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Nanofluid flow and heat transfer from heated square cylinder in the presence
of upstream rectangular cylinder under Couette-Poiseuille flow
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Abstract. A heated square cylinder (with height A*) is kept parallel to the cold wall at a fixed gap height 0.5A* from the wall. Another
adiabatic rectangular cylinder (of same height A* and width 0.5A*) is placed upstream in an inline tandem arrangement. The spacing
between the two cylinders is fixed at 3.0A*. The inlet flow is taken as Couette-Poiseuille flow based non-linear velocity profile. The
conventional fluid (also known as base fluid) is chosen as water (W) whereas the nanoparticle material is selected as Al,Os. Numerical
simulations are performed by using SIMPLE algorithm based Finite Volume approach with staggered grid arrangement. The dependencies
of hydrodynamic and heat transfer characteristics of the cylinder on non-dimensional parameters governing the nanofluids and the fluid
flow are explored here. A critical discussion is made on the mechanism of improvement/reduction (due to the presence of the upstream
cylinder) of heat transfer and drag coefficient, in comparison to those of an isolated cylinder. It is observed that the heat transfer increases
with the increase in the non-linearity in the incident velocity profile at the inlet. For the present range studied, particle concentration has a

negligible effect on heat transfer.
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1. Introduction

The study of fluid flow and heat transfer around
multiple bluff bodies has become a subject of considerable

importance in recent years (e.g., Alam et al. 2002, Kim et al.

2016, Maiti et al. 2016, Bhatt et al. 2018, Sharma et al.
2018, Zzafar and Alam 2018) because of its extensive
applications in various industrial fields, such as cooling of
glass, electronic equipment, drying of different materials
and so on. It is important to understand the flow and its
control over bluff bodies so that engineering design and
public comfort can be improved continuously (e.g., Alam et
al. 2003, 2006, 2010, 2018, Kim et al. 2018). Various
studies have been carried out numerically as well as
experimentally related to heat transfer characteristics of
flow past bluff bodies. When the flow passes over multiple
cylinders, a complex flow structure originates as a
consequence of the mutual interactions among them. The
wake structure forming behind the obstacles strongly
depends on the shape and arrangement of the bodies and on
the incoming flow. The flow becomes even more
complicated when the wakes are further influenced by heat
transfer and/or loading of nanoparticles in the base fluid.
Flow and heat transfer characteristics of a rectangular
cylinder exposed to a uniform flow with ground effect have
been studied by Shuja et al. (2001). Yang and Fu (2001)
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studied the unsteady heat transfer from a heated electronic
component subjected to a flow. Wang and Jaluria (2002)
found that the heat transfer rate from a heated block
increases with the height for fixed width, and decreases
with increasing the width when the height is fixed. Maiti
and Bhatt (2015) investigated the effect of pressure gradient
at the inlet and observed that the steady flow converts to a
periodic flow with the increase in the pressure gradient.

Devarakonda and Humphrey (1992) did an extensive
study of the unsteady flow past a pair of square cylinders in
tandem arrangement through an experimental-numerical
approach. They concluded that the presence of the eddy
promoter enhances the heat transfer from the downstream
cylinder. A similar study was done by Tatsutani et al. (1993)
for cylinder diameter ratio 2 (based on the upstream
cylinder diameter) in which the smaller cylinder was placed
at an optimal location, upstream of the large heated cylinder,
which resulted in a maximum heat transfer from the
downstream cylinder. Sohankar and Etminan (2009)
numerically studied the heat transfer from tandem square
cylinders and observed that the Nusselt number is larger for
the upstream cylinder. Etminan et al. (2011) numerically
studied the unconfined flow characteristics around the
tandem square cylinders in both steady and unsteady
laminar flow regimes at a fixed spacing, i.e., S = 5.
Chatterjee and Mondal (2012) reported the effect of the
spacing between the cylinders on heat transfer enhancement
at different Reynolds numbers.

