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The present work aims to numerically investigate the upward flow of air past an inclined
square cylinder with an incidence angle equal to 45° in the mixed convection regime at a
fixed Reynolds number Re = 100. The governing equations are modelled by considering
Boussinesq approximation. The critical Richardson number (Ric) for the suppression of
vortex shedding (VS) is determined. By observing the instantaneous streamline patterns
and the coefficient of lift plot with time near the critical value, it is found that VS
suppression occurs at Ric = 0.78. Also, the aerodynamic characteristics such as lift and drag
coefficient, the heat transfer characteristic, and the Strouhal number are studied by varying
Ri in the range of [0.2, 1]. The role of thermal buoyancy on the aerodynamic parameters
such as drag and lift coefficients, Nusselt number and Strouhal number are also studied in
the mixed convection regime. It is found that mean drag coefficient and Nusselt number
increases with the increase in Ri, and no lift is developed for any Ri, while the Strouhal
number increases with increase in Ri and vanishes at a critical Richardson number. Further,
the effect of thermal buoyancy on streamlines, isotherms and iso-vorticity contours are also

presented.

1. INTRODUCTION

The study of vortex shedding (VS) phenomena for the flow
over a bluff body (circular and square cylinder) have been a
topic of interest due to its application in cooling of electronic
devices, heat exchangers, mixing phenomena, design of bridge
and cooling towers [1-6]. The onset of VS occurs at some
critical Reynolds number, which depends on the geometry of
bluff bodies. This VS is sometimes desirable while its
suppression is necessary in other cases. VS is favorable in the
case of heat and mass transfer for better mixing, while its
suppression is needed where there is a chance of failure of
structures such as flow past a bridge, chimneys, tall buildings,
etc. Therefore, the control of VS past a cylinder is an important
aspect of research [7-13]. Several works are available related
to mixed convective flows past a square or circular cylinder
[14-16]. Sharma and Eswaran [17] studied numerically the VS
process for 2D flow past a heated square cylinder (0=0°, $=0°)
kept at constant temperature for Re=100, Pr=0.7, and found
that VS suppression occurs at Ri.=0.15. While the vortex
shedding phenomena were studied by Bhattacharyya and
Mabhapatra [18] for the cross-flow of air past a heated square
cylinder (¢=0°) at Re=100-1000. Employing Boussinesq
model, they found that no VS suppression occurs for any value
of Ri in the cross-flow configuration. They also studied the
variation of aerodynamic parameters with Ri. Hasan and Ali
[19] numerically determined the neutral curves, which
separates the steady flow from unsteady flow for square (¢=0°)
and circular cylinder in Ri-a plane at Re=60 and 100. Also, the
detailed explanation of VS suppression mechanism for low
heating was proposed. Recently, Hasan and Saeed [20] used a
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non-Boussinesq model to study numerically the flow of air
past a square cylinder (¢=0°) in forced convection regime.
They studied the combined influence of heating and free-
stream inclination at three different Reynolds numbers.
Chatterjee and Mondal [21] used CFD software FLUENT and
performed numerical simulations to study the influence of
aiding/opposing buoyancy on the upward flow past a
heated/cooled cylinder of square cross-section at Re = 50-150.
Two different blockage ratios are taken, one corresponding to
near un-confined configuration while others correspond to
channel confined configuration. They found that for both the
confined and unconfined cases the critical Ri increases with
Re, while there is increase in Ri. with decrease in blockage
ratio for all Reynolds number. Sahu et al. [22] numerically
studied the influence of Re and Pr on the heat transfer for the
cross-flow past an unconfined heated square cylinder for
Re=60-160, Pr=0.7-50, and ¢=0°. Using two different thermal
boundary conditions, namely constant wall temperature
condition, and constant heat flux condition, they calculated the
overall mean and surface averaged Nu. They found that the
overall mean Nu increases by increasing Re and Pr. Tanweer
et al. [23] numerically investigated the effect of Pr on the
mixed convective flow past a square cylinder in cross-flow
configuration. Reynolds and Richardson numbers are kept
fixed at Re=100, and Ri=1.0, while the Pr is varied in the range
[0.02, 100]. They showed that the mean coefficient of lift is
negative for low Pr, while it is positive at very high Pr.
Elsherbiny et al. [24] experimentally studied the effect of free
convection and angle of attack on the heat transfer for flow
past an isothermal square cylinder at Re varied from 48 to 670.

