstream and downstream de-
pendence studies, the width of the computational domain is experi-
mented for 20b (299%347) and 30b (339%347). And, the study is
executed for the extreme values of n=1 and 0.6, Re=1 and 40, Ri=
0 and 1 at Pr=50. The relative differences in the values of pressure
drag, friction drag, overall drag and Nusselt number for Newtonian
fluids (n=1) are found less than 4.2%, 3.4%, 3.9%, 1.8% (for Re=1
and Ri=0); 2.3%, 1.8%, 2.2%, 0.7% (for Re=40 and Ri=0); 3.9%,
2.7%, 3.5%, 0.9% (for Re=1 and Ri=1) and 0.5%, 0.2%, 0.4%,
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0.1% (for Re=40 and Ri=1), respectively. Whereas, for the non-
Newtonian fluids of power-law index n=0.6, the corresponding per-
centage difference is below 1.7%, 0.1%, 1.2%, 3.8% (for Re=1 and
Ri=0); 3.5%, 1.5%, 3.2%, 1.3% (for Re=40 and Ri=0); 3.1%, 2.4%,
2.9%, 4.2% (for Re=1 and Ri=1) and 0.6%, 1.0%, 0.4%, 0.6% (for
Re=40 and Ri=1), respectively. As a result, the dimensionless width
of the computational domain of 30 is utilized for the determination
of new results.

RESULTS AND DISCUSSION

This section considers the buoyancy aided mixed convection flow
and heat transfer over the long square bar (long in neutral direc-
tion) in the vertical unbounded domain for Reynolds number (Re)=
1-40 and buoyancy parameter (Ri)=0-1. Because the difficulty in
obtaining the convergence is found with the decreasing value of
the power-law index (i.e., n<0.6) due to the highly non-linear nature
of the governing equations for shear-thinning fluids [16], the present

investigations are limited to 0.6<n<1. The heat transfer study is
carried out at a Prandtl number (Pr) of 50. The value of the Prandtl
number of the order of 50 or so is very common in chemical, petro-
leum and oil related engineering applications and chosen based on
the studies reported elsewhere [5,14,19]. However, before discuss-
ing the details of momentum and heat transfer characteristics around
the square cylinder, it is customary to validate the current solution
methodology with reliable and accurate literature values.

Extensive benchmarking of the present solution procedure for
Newtonian fluid flow and heat transfer around the long square cylin-
der under the impacts of aiding buoyancy and cross-buoyancy can
be found in [6] and [49], respectively. Also, no information is avail-
able in the open literature for non-Newtonian fluids around a square
cylinder in the vertical configuration. Besides, the general validity
of the in-house finite volume code is made with Ghia et al. [S0] and
Sahu et al. [18] for Newtonian and non-Newtonian flows in a lid-
driven square cavity, respectively (Table 2). Table 2 illustrates the
comparison between the minimum u (u,,,) and the minimum v (v,,;,)
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Fig. 4. Vorticity contours around the square cylinder at Re=1 for n=0.6-1 and Ri=0-1.
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Power-law shear-thinning flow around a heated square bluff body under aiding buoyancy at low Reynolds numbers

velocities and the maximum v velocity (v,,,.) at Re=100 for different
values of power-law index. The maximum percentage deviation be-
tween the velocities for n=0.75, 1 and 1.5 is about 0.5%, 0.01% and
0.7%, respectively. This validates the present numerical methodology.
1. Flow Patterns

In this study, the flow is found to be steady for the range of settings
embraced here. Figs. 2(a)-2(1) and 3(a)-3(i) show the streamline con-
tours for Re=1 and 40; n=0.6-1; and Ri=0-1. At Re=1, fluid flow
does not separate from the surface of the long square cylinder at
different values of Ri and n, as displayed in Figs. 2(a)-2(i). Simi-
larly, for Re>1 at Ri=1 (for n<1), there is still no wake formation
downstream of the square cylinder (Figs. 3(c), 3(f) and 3(i), for in-
stance). While for Newtonian fluids (n=1) at Ri=0, wakes form on
the rear surface of the square cylinder for Re>5 (Fig. 3(g)). How-
ever, for Ri=0.5 at n=1, no wake formation is observed for Re<30,
but the development of two tiny wakes near the rear corners of the
rear surface is found for Re>30 (Fig. 3(h)). Analogous to Newto-
nian fluids, for non-Newtonian fluids (n=0.8) at Ri=0, the wakes