It is equally important to note that the heat transfer can
be enhanced by the loading of nanoparticles in the base
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Fig. 1 Schematics of flow configuration (DSC referred to as the downstream square cylinder, and UREP as the upstream

rectangular eddy promoter)

fluid. It was Choi (1995) who first used nanoscale particle
suspensions (nanofluids) as an alternative heat transfer
medium due to its superior thermal properties, improved
stability, and homogeneity. The very small size of the
nanoparticles (1-100 nm) imparts some unique physical and
chemical properties to these nanofluids, as mentioned in the
studies of Lee et al. (1999) and Eastman et al. (2004).
Several numerical studies on convective laminar heat
transfer using nanofluids as working fluid are reported in
the literature. The fundamental studies on convective
transport of nanofluids are rapidly increasing for
engineering applications such as automotive sector, nuclear
reactors, cooling of electronics and X-rays (Nguyen et al.
2007, Escher et al. 2011, Ahmed et al. 2012, Sarkar et al.
2016).

Hwang et al. (2007) reported that the solution (water-
based Al,O3 nanofluids) is more stable than the base fluid.
Sarkar et al. (2013) presented the global stability of
nanofluids in a mixed convective flow at the onset of vortex
shedding. For the unconfined flow of nanofluids over a
square cylinder, Etminan et al. (2012) reported that there is
an optimum value of ¢ that results in the highest heat
transfer coefficient. Based on water-based nanofluids (using
Cu and Al,O3), Sarkar et al. (2012) studied heat transfer
characteristics past a circular cylinder in cross flow and
observed that the presence of nanoparticles imparts a
counterbalancing force to that of buoyancy force. For the
case of square cylinders, Sarkar et al. (2013) observed that
Cu-water and Al,O3; — water nanofluids show suppression of
vortex shedding at Richardson number Ri > 0.15. Vortex
shedding initiates and a completely new phenomenon
comes into being when ¢ is increased.

Valipour et al. (2011) indicated that, at a given Reynolds
number Re, local time-mean Nusselt number Nu were
enhanced by adding nanoparticles to the base fluid. Talebi
et al. (2010) found, that, for any given Re and Rayleigh

number Ra, heat transfer in the enclosure, filled with Cu-
water nanofluid with a moving top wall, increases with the
volumetric fraction of the copper nanoparticles in the water.

Rayleigh-Benard problem was examined by Haddad et
al. (2012) in which they observed that an enhancement in
heat transfer is more pronounced at low volume fraction of
nanoparticles under the effect of Brownian motion and
thermophoresis for Cu-water nanofluid. Sarkar and Ganguly
(2012) demonstrated the entropy generation due to laminar
mixed convection of water-based nanofluid (using Cu,
Al,O3) past a square cylinder in vertically upward flow with
the range of ¢ : 0—20%. Sharma et al. (2018) numerically
investigated the effect of concentration (¢), particle size
(dnp) and peclet number (Pe) on heat transfer from a long
heated square cylinder placed near a cold wall under the
incident of a Couette flow and observe that the Nusselt
number is an increasing function of ¢ and Pe while it
decreases with the increase of dp,.

From the above review, it is obvious that investigations
on heat transfer from a cylinder neighbored by another in a
flow with nanofluids are scarce. To the best of our
knowledge, not a single article is available based on heat
transfer around a square heated cylinder in the presence
of another upstream rectangular cylinder near a wall under
the incidentof nonlinear velocity profile utilizing
nanofluids. The objective of this work is to investigate the
role of the nondimensional pressure gradient (P) at the inlet
and of the nanofluid particle concentrations (¢)on the
hydrodynamic and heat transfer characteristics of the heated
cylinder. An effort is made to examine the mechanism of
improvement/reduction of drag coefficient of and heat
transfer from the heated cylinder in the presence of the
upstream cylinder. There are some experimental works on
heat transfer enhancement using nanofluids (e.g., Yang et al.
2005). Nonlinear velocity profiles are very common in
channel flow with different pressure gradients.
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2. Methodology

2.1 Problem formulation and governing equations

Fig. 1 shows the geometrical configuration along with
the boundary conditions. Two cylinders of same height A*
are placed parallel to the wall at a fixed gap height of 0.5A*
from the wall. The distance between the two cylinders is
fixed at 3A*. The cylinder at the downstream side (referred
to as DSC) is of square cross-section whereas the upstream
cylinder (referred to as UREP) is rectangular with its width
being half of the square cylinder. The upstream flow field is
taken as Couette-Poiseuille flow based non-linear velocity
profile u* = U + PU%(l - y—)

H*

2

H* dp* 1 d -

where P = (— p)z—HzRepif(——p) is the non-
2ufU dx* 2 Pf dx

dimensional pressure gradient, U is the velocity of the top
plane wall at a gap height 10A*, Re = % is the Reynolds

number, p, x4, and v, stand for density, absolute viscosity,
and kinematic viscosity, respectively. The subscript ‘nf” and
‘f” denote the nanofluid and base fluid respectively.

