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Non-Newtonian power-law flow across a confined triangular bluff body in a channel
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Abstract—Wall effects on the flow of incompressible non-Newtonian power-law fluids across an equilateral triangular
cylinder confined in a horizontal plane channel have been investigated for the range of conditions: Reynolds number,
Re=1-40, power-law index, n=0.4-1.8 (covering shear-thinning, Newtonian and shear-thickening behaviors) and block-
age ratio=0.125-0.5. Extensive numerical results on flow pattern, wake/recirculation length, individual and overall drag
coefficients, variation of pressure coefficient on the surface of the triangular cylinder and so forth are reported to elucidate
the combined effect of power-law index, blockage ratio and Reynolds number. The size of vortices decreases with an
increase in the value of the blockage ratio and/or power-law index. For a fixed value of the Reynolds number, individual
and overall drags decrease with decrease in power-law index and/or blockage ratio in steady confined flow regime.
Simple correlations of wake length and drag are also obtained for the range of settings considered.
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INTRODUCTION

Flow past bluff bodies has been investigated both numerically
and experimentally because of the large number of engineering appli-
cations such as electronic cooling, compact heat exchange systems,
offshore structures, flame stabilizers in combustion chambers, aero-
dynamic fields, flow meters and so forth. Additional applications
are found in polymer and food industries, and chemical and pro-
cess engineering applications often exhibit the class of structured
fluids which display shear-thinning and shear-thickening behaviors
under appropriate conditions [1]. Despite their wide occurrence,
more information is available on the flow of non-Newtonian power-
law fluids past a circular cylinder [2-16] and a square cylinder [17-
23] in both confined and unconfined configurations. While there
has been only one recent study documented on the flow of such
non-Newtonian fluids past a bluff body of triangular cross-section in
the unconfined domain [24], and no work is available on the power-
law fluids across a confined triangular cylinder in a channel. The
present work aims to fill this gap in the existing literature as the wall
effects play an important role on the flow and heat transfer charac-
teristics over a bluff body. However, it is useful to first briefly recount
the corresponding body of knowledge available for the flow of New-
tonian fluids over a triangular obstacle, as this facilitates the subse-
quent discussion for non-Newtonian fluids.

PREVIOUS WORK

In the literature, sufficient accounts of numerical studies of the
flow of Newtonian fluids over a triangular cylinder in confined con-
figuration are available in both steady and unsteady regimes. Abbassi
et al. [25] carried out the two-dimensional numerical investigations
to the mixed (free and forced) convection of air in a horizontal chan-
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nel with a built-in triangular prism for the fixed value of Re=100,
Pr=0.71 and 0<Gr<1.5x10". The effects of thermal buoyancy lead
to a slight increase in the frequency of the vortex shedding and the
Von Karman Street favors the formation of convective cells. Also,
the presence of the triangular prism leads to a significant increase
in the value of the time-averaged Nusselt number (more than 44%).
Subsequently, Abbassi et al. [26] carried out a 2-D numerical inves-
tigation of the forced convection in the horizontal channel with a
built-in triangular prism for the Reynolds number range Re=20-
250 and the Prandtl number of 0.71 for the fixed value of the blockage
ratio of 0.25. They observed the transition from symmetric to unsteady
periodic flow at Re=45, and for the symmetric flow (Re<45) the
presence of the triangular prism has a local weak effects on the heat
transfer and the flow pattern. But in periodic flow (Re>45) an aug-
mentation in the value of the space and time-averaged Nusselt num-
ber of 85% has been recorded at Re=250. De and Dalal [27] studied
the 2-D unsteady flow and heat transfer past an equilateral triangu-
lar cylinder placed in a horizontal channel for the range of condi-
tions as 80<Re<200 and blockage ratio 1/12<f<1/3. The St-Re
relationship has a flat maximum around Re=130 for <1/6; whereas,
it increases monotonically for #>1/6 with Re and for Re>130. They
also reported that the blockage ratio has negligible effect on the time-
averaged overall Nusselt number. Chattopadhyay [28] studied the
heat transfer in a channel in the presence of a triangular prism at
very high Reynolds number of 40000 for a fixed aspect ratio of chan-
nel to the prism element of 4. They showed that in the presence of a
triangular element, heat transfer in a channel is augmented by around
15%. Dhiman and Srikanth [29] studied the steady flow of Newto-
nian fhuid across an equilateral triangular cylinder placed in a horizon-
tal channel for Re=20 and 40 for a fixed blockage ratio of 0.25.
They reported that the total drag coefficient decreases with increas-
ing value of the Reynolds number; however, the wake length in-
creases with increasing value of Reynolds number. Farhadi et al.
[30] studied the effect of wall proximity of a triangular obstacle on
the unsteady fluid flow and heat transfer in a horizontal plane channel