(a)n=0.6, Re=40,Ri=0
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are observed for Re>5 (Fig. 3(d)); whereas at Ri=0.5, the appear-
ance of tiny wakes is delayed further to Re=40 (Fig. 3(¢)). Figs.
3(e) and 3(h) also include the vector profiles to show the occur-
rence of two tiny wakes near the rear comers of the rear surface.
On the other hand, for n=0.6 at Ri=0, wake formation takes place
for Re>10 (Fig. 3(a), for instance), but when the buoyancy influ-
ences the flow (Ri>0), no wake formation is observed (Figs. 3(b)
and 3(c)). Thus, it is clear that the wake formation is delayed as the
value of power-law index decreases (or with the increasing shear-
thinning tendency), while the downstream wakes behind the square
cylinder are diminishing with the increasing aiding buoyancy (Ri).
This is probably because as buoyancy (Ri) increases, the velocity
gradient at the cylinder surface increases and results in reducing
the pressure over the surface of the obstacle (as also discussed by
Dhiman et al. [51]) and carries momentum components inward to-
wards the surface of the square cylinder, which delays the separation
of the streamline and this delayed separation results in a smaller
wake. Furthermore, extensive details to delineate the critical value of

(byn=0.6, Re=40, Ri=0.5 (¢) n=0.6, Re=40, Ri=1
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Fig. 5. Vorticity contours around the square cylinder at Re=40 for n=0.6-1 and Ri=0-1.
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Ri for the onset of vortex shedding for Newtonian fluids are reported
by Gandikota et al. [52], Chatterjee [53] and Chatterjee and Mon-
dal [54].

Also, as the power-law index decreases, the size of the wake also
decreases, keeping other parameters constant. The wake size is meas-
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ured here from the rear surface of the long square obstacle to the
point of attachment for the near closed streamline on the center-
line. Under the impact of aiding buoyancy (at Ri=0.5), no wake
region is observed for any value of n for Re<20; whereas, two tiny
wakes appear at the rear comers of the rear surface of the square

(d)Ri=0
25
] e Cyyln = 0.6)
20 ] — —& — Cyn=0.8)
i —+H—— Cin=1)
i 4] — = Cpn=0.6)
] ——G — Cpn=08)
215 N S Cua=D)
U.% ; .-,\ 2 - "a“‘x.____“_‘& - ."F\](:"P
104 z e G Eai
¥ =3
N DA T
P \\\ 9l_l
PN DA =S
5 . I ,\h . _ ﬁz:i_’?
AR 70 s 2 25 d 35 40
1 N TO—_ &

] ~ Qe
0 L L AL WL r
510 15 20

rlzlsr ”3%0.”3]5””40

(e) Ri=0.5

1 6

- "1'0; B e RS ee s

15 20 25 30 35 40
’s (HRi=1
| o
20

2o
(ORTIZ AN

\
W = .

oW \ M o= =—

v % e
54 \"\ h:\ 15 2 25 3 33 40
. ) s

i e

| -’-@:—_‘-__-__"6“'

5 10 15 20 25 30 35 40
Re

Fig. 6. Friction drag (C,,), pressure drag (C,,) and total drag (C,) coefficients against Reynolds number (Re) at different values of n

and Ri.
May, 2014



Power-law shear-thinning flow around a heated square bluff body under aiding buoyancy at low Reynolds numbers 763

cylinder for Re=30 and 40 (at n=1) (Fig. 3(h), for instance) and for
Re=40 (at n=0.8) (Fig. 3(e)). Whereas, no such wakes are observed
at Ri=1 for the considered range of parameters. Therefore, as the
shear-thinning behavior increases, the aiding buoyancy effects are
observed to be prominent at higher Reynolds number.