Detailed discussion on consideration of Couette-Poiseuille
flow can be found in a study of Maiti and Bhatt (2015). The
DSC is maintained at a constant temperature T,,, while the
UREP is considered as an adiabatic. The wall and ambient
stream are considered to be at Ty with Ty < T,,. Parameters
governing the fluid flow are P at the inlet and Re. The
flow is considered as two dimensional and laminar while
the fluid is taken as nanofluid.

To the best of authors’ knowledge, almost all the
available studies on nanofluid flow over
circular/triangular/square type bodies are based on a single-
phase modeling approach, and therefore it is adopted here.
The Navier-Stokes equations along with the energy
equation governing the nanofluid flow and heat transfer
characteristics are given by
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Here u and v denote the non-dimensional velocity vector
along the x- and y-direction, respectively, t is the time, and
o is the thermal diffusivity. The governing equations are
non-dimensionalised by A*, U and p,,-U?. Prandtl number
(Pr) and non-dimensional temperature (8) are respectively

- 9 —
defined as Pr = a—f and 9 = 1
f

Tw—To'

2.2 Nanofluid model

Density, effective viscosity, Specific heat, and thermal
conductivity of nanofluids are calculated from relations
available in Etminan et al. (2012). Nanofluid modeling,
temperature of the base fluid, mean nanoparticle diameter,
nanoparticle volume fraction, nanoparticle density, and base
fluid physical properties are considered here. The detailed
discussion on the calculation of the thermophysical
properties of nanofluids, like density, specific heat, thermal
conductivity and viscosity can be found in our previous
study (Sharma et al. 2018). Nanofluid is considered as
W — Al, 0. Parameters governing the nanofluid is particle
concentrations ().

2.3 Definitions of hydrodynamic and heat transfer
characteristics

The coefficients of the time-mean drag (Cp) and lift (C.)
on the cylinder are calculated from the following expression

Fp
Cp = Cpp + Cpgp = 05pUZA"
F (%)
L
A TR

where Cpp and Cpg, represent the time-mean drag
coefficients due to pressure and viscous forces, respectively;
similarly, C;,p and Cg, represent the lift coefficient due to
pressure and viscous forces, respectively, F, and F, are
the time-mean integrated drag and lift forces acting on the
cylinder, respectively.

The local Nusselt number (Nu), face-wise average
Nusselt number (Nug,, ), local time-averaged Nusselt
number (Nu), face-wise time-averaged Nusselt number
(N_um,g), and time- and surface-averaged Nusselt humber

(Nu,,) of the cylinder are defined, respectively, as

hA* 1 4" Nu
N”:E' Ny :;jo (Nu)dl along a face, Nu =

izt tNu(t) at each point on faces,

mavg=%f:*(m)dl along a face and Nuy =

1

ZZfaces Nuavg

where h and k, are convective heat transfer coefficient and
thermal conductivity of nanofluid, respectively.

2.5 Numerical method

The computational domain is divided into Cartesian
cells. The pressure correction based iterative algorithm
SIMPLE (Patanker 1980), based on the finite volume
method (FVM) with staggered grids, is applied here. A third
order accurate QUICK (Quadratic Upstream Interpolation
for Convective Kinematics, Leonard (1976)) is employed to
discretise the convective terms and central differencing for
diffusion terms. A fully implicit third order scheme is
incorporated to discretise the time derivatives. The pressure
link between continuity and momentum is accomplished by
transforming the continuity equation into a Poisson
equation for pressure. The Poisson equation implements a
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pressure correction for a divergent velocity field. A detailed
discussion of the numerical methodology (staggered grid,
FVM, QUICK and SIMPLE algorithms) used here has been
made in the previous study (Bhattacharyya and Maiti 2004).