34 A. K. Dhiman and S. Kumar

for Re=100, 250, 350 and 450 for a fixed value of the Prandtl number
of 0.71. By approaching triangular cylinder towards the wall, vortex
shedding suppresses and subsequently the heat transfer rate decreases
at low Reynolds number. However, the variation of vortex forma-
tion has a more significant suppression effect on the skin friction
coefficient than the Nusselt number. Subsequently, Srikanth et al.
[31] investigated the flow and heat transfer around a long conned
equilateral triangular cylinder for the Reynolds number range Re=
1-80 and Prandtl number of 0.71 for a fixed value of the blockage
ratio of 0.25. A critical value of the Reynolds number (i.e., transi-
tion to unsteady) has been observed between Re=58 and 59. The
total drag coefficient decreases with increasing value of the Rey-
nolds number. On the other hand, the wake length and the average
Nusselt number increase with increasing value of the Reynolds num-
ber. Recently, Ali et al. [32] did experimental investigations on the
forced convection heat transfer from the outer surface of horizontal
triangular cylinders in cross-flow of air at very large values of Re.
Four equilateral triangular cylinders were used with cross-section
side lengths of 0.03, 0.05, 0.08 and 0.12 m, corresponding to the
values of blockage ratio of 0.066, 0.11, 0.175 and 0.263, respec-
tively. The overall average Nusselt numbers were obtained for transi-
tion to turbulent regime. Empirical correlations were also obtained
for the overall average Nusselt number for the two positions of the
triangular cylinders.

On the other hand, for unconfined flow and heat transfer across
a triangular cylinder, sufficient information is now available in the
literature on the Newtonian fluid flow and heat transfer around a
long triangular cylinder in both steady and unsteady regimes (De
and Dalal [33]; Dalal et al. [34]; Dhiman [35], Dhiman and Shyam
[36], Zeitoun et al. [37] and Prhashanna et al. [24], for instance).
De and Dalal [33] carried out the 2-D numerical investigations of
the fluid flow across an equilateral triangular cylinder in the uncon-
fined space in the Reynolds number range 10<Re<250. They stud-
ied global modes in the wake flow, and the value of critical Reynolds
number for the triangular cylinder is reported to be 39.9. Subse-
quently, Dalal et al. [34] proposed a novel finite-volume formula-
tion for unsteady solutions on complex geometries. They presented
a computational study of 2-D laminar flow and heat transfer past a
triangular cylinder in free stream for Re range 10<Re<200 at Pr=
0.71. The time-averaged Nusselt number increases quasi-linearly
with increasing value of the Reynolds number. However, limited
information is available on the variation of the local Nusselt num-
ber, and no information in available on the temporal variation of
the Nusselt number with Reynolds number. Recently, Dhiman [35]
investigated the fluid flow and heat transfer over an equilateral trian-
gular cylinder in the steady unconfined cross-flow regime for the
range of conditions: Re=10, 25 and Pr=0.7. The individual and total
drag coefficients decrease with increasing value of the Reynolds
number. However, the average Nusselt number increases with in-
creasing value of the Reynolds number. Dhiman and Shyam [36]
studied the unsteady heat transfer from an equilateral triangular cylin-
der for the Reynolds numbers of 100 and 130 for the fixed value of
the Prandtl number of 0.7. The time-averaged Nusselt number in-
creases with increasing value of the Reynolds number. Zeitoun et
al. [37] did a 2-D numerical study around an equilateral triangular
cylinder of different side dimensions and configurations under lami-
nar conditions (Re<200). The critical Re for both vertex facing and
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base facing flows was reported as 38.03 and 34.7, respectively. Re-
cently, Prhashanna et al. [24] numerically investigated the 2-D lami-
nar flow of power-law fluids over an equilateral triangular cylinder
to elucidate the role of power-law index (0.2<n<1.8) on the critical
Re denoting the onset of flow separation and of vortex shedding.
The results are presented for both orientations (apex facing upstream
and downstream directions) by using Fluent. The detailed results
are presented for steady shear-thinning and Newtonian fluids for
the following range of conditions: 0.2<n<1, 1<Re<30 and 1<Pr<
100. The pressure and total drag coefficients decrease with Re, and
the Nusselt number increases with Pr and Re irrespective of power-
law index. The effect of power-law index gradually diminishes with
increasing Re.

From the above discussion, it can be summarized that flow and
heat transfer across the long triangular obstacle are usually studied
for Newtonian fluids (n=1) in both confined and unconfined domains
in both steady and unsteady regimes. Only Prhashanna et al. [24]
investigated the flow of power-law fluids across an equilateral trian-
gular obstacle in the unconfined domain. Wall effects on momen-
tum and heat transfer phenomena of a bluff body of triangular cross-
section are of particular relevance as discussed in the beginning,
and still no work is available on the flow of non-Newtonian power-
law fluids (n1) in a channel with a built-in triangular cylinder. Thus,
the aim of this study is to investigate the effect of wall proximity
on the flow of non-Newtonian power-law fluids across a triangular
cylinder placed in a 2-D horizontal plane channel. In particular, the
focus of this study is to understand flow structures, drag coefficient,
wake formation and recirculation length over an equilateral trian-
gular cylinder for power-law fluids at low Reynolds numbers. The
numerical results are presented for power-law fluids for Re=1-40
for the three values of blockage ratio of 0.125, 0.25, 0.5 at different
value of power-law index of 0.4, 0.6, 1, 1.4 and 1.8 (there by covering
shear-thinning (n<1), Newtonian (n=1) and shear-thickening (n>1)
behaviors).