With the help of iso-vorticity contours, the points on the surface
of the square cylinder which tends the fluid particles to rotate can
be captured. The vorticity contours are illustrated here for Re=1
and 40 at different values of n and Ri in Figs. 4(a)-4(i) and 5(a)-5(i).
Also, as Reynolds number and/or power-law index increase(s), the
width of the contours decreases; whereas, as the Richardson num-
ber increases, the width of the vorticity contours increases. There-
fore, one can observe the counter effects of (Re and/or n), and Ri
on the width of vorticity contours.

2. Drag Coefficients

The drag coefficient is a dimensionless quantity used to quantify

the drag or the resistance of an object in a fluid environment. The
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drag coefficient is always associated with a particular surface and
consists of two basic contributors such as friction drag (or skin drag,
C,r) and pressure drag (or form drag, C,,). Therefore, the total drag
coefficient (C,) is mathematically represented as C,=C,,+C, Figs.
6(a)-6(f) show the plots of friction drag, pressure drag and total drag
coefficients against Reynolds number for different values of power-
law index and Richardson number. As expected, the values of indi-
vidual and overall drag coefficients decrease with the increase in
Reynolds number, keeping n and Ri fixed. As the impact of aiding
buoyancy increases (from Ri=0-1), the individual and overall drag
coefficients increase for the values of n and Re. With the decreas-
ing pseudo-plasticity (or with the increasing value of power-law
index) the value of C,, decreases for Re<5 (for Ri>0); whereas, for
Re>5 (for Ri>0), an opposite trend is observed in the values of C,,
with the increasing n. Similarly, for Re>5 (at Ri=0), C, increases
with the increasing n, but at Re=10 a mixed trend is observed with
having small differences in the drag values. Similar patterns are also
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Fig. 7. (a) Shows the comparison of present C,. and C, at n=0.6 with the results of circular cylinder [30] in the vertical configuration
(unfilled and filled symbols correspond to C,- and C,, respectively), (b) presents the comparison of present C, at n=1 with circular
[30] and square [13] cylinders in vertical and horizontal domains, respectively. Similarly, (c) shows the comparison of present Nu at
n=0.6 with the results of circular cylinder [30] in the vertical configuration, (d) presents the comparison of present Nu at n=1 with
circular [30] and square [13] cylinders in vertical and horizontal domains, respectively.
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seen for pressure drag and friction drag coefficients. Where, the value
of C,, decreases for Re<10 (at Ri=0) and for Re<10 (for Ri>0) as
the value of power-law index increases. Along the same line, the
value of C,, is found to increase with the power-law index for Re>
20 (at Ri=0). A crossover in the value of pressure drag occurs at
Ri=0 between Re=10 and 20; whereas, for Ri>0 (at Re=10) there
is seen to be a mixed trend of C,, with very small differences in
the values. In the same vein, the C, values subside for Re=1 (for
Ri>0) and for Re>10 (for Ri>0) C,, values increase when the values
of power-law index are incremented from 0.6-1. While at Re=5,
the value of C, is observed to decrease at Ri=0 and it increases
for Ri>0 with the increasing n with having small value differences.
Clearly, when the aiding buoyancy is increased from Ri=0-1, the
values of Cp Cpp and C,, are found to increase for all values of Re
and n considered [6,7]. These trends are also consistent as docu-
mented elsewhere [13] under the influence of cross-buoyancy in the
unconfined domain. Likewise, the contribution of the pressure drag to
the total drag is always greater than the friction drag (Fig. 6). Broadly,

N. Sharma et al.

as Ri increases, the thermal buoyancy increases and results in the
increase in the pressure gradient, which in turn increases the drag
coefficient. For non-Newtonian fluids, as the viscosity of the fluid
decreases, the shear forces between fluids and cylinder surfaces de-
crease, and also the velocity of the fluid increases, which will de-
crease the boundary layer and thus the pressure gradient is increased.
Therefore, the variation in drag coefficient is the combined effect of
friction on the surface of the cylinder and the pressure difference.