2.6 Validation of numerical code

The numerical code is already validated for the case of
nanofluid modeling and single cylinder with Etminan et al.
(2012) and presented in Table — 1 of our previous study
(Sharma et al. (2018)). The numerical code for the cases of
heat transfer around two equal isothermal square cylinders
placed in a tandem arrangement is validated with Chaterjee
and Mondal (2012) and Sohankar et al. (2009) for different
values of Re and presented in Figs. 2 and 3. An excellent
match between the two results in time- and surface-mean
Nusselt number (Nu,,) as well as drag coefficient (Cp) for
both upstream and downstream cylinders are observed.
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Fig. 2 Validations of present time- and surface-averaged
Nusselt numbers with those of Chatterjee and Mondal
(2012) (C) and Sohankar et al. (2009) (S) forS=5
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Fig. 3 Validation of present time-mean drag coefficients
with those of Chatterjee and Mondal (2012) (C) and
Sohankar et al. (2009) (S) for S=5

3. Results and discussion

Numerical simulations are presently performed to
examine the effects of particle concentration ¢ and
pressure gradient P on hydrodynamic and heat transfer
characteristics of the nanofluids. The P is varied as
0 <P <5 while ¢ is considered upto 5% (Sharma et al.
2018). The diameter of the nanoparticle d,, is fixed at 50
nm. The Re is kept constant at 250, and the value of Pr is
taken as 6.14 for W-Al,O3 nanofluid. It may be noted that,
due to variation in ¢, only physical properties of nanofluid
(vap and a,y) are changed, which are reflected in Egs. (2)
-(4).

To investigate the effect of nonlinearity of the inlet flow
on the flow field, the instantaneous vorticity lines for W-
Al,O3 nanofluid are shown in Fig. 4 (left side) at ¢ = 3%.
As seen, the flow is completely steady up to P = 4, and no
vortex shedding takes place behind the cylinder. Up to P =
3, the upper shear layer issuing from the UREP merges with
its DSC counterpart and emerges horizontally in the
streamwise direction, while the lower shear layer of the
UREP reattaches with the front face of the DSC. At P = 3
and 4, the steady gap reattachment of the shear layers is
found. Unsteadiness is generated in the flow at P = 5.
Clearly, the upstream cylinder sheds vortices alternatively,
and the shed negative vortices (black color) roll over the top
of the downstream cylinder while the positive vortices
impinge on the front face of DSC and then pass through the
gap between the wall and the bottom face of the DSC.
Therefore, the nanofluid flow over the downstream cylinder
can be made unsteady by increasing P at a lower Re at
which the isolated square cylinder flow was reported to be
steady.

As both vorticity and thermal energy are being
transported by the flow in the wake, contours of
temperature are equivalent to those of vorticity. As can be
seen from Fig. 4 (right side), the insulation layer (thermal
boundary layer) around the cylinder surfaces, especially at
the front, lower and upper surfaces, decreases with the
increase of P. This is due to the fact that the incident
velocity on the cylinder becomes stronger at a higher P. It is
worth noting that the crowding of isotherms in the
recirculation region (behind the rear face) increases with P,
causing a noticeable change in the isotherm pattern.
Therefore, by generating unsteadiness in the flow by
increasing P, the heat transfer from the rear face of DSC is
expected to improve. B

Fig. 5 shows the time-averaged surface pressure Cp
distributions along the DSC's bottom face and the plane
wall (see Fig. 5(a)) and time-averaged streamwise velocity
() profile along y (see Fig. 5(b)) at the exit position of the
gap flow between the DSC's bottom face and the plane wall.

As can be seen, the pressure difference between the
bottom face and the plane wall is almost zero at P =0 and 3
in the core of the gap region. As a result, the gap flow
becomes unidirectional, and the core flow looks like a
channel flow, owing to the fact that the interaction between
shear layers of the cylinder get lost. Therefore, the vortex
shedding is completely suppressed at P = 0 and 3. On the
other hand, at P = 5, the pressure on the bottom face is less
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Fig. 5 (a) Surface pressure distribution (Cp) along the plane wall (dashed line) and along the lower face of the downstream
cylinder at ¢ = 3% and (b) Time-mean streamwise velocity distributions along the y-direction at x = 1 between the DSC

lower face and the plane wall for ¢ =3%

than that on the wall. As a result, the interaction of DSC
shear layers takes place in the wake, leading to the vortex
shedding. It is evident from the Fig. 5(b) that the velocity
profiles overshoot, and the gap flow (which plays a major
role in the vortex shedding behind the cylinder) becomes
stronger with the increase of P. Also, the position at which
the maximum velocity occurs shifts closer to the wall at the
highest value of P = 5. This confirms the existence of
unsteadiness in the flow of DSC (Maiti 2012).