PROBLEM STATEMENT AND MATHEMATICAL
FORMULATION

The 2-D flow of incompressible non-Newtonian power-law flu-
ids in a horizontal plane channel with an equilateral triangular cylin-
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Fig. 1. Schematic of the confined flow around a triangular obsta-
cle in a channel.
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der placed symmetrically on the centerline is considered, as shown
in Fig. 1. The equilateral triangular cylinder with side b (also the
non-dimensional length scale) is exposed to a fully developed veloc-
ity field with an average velocity of U,,, (also the non-dimensional
velocity scale) at the channel inlet. The non-dimensional upstream
distance between the inlet plane and the rear surface of the triangu-
lar cylinder is X,/b and the non-dimensional downstream distance
between the rear surface of the triangular cylinder and the exit plane
is X/b with the total non-dimensional length of the computational
domain is L/b in the axial direction. The non-dimensional vertical
distance between the upper and lower bounding walls is H/b in the
lateral direction. In this study, the blockage ratio (BR) is defined as
L=b/H.

The fully developed velocity profile for the laminar flow of power-
law fluids in a channel is given as [38]:

U, (y'5n) = U, [1-(1-28y)""""] (where 0<y<H/b and A=b/H)(1)

where U,,, is the maximum velocity, which is related to the average

velocity (U,,) as

2n+1
Une= (2, ®

The continuity and momentum equations for this flow system in
their compact form are written as follows:

Continuity equation: V-U=0 (€©))
. ou
Momentum equation: F +U-VU-f|-V.-0=0 4

where p, U, fand o are the density, velocity vector (u” and v* com-
ponents in Cartesian coordinates), body force, and the stress tensor,
respectively.

The stress tensor, sum of the isotropic pressure (p) and the devia-
toric stress tensor (7), is given as

o=—pl+7 ®)

For incompressible fluids, the extra stress tensor is related to the
rate of deformation tensor as

=2n¢ ©6)

where ¢, the component of the rate of stress tensor, is given by
1
e=3[(VU)+ VU)'] ™

For power-law fluids, the viscosity (7)) is defined as
(n=1)
k)’

= m(z)
where m is the power-law consistency index, n is the power-law
index of the fluid (n<1, n=1 and n>1 represent the shear-thinning,
Newtonian and shear-thickening fluids, respectively) and 1, is the
second invariant of the rate of strain tensor (&). The components of
the rate of strain tensor are related to the velocity components (u”
and v") and their derivatives, and are available in standard text books
[38].

The physically realistic boundary conditions for this flow sys-
tem may be written as follows:

where ,=2(¢: &) ®

¢ At the inlet boundary: The fully developed flow condition is
imposed as

u'=U,(y", n) and v'=0 ©)]

¢ On the surface of the triangular cylinder: The standard no-
slip condition is used,

u'=0and v'=0 (10)

* On the top and bottom wall boundaries: The stationary wall
no-slip flow condition is imposed,

u'=0 and v'=0 (11

* At the exit boundary: The default outflow boundary condi-
tion option in Fluent (a zero diffusion flux for all flow variables) is

used in this work (Srikanth et al. [31] and others). This is similar to
the homogeneous Neumann condition:

al=Oand6l=0 (12)
ox’ ox’

The above equations (Egs. (1)-(8)) along with the above noted
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Fig. 2. Non-uniform computational grid structures around a con-
fined triangular cylinder for the two extreme values of block-
age ratio: (a) £=0.125 and (b) 5=0.5.
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boundary conditions (Egs. (9)-(12)) are solved for the fluid flow
around a long equilateral triangular obstacle to obtain velocity and
pressure fields and so forth.