Further in this section, the relative changes in the values of C,; C,,
and C,, for the effects of aiding buoyancy are observed with respect
to Ri=0. The relative difference with Ri is found to be higher at higher
values of Re and/or lower values of n (or as the shear-thinning ten-
dency increases). Also, drag coefficients (C,; C,» and C,) show a
notable change in their values with the increasing value of Ri. For
instance, the maximum percentage changes are found about 161.3%,
42.6% and 51.6% (for Re=40, n=0.6 and Ri=1) for the values of
Cpi Cpp and Cp, respectively, for the whole range of physical param-
eters studied in this work.

(b)n=0.6,Re=1,Ri=0.5 (c)n=0.6, Re=1,Ri=1
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Fig. 8. Isotherm contours around the square cylinder at Re=1 for n=0.6-1 and Ri=0-1.
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To represent the estimate of aiding buoyancy and the cross-buoy-
ancy, a comparison of present drag results (around the long square
cylinder under the impact of aiding buoyancy in the vertical con-
figuration) is made with the results of Dhiman et al. [13] (around
the square cylinder under the effect of cross-buoyancy in the hori-
zontal configuration) and of Srinivas et al. [30] (around the circular
cylinder under the aiding buoyancy in the vertical configuration)
on equal side/diameter basis at different values of Re, Ri and n in
Figs. 7(a)-7(b). 1t is clear from Fig. 7(a) that for shear-thinning fluids
(n=0.6) the present friction drag, C, (unfilled square symbol) for
the square cylinder is less than that of the circular cylinder [30] (un-
filled circular symbol) for Ri=0 and 1; whereas, the present total
drag coefficient (filled square symbol) is always greater than that
of the circular one [30] (filled circular symbol) at different values
of Ri. Similarly, for the Newtonian case (n=1), the present C,, (filled
square symbol) for the square cylinder is found to be more than the
values of C,, for circular one [30] (filled circular symbol) for Ri=0
and 1 (Fig. 7(b)). This can be explained on the basis of the differ-

ence in the separation mechanisms for circular and square obsta-
cles. For instance, hydrodynamic instability is more intensified due
to sharp comers of a square cylinder as compared to a regular circular
cylinder. Also, a stronger buoyancy force is needed for suppression
in the case of a square cylinder. Alike, the present value of the total
drag coefficient (filled square symbol) under aiding buoyancy is
always greater than that of C,, in the cross-buoyancy [13] (filled dia-
mond symbol) for Ri=0 and 0.5 (Fig. 7(b)). This is because under
aiding buoyancy the inertial force is combined with the viscous force,
and hence, reduces the hydrodynamic instability.
3. Thermal Patterns

Isotherm contours are plotted for the extreme values of Re (1 and
40) in Figs. 8(a)-8(i) and 9(a)-9(i) at different values of Ri and n.
As the Reynolds number is increased the lateral width of the isotherm
contours (in the downstream) decreases for the fixed Ri and n. This
is because at lower values of Reynolds number the heat transfer is
predominantly through conduction, but as the Reynolds number
increases, convection starts playing a major role [6,12]. The clus-
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Fig. 10. Variation of the local Nusselt number on the four surfaces of 2-D square cylinder for Re=1, 20 and 40 at different values of n and Ri.

tering of isotherms around the long square obstacle is observed to
increase with Re for the constant values of Ri and n, and hence the
rate of heat transfer increases with the increase in Reynolds number.

Analogous to the isotherm behavior observed for the Reynolds
number, the lateral width of the contours also decreases with the
increasing aiding buoyancy (Ri). This causes a thinning of the ther-
mal boundary layer, which accentuates the increase in heat transfer
rate, keeping other parameters constant. Also, with the increasing
aiding buoyancy the clustering of the isothermal contours around the
cylinder surfaces increases and the buoyancy effects are observed
to be more prominent at higher values of Reynolds number and/or
with the decreasing value of power-law index.