Unsteadiness in the wake of the DSC at P =5 is
reconfirmed with the help of phase (u vs v at a point 34"
distance from the rear face of the DSC) diagram in Fig. 6.
As seen in Fig. 6, a limit cycle exists at both ¢ =0 and
5% with P =5, indicating the existence of periodic flow
with a single, sharp peak in the spectra of fluctuating lift
coefficient of the DSC (Fig. 6(b)). It is clear that
concentration ¢ has a very negligible influence on the
hydrodynamic characteristics in the considered range of ¢
here.
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The effect of nonlinearity (P) on the wall vorticity
generated at the surfaces of the DSC is exemplified in Fig. 7
for @ = 3%. All the curves are qualitatively similar to each
other. Overall, the sharpest variation in the wall vorticity
can be seen at the front-top corner, pointing to a large
variation in the wvelocity. The global minimum and
maximum of w register at points 1 and 0, respectively. The
front stagnation point is largely affected by the variation of
P. The curve for P = 5 distinctly appears in the figure. As
seen, the magnitude of w is directly proportional to P since
the increase of P is equivalent to increase the intensity of
the incidence velocity under the present flow condition.

Fig. 8 plots the time-averaged local Nusselt number
(Nu) distributions around the DSC surfaces for P =
0,1,3 &5 at a fix ¢ = 3%. As seen from Fig. 8, Nu attains
a local maximum at all of the four corners, having a global
maximum at the front top corner (point 1 in Fig. 8), because
of the steepest temperature gradient. Apparently, Nu at
each point on the surface of the downstream cylinder is
proportional to P. As a result, the total heat transfer from
the cylinder is expected to be large as long as P is high .
The front face (0-1 in Fig. 8) shows higher heat transfer
among all other faces since the incoming cold fluid first
contacts the outgoing hot fluid surrounding the hot cylinder.
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Table 1 Propose dependency of Nu,, on ¢ and P in the functional form Nu,, = Nu,(P) and on Nuy = Nuy (@)

ol Nuy = Nuy(P) Pl Nuy = Nuy(9)
0.0 4,2000925P°~0.0807P?+0.3606P 0 —0.04504¢ 72 + 0.1624¢ + 0.03635¢ /2 + 4.221
(0.01482, 0.9994) (0.001567, 0.9857)
0.03 4.492¢0.00924P°~0.08086P*+0.3605P 3 (—0.01181¢3 — 0.4130¢2 + 4.408¢ + 60.65) /2
(0.01549,0.9995) (0.005776,0.9821)
0.05 4.582¢0-009414P°~0.08143P+0.3581P > —0.01283¢ 2 + 0.4462¢ + 0.04072¢ /2 + 10.784
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Fig. 11 Ratio of time-average mean Nusselt number to drag coefficient at different P and ¢ at Re = 250

The time-averaged drag coefficient as a function of ¢ is
presented in Fig. 9 at different P. It can be easily noticeable
that the time-mean drag coefficient Cp increases with
increasing P but it is very weakly dependent on the
nanoparticle concentration ¢. It may be noted that the
increase of Reynolds number is mechanically similar to the
. . dp 1\2 (1 -
increase of P since s 2p (Z) (E) and is fixed.

Therefore the change in P will have much effect on the
flow field, consequently on the hydrodynamic
characteristics. Nominal increase in Cp, dueto ¢ is due to
the fact that nanofluid viscosity increases with ¢ .
Comparing the value of isolated square cylinder at
respective P value, it is seen that the drag coefficient of
the DSC declines due to sheltering effect by the UREP. The
reduction is found more as long as P is high.