NUMERICAL METHODOLOGY

In this study, the grid structure is identical to that used recently
for the confined flow and heat transfer past a triangular cylinder in
a channel (Srikanth et al. [31]) and is generated by using Gambit.
Figs. 2(a), (b) present the grid structure for the two extreme values
of S of 0.125 and 0.5 used in this work. In brief, the grid structure
consists of both uniform and non-uniform grid distributions having
a fine grid in the region of larger gradients and coarse grid in the
region of smaller gradients. The computational grid consists of 94794
cells, and each side of the equilateral triangular cylinder has 100
grid points with a very fine grid size of 0.002b used near the triangu-
lar cylinder and near the top and bottom walls of the channel for
the blockage ratio of 0.25. The grid dependent study for the block-
age ratio of 0.25 is reported in Srikanth et al. [31]. The grids of cell
sizes of 104500 and 54600 are found to be adequate for the block-
age ratios of 0.125 and 0.5, respectively. The problem under consid-
eration is solved by using a commercial CFD solver Fluent (6.3).
The 2-D, steady/unsteady, laminar, segregated solver is employed
to solve the incompressible flow on the collocated grid arrangement.
The constant density and non-Newtonian power-law viscosity mod-
els are also used. In addition, the fully developed velocity profile at
the channel inlet is incorporated by using user-defined functions
available in Fluent. The SIMPLE (semi implicit method for pres-
sure linked equations) algorithm is applied to resolve the pressure-
velocity coupling in conjunction with an alterating direction implicit
(ADI) scheme for performing the time evolution. The second order
implicit time-integration method is used here and the dimensionless
time step is set to 0.01 as the smaller value of the time step did not
produce any significant change in the values of the physical param-
eters considered in this work. The second-order upwind scheme is
used to discretize convective terms, while diffusive and non-New-
tonian terms have been discretized using central difference scheme.
The resulting algebraic equations are solved by Gauss-Siedel itera-
tive scheme. The residuals of the continuity, x- and y-components
are used of the order of 107" in the steady state regime and of 10~
in the unsteady state regime. Based upon our earlier studies (Sri-
kanth et al. [31]; Dhiman and Shyam [39]) and based upon litera-
ture (Abbassi et al. [25,26]; De and Dalal [27]), the upstream and
downstream distances of 12b and 20b, respectively, are used in this
study. For instance, the effects of upstream distance on the values
of the physical parameters for the Newtonian fluids are reported
for X,=10b, 12b, 14b and 40b for the lowest value of the Reynolds
number of unity for £ of 0.25 in our recent study [31]. Similarly,
the effects of downstream distance are investigated for X ,~=18b,
20b and 22b for the value of the Reynolds number of 80 [31].

RESULTS AND DISCUSSION

In the present work, numerical computations are carried out for
Re=1, 5, 10, 20, 30, 40 and n=0.4, 0.6, 1, 1.4, 1.8 (shear-thinning,
Newtonian and shear-thickening behaviors) for three values of =
0.125, 0.25, 0.5 for the 2-D flow of an incompressible power-law

January, 2013

fluids in a horizontal plane channel with a long triangular cylinder
placed symmetrically on the centerline.

The numerical solution procedure used here has already been
benchmarked with the standard results for the Newtonian fluid flow
and heat transfer around a confined equilateral triangular cylinder in
a channel and is reported elsewhere [31]. However, for the unsteady
unconfined flow around an equilateral triangular cylinder, the vali-
dation of the flow and heat transfer results with literature values is
documented in Dhiman and Shyam [39]. An excellent agreement
is found between the present results and the literature values. Unfor-
tunately, there are no previous results available in the literature in
the case of confined flow of non-Newtonian power-law fluids around
a triangular cylinder under the range of conditions studied. The fol-
lowing subsections present the details on the flow patterns around
the long confined triangular obstacle, variation of wake/recirculation
length, individual and overall drags, the variation of pressure coef-
ficient and so forth.

1. Flow Patterns

Table 1 presents the nature of the flow as steady and/or (peri-
odic) unsteady flow regimes. For instance, shear-thickening fluids
(n>1) always display steady flow over the entire range of blockage
ratio and Reynolds number considered in this work; however, shear-
thinning fluids (n<1) show periodic unsteady behavior for the range
30<Re<40 and for Re=20 (at n=0.4) at different values of . The
flow is also found to be (periodic) unsteady at Re=40 for n=1 for
the fixed value of the blockage ratio of 0.125. The unsteady nature
is confirmed by carrying out the time dependent calculations in the
full computational domain. But the objective here is not to investi-
gate the transition from steady to unsteady regime.

The representative streamline contours are shown in Figs. 3-5(a)-
(1) in the vicinity of the long triangular cylinder for the values of

Table 1. Nature of flow patterns: steady and unsteady flow regimes

nﬁﬁtﬁ}‘ﬁe gﬁfﬁgﬁ n=1.8 n=14 n=1.0 n=0.6 n=0.4
Re=l  BR=0.125 S S S S S
BR=025 S S S S S
BR=0.5 S S S S S
Re=5 BR=0.125 S S S S S
BR=025 S S S S S
BR=0.5 S S S S S
Re=10 BR=0.125 S S S S S
BR=025 S S S S S
BR=0.5 S S S S S
Re=20 BR=0.125 S S S S S
BR=025 S S S S S
BR=0.5 S S S s Us
Re=30 BR=0.125 S S S US US
BR=025 S S S uUs Us
BR=0.5 S S S US US
Re=40 BR=0.125 S S US US US
BR=025 S S S US US
BR=0.5 S S S US US

where, S=steady state, US=unsteady state
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Fig. 3. Streamline contours for Re=1-40 at different values of £ for shear-thinning fluids (n=0.4).