The literature survey shows that most of the studies on the
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flow past a cylinder of square cross-section in mixed
convection regime have been carried out for inclination, ¢ =
0°. Some of the works are available for the flow over an
unheated inclined square cylinder at low Re [25-27] While
very few works are available for forced and mixed convective
flows past an inclined square cylinder. Ranjan et al. [28]
performed numerical simulation for cross-flow to study the
flow of air past a heated inclined square cylinder in forced
convection regime. They studied the variation of Strouhal
number, aerodynamic forces, moment and Nusselt number
with cylinder inclination in the range, ¢=[0, 45°] at Re varying
in range, Re=[60, 150]. Dulhani et al. [29] performed
numerical experiments to study the cross-flow past a square
cylinder at incidence in mixed convection regime at Re=100.
They performed detailed study of the acrodynamics and heat
transfer parameters at Ri and ¢ in the range of [-1, 1] and [0,
45°], respectively. Kakade et al. [30] experimentally studied
the combined effects of square cylinder inclination and
buoyancy at fixed free-stream orientation (a = 0°) at Re = 56,
87 and 100. They found that with the increase in cylinder
inclination the critical Richardson number increases. Arif and
Hasan [31] studied vortex shedding suppression
characteristics for mixed convective flow past a square
cylinder in a large-scale heating regime. Employing non-
Boussinesq model by varying cylinder inclination and free-
stream inclination in the range [0, 45°], and [0, 90°]
respectively, they developed the neutral curves separating
steady and unsteady flow regimes.

Thus, from the above literature survey, it is found that the
study of vortex shedding suppression phenomena and the
aerodynamic and heat transfer study for the upward flow
(aiding buoyancy) past a square cylinder inclined at ¢=45° in
mixed convection regime (small-scale heating) is not yet
explored numerically. Thus, the present work aims to study the
effect of thermal buoyancy on the upward flow of air past a
cylinder of square cross-section inclined at an angle ¢p=45°.
The critical Ri for the suppression of VS is determined within
the framework of Boussinesq approximation. Also, the effect
of thermal buoyancy on the aerodynamics parameters and heat
transfer characteristics is studied by varying Ri in the range
0.2<Ri<1.0. Furthermore, the effect of thermal buoyancy on
the various flow patterns such as streamline, vorticity contours
and isotherms are presented. The various dimensionless flow
parameters are Re=100, Pr=0.71, 0=0°, $=45° and 0.2<Ri<1.0.

2. MATHEMATICAL MODELLING

The formulation of the governing equations is done by
considering the flows to be two-dimensional, unsteady,
laminar and incompressible. The variation of coefficient of
viscosity, thermal conductivity, and specific heat with
temperature are neglected, which means the constant
properties model is used. The density variation is neglected
everywhere, except when the density is coupled with body
forces such as gravity. This implies that the Boussinesq
approximation is made, i.e. density is approximated by a
relation p=p,[1-B(T-T,)], where B is thermal expansion
coefficient. The temperature difference between the free-
stream and the cylinder surface temperature is maintained
small for the justification of constant transport and the specific
heat properties consideration. The governing equations with
various non-dimensional parameters and boundary conditions
are described in the forthcoming subsection.
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2.1 Governing equations

In the present work, small-scale heating is considered,
hence Boussinesq approximation is used for formulation. The
continuity, X and Y components of momentum and energy
equations in dimensionless form are respectively expressed as;
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where, the dimensionless variables are given by,
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U, Tw and d is considered as free-stream velocity, free-
stream temperature and edge of the cylinder, respectively. The
cylinder surface temperature is denoted by Ty and is kept
slightly higher than T... The value of free-stream temperature
is taken as 300 K. The various dimensionless flow parameters
used are Reynolds number, Richardson number and Prandtl
number respectively defined as,

Re= U8 i 0BT, -T.)d
A%

0

and Pr =

Q<

g (6)

where, the symbol v, B and a represents fluids kinematic
viscosity, coefficient of thermal expansion and thermal
diffusivity respectively. The non-dimensional output
parameters which are used in the text are described below. The
lift and the drag coefficients are respectively given by,
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where, the lift and drag forces acting on the cylinder are
denoted by Fr. and Fp respectively.

The non-dimensional form of the heat transfer parameter is
Nusselt number, which gives the quantitative information of
the heat transfer from the surface of square cylinder to the
surrounding fluid. It is expressed by a relation,

Q
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The VS frequency in non-dimensional form is known as
Strouhal number. It gives the frequency at which the vortices
shed in the Von-Karman vortex street in the dimensionless
form. It is given by a relation,



)

where, f is the dimensional form of VS frequency.
2.2 Boundary conditions
In the present numerical simulations, the various boundary

conditions in non-dimensional form are described below:
Inlet:

U=0,v=1,06=0 (10)
Outlet: Outflow boundary condition i.e.
0w
— =0 11
3y (1D
where, ® =U, V and 6,
Cylinder surfaces:
U=0,v=0,06=1 (12)
Left and right artificial boundaries:
oV 00
— =0,U=0, — =0 1
oX oX (13)