In the same way, as the power-law index decreases (or shear-thin-
ning tendency increases) the lateral width of the isotherm contours
decreases, which leads to an increase in the heat transfer. There-
fore, as the shear-thinning tendency of fluid increases, the crowd-
ing of the isothermal contours on the upstream surface of the square
cylinder increases. The front surface of the square cylinder also has

May, 2014

more congestion of isotherms as compared to other surfaces of the
square cylinder. Therefore, the heat transfer rate from the front sur-
face of the square cylinder is the maximum and the lowest is from
the rear surface of the cylinder.
4. Local and Average Nusselt Numbers

Figs. 10(a)-10(i) show the variation of the local Nusselt number
on the four surfaces of the 2-D square cylinder at different values
of Re, n and Ri. The local Nusselt number (Nu,) is defined here as
—00/0n,, where Ois the dimensionless temperature and n, is the di-
rection normal to the square cylinder surfaces. The variation of the
local Nusselt number is found to be symmteric about the centerline
as the flow is steady for the range of settings studied. Similar to the
horizontal flow configuration, the highest heat transfer takes place
from the front surface (AD) of the square cylinder for the upward
flow; whereas, the lowest rate of heat is transferred from the rear
surface (BC) of the square cylinder and the intermediate from left/
right surface (AB/CD). Also, the sharpening of curves for the values
of local Nusselt number on the front surface of the square cylinder
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are observed with the increasing Re and decreasing n. As expected,
the local value of the Nusselt number increases with the increasing
value of Re for the constant values of Ri and n. Broadly, the rate of
heat tranfer increases with the aiding buoyancy, i.e., as Ri increases
the local Nusselt number increases from each surface of the square
cylinder. But, on the rear surface of the square cylinder for Re>1, a
mixed trend in the values of local Nusselt number is observed with
Ri. Also, the turning of isotherms towards the center of the rear sur-
face at Ri=0 can be seen with increasing Re [17]. This is because
two downstream symmetric wakes are formed at Ri=0; whereas,
with increasing Ri these wakes died out. The value of the local Nusselt
number increases with the decrease in the power-law index; there-
fore, as the shear-thinning tendency increases, the rate of heat transfer
increases.

Furthermore, the average Nusselt numbers on each surface of
the square cylinder are calculated at various values of Re, Ri and n.
Figs. 11(a)-11(d) and 12(a)-12(d) present the variation of the aver-
age Nusselt number on front, rear and two side surfaces of the 2-D
square cylinder with Re and Ri for n=0.6 and n=1, respectively.
Clearly, the average Nusselt number is the maximum for the front

30+

10 20 30 40
(b)

rear

surface and the lowest for the rear surface, while the intermediate
value of the average Nusselt number is found for left and right sur-
faces (or side surfaces) of the square cylinder. The average Nusselt
number on each surface of the square cylinder increases with the
increase in Re and/or Ri for all values of n considered. But, on the
rear surface, the average Nusselt number is higher at Ri=0 than the
corresponding average Nusselt number for n=0.6 (at Ri=0.5) and
for n=1 (at Ri>0) for Re=30 and 40 (Figs. 11(b) and 12(b)). This
is due to the two standing symmetric wakes behind the square cylin-
der for Ri=0, while no such wakes are observed for Ri>0. With the
decreasing value of power-law index, the average Nusselt number
increases on each surface of the square cylinder.

Further insights are provided by comparing the present Newto-
nian values of the average Nusselt number on each surface of the
square cylinder under the aiding buoyancy with the corresponding
available literature values in cross-buoyancy [13]. Figs. 12(a)-12(d)
illustrate that the average Nusselt number on all the surfaces (except
the rear surface) of the square cylinder is found to be more under
the aiding buoyancy than that of cross-buoyancy for the values avail-
able in the literature (Re=1-30 and Ri=0-0.5), as can be seen in Figs.

()

30-

20

154

Nuw

104

right

l{llll 2{'... 3{'... 20
Re

Fig. 11. (a)-(d) Variation of the average Nusselt number on each surface of the square cylinder for n=0.6 at different values of Re and Ri.
Filled symbols represent the forced convection fluid flow, while the the hollow symbols represent the buoyancy aided flow.
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Fig. 12. (a)«(d) Variation of the average Nusselt number (at n=1) on each surface of the square cylinder in horizontal [13] and vertical
(present) flow configurations. Identical symbols are used in Figs. (a) and (b).
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Fig. 13. Average cylinder Nusselt number against Reynolds number at different values of Ri and n.
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12(a), 12(c) and 12(d)). Whereas, on the rear surface (Fig. 12(b)),
the reciprocal effects are replicated. Particularly, this is due to the
different nature of flow strutures downstream of the square cylin-
der under the effects of aiding buoyancy and cross-buoyancy.