-

-

2

(a) BR=0.125, n=1, Re=1

(d) BR=0.25, n=1, Re=1

(g) BR=0.5, n=1, Re=1

11 12 13 14 15

.- |(e) BR=0.25, n=1, Re=20/

11 12 13 14 15

_ [(h) BR=0.5, n=1, Re=20

- (e) BR=0.125, n=1, Re=40

« () BR=0.25, n=1, Re=40]

|
\|/
|

L 1 Fl

= e ——1 — 1 ==

) L = .' [ A (-

N NS ok

1 |I’.' 1I_\ ||4 1I5 i |.x ll.1 ||1 |Is BT ]Il |I.\ 1: :Is

(i) BR=0.5, n=1, Re=40

0 L L N I

Fig. 4. Streamline contours for Re=1-40 at different values of 5 for Newtonian fluids (n=1).

Korean J. Chem. Eng.(Vol. 30, No.

37

D



38 A. K. Dhiman and S. Kumar

;- (a) BR=0.125, n=1.8, Re=1

-

, (d) BR=0.25, n=1.8, Re=1|

. |(g) BR=0.5, n=1.8, Re=1

2 L L L L o

1 12 13 14 15 11 12

.
(b) BR=0.125, n=1.8, Re=20

st 3 b

A
A

" [(h) BR=0.5, n=1.8, Re=20

A
i
e
\|/

[ (i) BR=0.5, n=1.8, Re=40

2 L L 1 L o

Fig. 5. Streamline contours for Re=1-40 at different values of £ for shear-thickening fluids (n=1.8).

blockage ratio (£=0.125, 0.25 and 0.5) at different values of Rey-
nolds number (at Re=1, 20 and 40) for shear-thinning (n=0.4), New-
tonian (n=1) and shear-thickening (n=1.8) fluids, respectively, in
the confined cross-flow regime. For a fixed value of the Reynolds
number (i.e., at Re=1), no flow separation from the surface of the
triangular obstacle is observed for the values of blockage ratio (5=
0.125, 0.25 and 0.5) at different values of flow behavior index (n=
0.4, 1.0 and 1.8) as the viscous force dominates the flow here. In
other words, a creeping type flow is observed at Re=1 for the above
range of situations. As the Reynolds number is gradually increased
(1<Re<40), the flow separates at the trailing edge of the triangular
cylinder and forms two standing symmetric vortices behind the rear
side of the triangular cylinder (i.e., separated flow region). This is
because at high values of Re, the viscous characteristics are of little
relevance as the inertial forces outweigh the viscous forces. For a
fixed value of the Reynolds number, the size of the wake region
decreases with increase in blockage ratio (except Re=5 and 10 for
n=0.4) due to the highly non-linear nature of the viscosity of power-
law fluids at n=0.4. The wake region also decreases with increase
in power-law index for a fixed value of the Reynolds number for
£=0.25 and 0.5; however, an opposite behavior is observed for the
blockage ratio of 0.125 at different values of n (except Re=1 and
20). Qualitatively, similar dependence of the wake region on Re
and n has also been reported by Dhiman et al. [17] for the non-New-
tonian power-law fluid flow across a square obstacle in the uncon-
fined steady regime. It is also observed that Newtonian and shear-
thickening fluids show steady behavior with symmetric vortices
(except for Newtonian fluid at Re=40 for 5=0.125), but symmet-

January, 2013

ric behavior disappears and the flow becomes periodic unsteady in
the case of shear-thinning fluids (0.4<n<0.6) for the Reynolds num-
bers of 30 and 40 for the entire range of the values of blockage ratio
studied.

2. Variation of Recirculation Length

In this work, the wake/recirculation length is measured from the
rear surface of the triangular obstacle to the point of attachment for
the near closed streamline (i.e., #=0) on the axis of symmetry. The
location of the attachment point is determined computationally by
monitoring the streamwise velocity along the streamwise center-
line of the triangular cylinder and moving downstream until its sign
changes from negative to positive.

The variation of the nondimensional recirculation length (L,/b)
as a function of Reynolds number, power-law index and blockage
ratio is shown in Figs. 6(a)-(c). For the steady confined flow regime,
the recirculation length increases with increasing value of the Rey-
nolds number for a fixed value of the blockage ratio. This is because
at low values of Re, fluid elements are able to follow closely the
contour of the cylinder; whereas at high values of Re, there exists
separation of the flow from the cylinder. For a fixed value of the
Reynolds number, the wake length decreases with increase in block-
age ratio (except Re=5 and 10 for n=0.4) due to the highly non-
linear nature of the viscosity of power-law fluids at n=0.4. The size
of the wake length also decreases with increase in power-law index
for a fixed value of the Reynolds number for £=0.25 and 0.5; how-
ever, the opposite behavior is observed for the blockage ratio of 0.125
at different values of n (except Re=1 and 20). The reverse trend in
the variation of the wake length is a characteristic feature of the un-
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Fig. 6. Variation of wake length with Reynolds number, blockage
ratio and power-law index in the steady regime: (a) f=
0.125, (b) #=0.25 and (b) 5=0.5.