The computational domain with physical description of the
flow problem is depicted in Figure 1. The distance between the
free slip boundary is computational length of the domain and
is taken as L = 80d. The total height of computation is H = H,
+ Hgq = 50d, the upstream height is H, = 10d while the
downstream height is Hq = 40d. It is justified to use this type
of computational domain as it is consistent with the
appropriate domain proposed by Sharma and Eswaran [32]
and Yang and Wu [33] for mixed convective unconfined
upward flow of air past a square cylinder at Re = 100.
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Figure 1. Schematic diagram of flow problem showing
computational domain
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3. COMPUTATIONAL DOMAIN
3.1 Numerical methods

The numerical simulations are performed by solving
governing equations (Eqns. (1) - (4)) and boundary conditions
(Eqns. (10) - (13)) using a finite volume method (FVM) solver
commonly known as ANSYS FLUENT 16.0 [34]. The
unstructured mesh with clustering of node point in the vicinity
of cylinder edge is generated using the ICEM-CFD package.
The mesh independence test is performed on three different
mesh sizes, and the comparison of the mean drag and mean Nu
is done between these meshes. It is found that the mesh
containing node points 18533, triangular elements 36588, and
minimum grid size 0.01 is the most appropriate mesh and
hence is used for all numerical computations. The unstructured
mesh with an enlarged view is shown in Figure 2.

The fractional step scheme is used for pressure-velocity
coupling and used to solve the continuity and momentum
equation and are described below:

The intermediate velocity u*
pressure term

is calculated by ignoring

u”-un
At

=-(u"-v)u" +vvaur

(14)

The final solution of the time step u™"!

u* is now can be written as

, intermediate velocity

u(n+1) = u* - EVp(nﬂ)

(15)
Rewriting the above equation in form of time step as
ud -y 1
- =-ZVph#
AL 5 P (16)

where, n and (n+1) denote the current and next time step of the
solution respectively.

By taking the divergence of continuity condition at (n+1)
time level V-u(™b =0 and applying the projector equation
(Eq. (14)), the following Poisson equation is obtained,

(17
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After solving the Poisson equation using the Gauss-Seidel
type algebraic multigrid method for pressure at (n+1) time step,
the velocity field can be updated by Eq. (14).

The discretization of convective terms in the momentum
and energy equations is done by QUICK (Quadratic Upstream
Interpolation for Convective Kinetics scheme) which is second
order central difference for a diffusive term, and third order
accurate in space and first order in time for a convective term.
For the spatial discretization, gradient terms are discretized
using least squares cell based, pressure by second order. For
time accuracy, a second order implicit scheme is used. The
Non-Iterative Time Advancement Scheme (NITA) is used as
a solution method. In the NITA scheme, the transient
simulation speeds up, as each set of the equation is solved
using inner iteration and only one outer iteration per time step.
The time-step size of 0.0005 is used for all computations, since
the smaller value of time-step do not produce any significant
changes in the various output parameters used in present work.



Figure 2. (a) Unstructured grid; (b) Enlarged view of the grid
3.2 Validation studies

In order to ensure the accuracy and reliability of the
numerical methods and various other numerical aspects, the
validation of the present numerical solver is done with the
work of Sohankar et al. [26]. For this, numerical simulation is
performed for the flow of air past an unheated square cylinder
inclined at an incidence angle of ¢ = 45°. Sohankar et al. [26]
define Re, Cp, C with respect to the cylinder projected width
dp, = d(cos¢ + sing) along the orientation of free-stream, while
the cylinder edge is used for the present work. Thus, the
Reynolds number (Re"), coefficient of lift (C."), and the
Strouhal number (St) used by them and in present work are
related by,

Re’ . (o

Re = (cos¢ +sing)  ° , St™ = St(cos¢ + sing)

~ (cos¢ +sing) (18)

Table 1. Validation of present results with Sohankar et al.
[26] at Re* = 100, Pr=0.71 and ¢ =45°

The comparison of the coefficient of drag and Strouhal
frequency is made with earlier reported work as shown in
Table 1, which shows a good agreement.