The effect of P on the time- and surface-averaged
Nusselt number (Nu,,) with different ¢ is presented in Fig.
10. As can be observed in Fig. 10, Nu,, increases with
increasing P and ¢ but the effect of non-linearity of incident
velocity P is more pronounced than that of ¢. The
concentration influence on heat transfer is slightly more
prominent at higher P. It is evident from Fig. 10 that Nu,,
of the DSC decreases at all P. This is physically realistic,
because the Nu values at the front face that is the major
contributing face to the total Nu,, is drastically reduced by
the UREP (ref. Fig. 8). At a lower P, the exchange of
ambient cold fluid and hot fluid near to the front face of the

DSC is found to be minimum, and with the increase of P,
this exchange of fluids increases due to oscillatory
behaviour of the shear layers of the UREP, indicating
recovery of Nu from the front face (ref. Fig. 4).
Consequently the difference in Nu,, between the isolated
and tandem cases decreases with the increase in P.

The ratio is presented in Fig. 11. It is observed

D
from Figs. 9 and 10 that the heat transfer from the DSC is
reduced by the UREP, while increasing with P and ¢. At
the same time, the drag coefficient of the DSC also reduces
because of the sheltering effect by the UREP, while it

increases with P and ¢. Now, it is evident from Fig. 11
that their ratio NCT'L—M increases nominally with ¢, however,
D
decreases with P. The curve for P = 0 distinctly appears
at the top, indicating that consideration of linear velocity
profile at the inlet is beneficial in terms of heat transfer
enhancement together with minimum drag coefficient from
the DSC. It may be noted that the ratio is larger for
nanofluid than for the clear fluid at all P, remarkably at
WM -
— is

Nupy
c

lower P. At a particular ¢, a drastic jump in

D
observed when the incident velocity is changed from linear

. . N R
to first non-linear form. The % is greater for tandem case
D

than for single cylinder, and the difference in N_C“—M between
D

the two cases is large at a lower P, remarkable at P = 0.
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Fig. 12 Validation of proposed relations for (a) Nu, = Nuy, (4) and (b) Nu, = Nuy, (P) (as noted in Table 1) with

that of original computed data

Table 1 shows the proposed relationship of Nu,, on P and
¢ in the functional forms Nu, = Nu, (P) and Nuy =
Nuy, (@), respectively. These relations are fitted using the
least square method based on the computed values for range
of ¢ : 0-5% and P : 0 - 5. Numerical values written in
bracket against each relation are the residual sum of squares
(RSS) and coefficient of determination (R?). An R? of 0.99
means that it is 99% predictable. A small RSS indicates a
tight fit of the model of the data. As can be seen from the
table, all the values of R? lies in (0.9821, 0.9995) implies
that the relations are best fitted.

In order to validate these relations, Fig. 12 is presented
to compare the original computed values with the values
obtained by proposed relations. It is evident from the figure
that all the fitted values are well correlated with the original
computed values and hence, one can predict the Nu,, at
different P and ¢ (within the considered range of P and
@) using these proposed relations.

4. Conclusions

The present study deals with the numerical investigation
of nanofluid flow around a heated square cylinder in the
presence of upstream rectangular cylinder placed at a gap
height of 0.5A" from the wall under the incidence of
Couette- Poiseuille flow. The effects of pressure gradient P
and nanoparticle concentration ¢ on the flow field and heat
transfer characteristics are investigated. The numerically
simulated results lead to the following conclusions.

e The shear layers issuing from the upstream cylinder
merge with the shear layers of the downstream cylinder
and form a steady closed circulation region between the
cylinders at a lower P. At a higher P, the above
recirculation region is opened and unsteadiness comes
into being in the flow of the downstream cylinder at a
lower Re at which isolated square cylinder reported to
be steady.

e The heat exchange between ambient cold fluid and hot
fluid near to the front face of the heated cylinder
enhances with increasing P, as does the crowding of
isotherms near the rear face of the downstream cylinder.

e The time- and surface-averaged heat transfer (Nu,,)
and drag coefficient (Cp) of the downstream cylinder
are suppressed from those of an isolated situation due
to the tandem effect. They however increase with

. - - . N .
increasing P and ¢ . Their ratio % increases
D

nominally with ¢, but decreases with the increase of
P. A drastic jump in Mu s observed when P is

changed from 0 to 1. The value of N_;—M is large for the

D

tandem case than for the isolated case.
e The functional forms of Nuy = Nuy(P) and
Nuy, = Nuy (@) are proposed by the least square

curve fitting method.
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