confined flow, irrespective of the power-law index. Broadly, the
wake length of Newtonian fluid (n=1) is found to be more than the
shear-thickening fluids (n>1), but less than the shear-thinning flu-
ids (n<1) for the values of blockage ratio of 0.25 and 0.5. While
the opposite trend of the recirculation length of Newtonian fluid is
observed for the blockage ratio of 0.125. Similar reliable results have
also been reported by Dhiman et al. [17] for the power-law fluids
in the unconfined region for the long square obstacle. Furthermore,
the following simple Newtonian correlation can be used for the cal-
culation of wake length for the intermediate values of Re and £

L,/b=A+B(#Re)*+C(ARe) (13)

The corresponding values of the fitted constants (A, B and C) along
with their maximum and average deviations are given in Table 2.
Fourteen data points are being used in developing the above corre-
lation.

3. Individual and Overall Drag Coefficients

It is well known that the total drag force exerted by the fluid on
any bluff body is made up of two components: viscous drag (Cp)
and pressure drag (C,,). The variations of individual and overall
drags (C,,, Cpr and C,) with Reynolds number at different values
of power-law index for the entire range of blockage ratio are shown
in Figs. 7(a)~(1) along with their zoomed views in the steady regime.
The drag (individual and total drag coefficients) strongly depends
upon Reynolds number, blockage ratio and power law-index. For
the fixed values of blockage ratio and power-law index, as expected,
the values of C,;, C,» and C,, decrease with increase in the Rey-
nolds number. However, for a fixed value of the Reynolds number,
Cpp, Cp-and C, decrease with decrease in power-law index and/or
blockage ratio in the steady confined flow regime. The influence
of the power-law rheology is found to be more prominent at high
values of blockage ratio (£=0.25 and 0.5, for instance). This is due
to the non-linear nature of the viscosity over the surface of the triangu-
lar cylinder and/or on the confining walls. On the other hand, in the
case of another sharp edge bluff body of square cross-section for
the flow of power-law fluids [17], similar behavior is reported for
the Re range 15<Re<45; however, the opposite behavior is observed
for the Reynolds number range Re<15. It has also been observed
that the pressure drag coefficient is always larger than the friction
drag coefficient for all the values of blockage ratio studied and the
corresponding power-law index for all the values of Reynolds num-
ber (except for n=1.8 (5<Re<40) and n=1.4 (Re=5) at 5=0.125).
The drag coefficient of Newtonian fluid is found to be larger than
the shear-thinning fluids (n<1) and smaller than the shear-thicken-
ing fluids (n>1).

We also observed that the flow becomes unsteady periodic for
shear-thinning behaviors even at low values of Reynolds number
(Re<40) at different values of blockage ratio (Table 1). In the unsteady
regime, the variation of the time-averaged values of the total drag
coefficient (C,) with Re (30<Re<40) for shear-thinning behaviors

Table 2. Correlation fitted constants (A, B and C) for determining L /b at various values of blockage ratio and Reynolds number

Blockage ratio, #  Reynolds number, Re A B C Average deviation (%)  Maximum deviation (%)
0.125 5<Re<30 0.1524  0.8662 —-0.05725 1.07 3.03
0.25 5<Re<40 02132  0.6838 —-0.2436 0.49 0.92
0.5 5<Re<40 0.2325 0.5750 -0.4113 0.19 0.32
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Fig. 7. Variation of (a)-(c) overall drag, (d)-(f) pressure drag and (g)-(i) friction drag coefficients at different values of Re, n and /.

Table 3. The time-averaged total drag coefficient (C,), rms val-
ues of drag (C,,,,,) and lift (C,,,,) coefficients and Strou-
hal number (St) with Re, n and S

n Re C, Coms St Come
0.5 04 20 62479 0.0010 04742  0.1054
30 61129 0.1919 04297 09116

40 7.1188 05697  0.4394  1.4249

0.6 30 66615 0.0027 04848 0.1389

40 6.1643 00111 04722  0.2788

025 04 30 29336 00219 02738 0.2189
40 40123 02680 03099 0.7253

0.6 30 32046 0.0015 02654 0.0887

40 32811  0.0488 0.2863 03646

0.125 04 30 23860 0.0058 02281 0.1131
40 34330 02020 02788  0.6065

0.6 30 26496 0.0013 02132 0.0784

40 29465 0.0506 02561 03491

1 40 3.0868 0.0026 0.0657 0.0923

odic) unsteady regime. However, for the blockage ratio of 0.5, the
time-averaged drag coefficient increases with Re for n=0.6 and the
mixed trend is observed for n=0.4. For a fixed value of the Rey-
nolds number, the time-averaged drag decreases with decrease in
blockage ratio and/or power-law index.