Figs. 13(a)-13(c) show that the average Nusselt number of the
square cylinder (Nu) increases with the increase in Reynolds num-
ber and/or Richardson number (or aiding buoyancy) for the range
of settings considered. Similarly, the average cylinder Nusselt num-
ber increases with the decreasing value of the power-law index (or
with the increasing shear-thinning behavior). The relative increase
in the value of the average cylinder Nusselt number (Nu) increases
with Re and/or Ri for the constant value of n. While, with the power-
law index, the relative corresponding change in the average cylin-
der Nusselt number increases at Re =1 (for Ri>0), and it decreases
with the increasing power-law index for Re>20 (at Ri=0.5) and for
Re>10 (at Ri=1) with respect to Ri=0. However, a mixed trend is
noticed for the remaining range of values considered; for instance,
at Re=5 the average Nusselt number first decreases from n=0.6-
0.8 and then it increases up to n=1 for the values of Ri (=0.5 and 1).
And, at Re=10 (for Ri=0.5) the opposite trend is observed, where
the relative change first increases and then decreases. The maximum
enhancement in the value of the average cylinder Nusselt number
(Nu) is about 20% for Re=40, n=0.6 and Ri=1 with respect to Ri=0.

Next, the comparison of the present average cylinder Nusselt num-
ber (Nu) for the aiding buoyancy around the square cylinder with
the literature values [13,30] for the cross-buoyancy around the square
cylinder [13] and for the aiding buoyancy around the circular cylinder
[30] is illustrated in Figs. 7(c)-7(d) at different values of Re, Ri and
n. From Fig. 7(c), it is clear that at n=0.6 the average cylinder Nusselt
number obtained for the fluid flow around the circular cylinder [30]
is more than that for the square cylinder (present aiding buoyancy
results) for Ri=0 and 1 at all values of Re. Along the same line, the
average cylinder Nusselt number for the Newtonian flow (n=1) around
the circular cylinder [30] is greater than that for the square cylinder
(present aiding buoyancy results) for Re=1-40, Ri=0 and 1 (Fig.
7(d)). Fig. 7(d) also includes the values of the average cylinder Nus-
selt number for the Newtonian flow around the square cylinder under
the impact of cross-buoyancy in the horizontal domain [13]. The
present value of the average cylinder Nusselt number under the aiding
buoyancy is always greater than that of the corresponding value of
the average cylinder Nusselt number in the cross-buoyancy [13]
for Ri=0 and 0.5 (Fig. 7(d)). While, the slight difference in the values
of the average cylinder Nusselt number at Ri=0 for the square cylin-
der in both horizontal and vertical domains is due to different domain
and grid sizes used [55].

Finally, to correlate the values of the average cylinder Nusselt
number (Nu) at various values of Re, Ri and n, the Colbum heat
transfer factor ‘j,” is calculated (Eq. (7)), which presumes the valid-
ity of Pr'"” assumption.

_ Nu
Re Pr

jh 1/3 (7)
Similar to the study of Dhiman et al. [17], the following simple cor-
relation is developed to correlate the present values of the Colbum
heat transfer factor at different values of Re, Ri and n:

4

j,=0.635Re “n”"" ®)

where the values of constant ‘a’ are 0.59, 0.57 and 0.543 for Ri=0,
0.5 and 1, respectively. The maximum relative percentage devia-
tion of the above correlation with the present computed results is
less than 3.4%, 5.0% and 4.9% for Ri=0, 0.5 and 1, respectively,
for all the values of Re and n encompassed here. But, the corre-
sponding maximum deviation for Re=1 could be up to about 17.5%
(at Ri=0); 19.5% (at Ri=0.5); 22.0% (at Ri=1) for n=0.6 because
of the highly non-linear behavior of the shear-thinning fluids, as
well as at low Re the heat transfer is mainly through conduction.