Similar to time-averaged drag, the time-averaged lift coefficient
is also calculated by averaging at least ten cycles beyond the time
the asymptotic shedding frequency of Kérman vortex is attained.
The time-averaged lift coefficient remains approximately zero (on
the order of about 107-107°) for 20<Re<40 and n<1 for the entire
range of blockage ratio studied here. The variation of the root mean
square (rms) values of the drag and lift coefficients and the Strou-
hal number with Reynolds number, power-law index and blockage
ratio is documented in Table 3. These rms values give a measure
of the amplitude of the unsteady cylinder wake oscillations.

The Strouhal number represents the frequency of the vortex shed-
ding in the unsteady periodic regime and defined here as St=fb/
U, The temporal variation of the lift coeficient is used to calcu-
late the frequency of the vortex shedding (f) by using fast Fourier
transformation. The value of the Strouhal number is obviously zero
in the steady flow with two symmetric wakes attached to the long
obstacle. The Strouhal number behaves in the similar fashion as

(n<1) at different values of £ as well as for Newtonian fluid (n=1
at £=0.125) is reported in Table 3. The time-averaged values of
the total drag coefficient decrease with increasing Reynolds num-
ber for the values of blockage ratio of 0.25 and 0.125 in the (peri-
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the time-averaged drag coefficient for the range of conditions: 20<
Re<40 and n<1 (Table 3).
The rms value of the lift coefficient increases with increasing value
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of the Reynolds number in the unsteady regime. For the fixed values
of the Reynolds number and the blockage ratio, the rms value of
the lift coefficient decreases with increasing power-law index. How-
ever, for the fixed values of the Reynolds number and the power-
law index, the rms value of the lift coefficient decreases with de-
creasing blockage ratio. Similar trends are also observed for the rms
value of the drag coefficient at different values of Re, fand n.
Furthermore, the total drag coefficient for the intermediate val-
ues of Reynolds number and blockage ratio can be calculated by

using following Egs. (14) and (15):
For =0.125,
C,=A+BRe‘ (14)
For £=0.25 and 0.5,
C,=A+B(fRe)+C(ARe) (15)
The corresponding values of the fitted constants (A, B and C) along

Table 4. Correlation fitted constants (A, B and C) for determining C,, at various values of blockage ratio and Reynolds number

Blockage ratio, #  Reynolds number, Re A B C Average deviation (%)  Maximum deviation (%)
0.125 1<Re<40 1.820 28.610  —-0.892 0.65 3.70
0.25 1<Re<40 2.624 1982 62.63 0.53 1.49
0.5 1<Re<40 4550 3426 70.62 1.28 2.83
R (a) p=0.25 @ B=05
o —5— n=0.4 tc
of gty

CI) F

B 0 T O O .

o

Fig. 8. Comparison of friction (a), (d), pressure (b), (¢) and total drag (c), (f) coefficients of triangular cylinder with circular cylinder [10]
for £=0.25 and 0.5. The dashed and solid lines are for circular cylinder (cc) and triangular cylinder (tc), respectively.
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with their maximum and average deviations are given in Table 4.
Seventeen data points are being used in developing the above Newto-
nian correlation.

Next, the comparison of present triangular cylinder results with
circular cylinder is presented in Figs. 8(a)-(f). Fig. 8 presents the
comparison of friction, pressure and total drag coefficients for the
cylinders of triangular and circular [10] cross-sections for the non-
Newtonian power-law fluids (n=0.6-1.8) for the values of block-
age ratio of 0.25 (Figs. 8(a)-(c)) and 0.5 (Figs. 8(d)~(f)) in the steady
regime. Bharti et al. [10] investigated the flow of power-law fluids
past a long circular cylinder for an extensive range of parameters
(Re=1-40, n=0.2-1.9 and £=0.25-0.91) in the steady regime. For
both the bluff bodies, similar trends of drag are observed at differ-
ent values of Re, £ and n. For instance, the individual and overall
drag coefficients decrease with increasing value of the Reynolds
number. However, the values of individual and overall drag coeffi-
cients for the triangular cylinder are found to be larger than that of
the circular cylinder as the triangular cylinder is more bluff body than
the circular one (Fig. 8).

4. Variation of Pressure Coefficient Around the Obstacle

The pressure coefficient (C,) is defined as the ratio of the static
pressure to the dynamic pressure. On the surface of the triangular
obstacle, it is computed by using the following Eq. (16):
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C,= P~ P- (16)
1 5

5 pU;o

where p, is the local pressure at a point on the surface of the cylinder
and p,, is the reference pressure.

Figs. 9(a)-(i) show the variation of the pressure coefficient along
the top (AB), bottom (CA) and rear (BC) surfaces of the triangular
cylinder (where the apex of the cylinder is facing the upstream di-
rection) in a channel for Re=1, 20 and 40 for the range of values
of fand n. The variation of the pressure coefficient is found to be
symmetric about the mid plane as the flow is steady in the steady
cross-flow regime. The flow is observed to be unsteady for shear-
thinning fluids (n=0.4) at Re=20, £=0.5 (Fig. 9(b)) and at Re=40,
£=0.125-0.5 (Fig. 9(c)). For the fixed values of Reynolds number
and power-law index, the pressure coefficient is seen to decrease
from its maximum value at the front stagnant point (a point where
the fluid velocity becomes zero) along the upper and lower surfaces
of the triangular cylinder; however, on the rear surface of the obsta-
cle (i.e., on BC), the pressure coefficient increases from its mini-
mum value from the upper separation point (B) and then decreases
to minimum value to the lower separation point (C). The pressure
coefficient decreases with increasing value of the Reynolds num-
ber for the blockage ratio of 0.125 for all the values of n studied;
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however, the pressure coefficient increases with increasing value
of the Reynolds number for the blockage ratios of 0.25 and 0.5. The
pressure coefficient has seen to be increased with decrease in block-
age ratio for all the values of n considered. For a fixed value of the
blockage ratio (=0.125 and 0.25), the pressure coefficient increases
with increasing value of the power-law index. However, for 5=0.5,
the pressure coefficient over the surfaces of the triangular cylinder
for shear-thinning fluids is observed to be higher than Newtonian
fluid and lower than shear-thickening fluids at Re=1; while in the
range of Re=20-40, the pressure coeficient of Newtonian fluid is
found to be higher than the shear-thinning fluids and lower than
that of the shear-thickening fluids.

CONCLUSIONS

The effect of blockage ratio (£=0.125, 0.25 and 0.5) on the flow
of non-Newtonian power-law fluids over a triangular cylinder conned
in a planar channel has been studied for the range of values as 0.4<
n<1.8 and 1<Re<40 in the 2-D laminar flow regime. Extensive
numerical results on flow patterns, wake length, individual and total
drag coefficients and the variation of pressure coefficient on the sur-
face of the long triangular cylinder are reported to elucidate the com-
bined effects of Re, n and £ The wake length of Newtonian fluid
(n=1) is found to be more than shear-thickening fluids (n>1) and
less than the shear-thinning fluids (n<1) for the blockage ratios of
0.25 and 0.5; whereas, for the blockage ratio of 0.125, the recircu-
lation length of Newtonian fluid is observed to be less than the shear-
thickening and shear-thinning fluids. For a fixed value of the Rey-
nolds number, individual and overall drags (C,, C,- and C,) de-
crease with decrease in power-law index and/or blockage ratio in
the steady flow regime. The pressure coefficient increases with in-
creasing value of the blockage ratio for all the values of power-law
index covered here. Finally, simple correlations of wake length and
drag are obtained for the above range of settings.

NOMENCLATURE
b :side of an equilateral triangular cylinder [m]
C, :total drag coefficient, C,= 21?”
pU..b
C, :time-averaged drag coefficient, dimensionless
C,r : friction component of drag coefficient, C,r= 2LZDF-
PUaDb
. 2F,»
Cpp :pressure component of drag coefficient, Cp,= 0
PY g
Cp,.s : rms value of the drag coefficient, dimensionless
C, :total lift coefficient, C,= ZITL
PUacb

C,,... :1ms value of the lift coefficient, dimensionless

C, :pressure coefficient, dimensionless

f : vortex shedding frequency [s™']

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

F,- :frictional component of the drag force per unit length of the
cylinder [N m™']

F,» : pressure component of the drag force per unit length of the
cylinder [N m™]

: lift force per unit length of the cylinder [N m™']

: height of the computational domain [m]

: second invariant of the rate of the strain tensor [s ]
: length of the computational domain [m]

: wake/recirculation length [m]

: power-law consistency index [Pa s

: power-law index, dimensionless

: pressure [Pa]

: free stream pressure [Pa]

&

T 55 -

el
S5

2-ny.n
: Reynolds number, Re= &r‘;&

7

9]
—

: Strouhal number, St= o
Ul

: time [s]

: component of the velocity in the x-direction, u=u’/U,

: average velocity at the channel inlet [ms™]

: maximum velocity at the channel inlet [ms™']

: fully developed velocity of the fluid [ms™]

: component of the velocity in the y-direction, v=v*/U,,,

: stream-wise coordinate, x=x"/b

: transverse coordinate, y=y'/b

: downstream distance of the cylinder [m]

: upstream distance of the cylinder [m]

vg

C -
e

C

><§?<'\<><<

<

Greek Symbols

: blockage ratio, BR (=b/H)

: viscosity of the fluid [Pa-s]

: density of the fluid [kg m™]

: component of the rate of strain tensor [s™']
: extra stress tensor [Pa]

: stream function [m® s™']

TRV OTV I

Superscript
* : dimensional variable
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