CONCLUSIONS

The combined free and forced convection of non-Newtonian power-
law fluid flow and heat transfer around the long heated square bar
(long in neutral direction) under the impact of aiding buoyancy are
investigated at low Reynolds numbers. Some of the major findings
are as follows:

o With the influence of aiding buoyancy, the drag coefficients
and the average cylinder Nusselt number are found to increase.

e Under the effect of aiding buoyancy, the total drag coefficient
is found to be more for the square cylinder than that of the circular
cylinder, whereas the average cylinder Nusselt number for the square
cylinder is found to be lower than the circular one on equal side/
diameter basis.

o If compared with cross-buoyancy, both the drag coefficient
and the average cylinder Nusselt number are always greater in aiding
buoyancy.

o The average Nusselt number on each surface of the square cylin-
der is greater in aiding buoyancy than that of cross-buoyancy, whereas
the opposite trend is found for the rear surface of the 2-D square
cylinder.

o Heat transfer correlation is obtained for the range of conditions
studied.

e Maximum enhancement in the value of the average cylinder
Nusselt number is approximately 20% with respect to Ri=0.

NOMENCLATURE

b :side of a square bluff body [m]

: constant pressure specific heat of the fluid [J/kg K]
Cpe : friction drag coefficient (=2F,,/pV_b)

C,» : pressure drag coefficient (=2F ,,/pV_b)

C, :total drag coefficient (=2FD/pV:b=CDF+CDP)

CV : control volume

F, :drag force per unit length of the cylinder [N/m]

: frictional force per unit length of the cylinder [N/m]

: pressure force per unit length of the cylinder [N/m]

: acceleration due to gravity [m/s’]

r : grashof number (=gB/(T,—T,)b’[o/m(V,/b)" ")

: local convective heat transfer coefficient [W/m?*-K]

: average convective heat transfer coefficient [W/m*-K]
: downstream distance [m]

: upstream distance [m]

: second invariant of the rate of strain tensor, (=L/(V./b)?)
: the Colburn heat transfer factor (Eq. (7))

: thermal conductivity of the fluid [W/m-K]

: width of computational domain in the x-direction [m]

-
o ©
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<
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L, :height of the computational domain in the y-direction [m]

m  :power-law consistency index [Pa s"]

n : power-law index [-]

n, :cylinder surface normal direction [-]

Nuy,.m : average Nusselt number on the bottom face of the horizon-
tal cylinder [-]

Nuy,,, : average Nusselt number on the front face of the cylinder
[-]

Nu,; : average Nusselt number on the left face of the vertical cyl-
inder [-]

Nu, :local Nusselt number (=hb/k=—(0&/0ny,))

Nu,,, : average Nusselt number on the rear face of the cylinder [-]

Nu,,,, : average Nusselt number on the right face of the vertical cyl-
inder [-]

Nu,, : average Nusselt number on the top face of the horizontal

cylinder [-]

: average cylinder Nusselt number (=hb/k)

- pressure (=p*/(pV>))

: Peclet number (RePr)

: Prandtl number (=(mc/k)(V./b)"")

: Reynolds number (=b"V_ " p/m)

: Richardson number (=Gr/Re?)

: time (=t'/(b/V.,))

: temperature [K]

: temperature of the fluid at the inlet [K]

: temperature of the surface of the square cylinder [K]

: component of velocity in the x-direction (=u’/V,,)

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

: uniform velocity of fluid at the inlet [m/s]

: transverse coordinate (=x'/b)

: streamwise coordinate (=y'/b)

BRIFT Z

e e e

*8

<o oL os
8

Greek Symbols

B, : coefficient of volumetric expansion [1/K]

0  :temperature (=(T—T)/(T,~T,))

6  :smallest cell size [-]

A :largest cell size [-]

£ : rate of deformation tensor, (=£*/(V./b))

n  :power-law viscosity, (=7/1,)

n, :reference viscosity, (=m(V./b)"") [Pas]

p  :density of the fluid at temperature T [kg/m’]
p, : density of the fluid at temperature T, [kg/m’]

T :extra stress components, (=7"/(7,V./b))
Subscripts
) : inlet condition

w : surface of the cylinder

Superscript
* : dimensional variable
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