4. RESULTS AND DISCUSSIONS
4.1 Effect of thermal buoyancy in suppression of VS

For the upward flow of air past a circular or square cylinder
in the Reynolds number range varying from 50 to 150, the VS
phenomena occur and the downstream region is known as
Von-Karman vortex street [35]. Thermal buoyancy is one of
the active methods to suppress VS. As the heat to the cylinder
increases (i.e., increasing Ri), the thermal buoyancy increases
and at a certain critical heat input i.e. critical Richardson
number, the VS suppression occurs leading to the degeneration
of Von-Karman vortex street. The detailed mechanism of VS
suppression by buoyancy was given by Hasan and Ali [19]. To
determine the VS suppression phenomenon, a series of
numerical experiments are performed near critical Ri. In the
present work, the simulations are performed in the Ri varying
in the range of 0.2 < Ri < 1.0. The instantaneous streamline
patterns at Ri = 0.75, 0.76, 0.77 and 0.78 are shown in Figure
3, while the time histories of lift coefficients are shown in
Figure 4. From Figure 3 it is observed that the instantaneous
streamline patterns show VS at Ri =0.75, 0.76 and 0.77 while
at Ri = (.78, the VS is suppressed. In Figure 4 the amplitude
of coefficient of lift time series shows a non-zero equilibrium
value at Ri = 0.75, 0.76 and 0.77. While at Ri = 0.78, the
amplitude of the coefficient of lift time series decreases and
will attain a zero value in the limit of large times. This
confirms that the critical value of Ri for VS suppression is Ric
= (.78, when the flow variables are a. = 0°, ¢ = 45°, Re = 100,
and Pr = 0.71. Thus, it is found that the increase in thermal
buoyancy changes the flow from unsteady regime to steady

Source Co St regime, causing suppression in vortex shedding at a critical
Sohankar et al. [26] 1.721 0.179 value (Ri = 0.78)
Present 1.802 0.184 e
iF Ri=0.75 s Ri=0.76
sosl o
O i
-0.08 i I-i - y I; .-54 -0.08 !:-1 i I .-I:-i Li]
-_ Ri=0.77 20e- Ri=0.78
os | LIS

Figure 3. Instantaneous streamline patterns at Ri = 0.75, 0.76, 0.77 and 0.78
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Figure 7. Variation of Strouhal number with Richardson number
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4.2 Effect of thermal buoyancy in aerodynamic and heat
transfer parameters

The characteristics of aerodynamic parameters (lift and drag
coefficients) with Ri are also presented in the mixed
convection regime. The Richardson number is varied as 0.2 <
Ri < 1.0 with an interval of 0.2. The variations of C, and Cp

(b)

(©)

Figure 8. Different patterns at various Ri (a) Streamlines, (b) Isotherms, (c) Vorticity contours

with Ri are shown in Figure 5. It is found that the mean lift
coefficient has a nearly constant value close to zero at all
Richardson number. This is due to the fact that at cylinder
inclination ¢ = 45°, the mean flow passes symmetrically on
two equal halves of the cylinder. The mean coefficient of drag
increases with an increase in Ri. At high Richardson number,
the fluid accelerates to high velocities at the lower corner of



the cylinder, resulting in much lower pressure. The pressure
decreases significantly with an increase in Ri on the faces of a
square cylinder located in the downstream region. This results
in the increase of drag force and hence an increase in the mean
drag coefficient.

The heat transfer parameter is the Nusselt number (Nu),
which is an important parameter to study. It represents the
transfer of heat from the surface of the cylinder to the
surrounding fluids. The effect of thermal buoyancy on the Nu
is studied by performing numerical simulations at five
different Richardson number i.e. Ri=0.2,0.4,0.6, 0.8 and 1.0.
Figure 6 depicts the variation of mean Nu with Ri. It is found
that when the Richardson number is increased, the mean Nu
also increases. The pattern of mean Nusselt number and mean
coefficient of drag are similar. With an increase in Richardson
number, buoyancy increases and hence heat transfer rate from
the surface of the cylinder to surrounding fluids increases. This
results in an increase of mean Nu with the increase in
Richardson number.

The VS frequency in dimensionless form is called the
Strouhal number. It is an important parameter for unsteady
periodic flow. Figure 7 shows the variation of the Strouhal
number with the Richardson number. It is found that as
Richardson number is increased, Strouhal number increases
and ultimately it vanishes at Ri = 0.78 where VS is suppressed.
This is due to the fact that with an increase in Ri, the shear-
layer speeds-up resulting in an increase of circulation build up
rate of the vortices. Thus, the shedding frequency of the
vortices increases with the increase in Ri, and when the
buoyancy effect crosses the critical state, the suppression of
vortices occurs, which results in zero shedding frequency and
the unsteady flow becomes steady.

4.3 Effect of thermal buoyancy on flow patterns

The topology of a wake for the fluid flow past an inclined
square cylinder can be studied by various flow patterns such
as streamlines, isotherms, and vorticity contours. The
instantaneous streamlines, isotherms and vorticity contours
near the square cylinder at different Richardson numbers are
shown in Figure 7. The effect of thermal buoyancy is studied
for Ri varying as 0.2 < Ri < 1.0. As Richardson number
increases, the velocity of the fluid in the wake increases thus
weakening the shear layer and the roll-up process and hence
the vortex shedding is suppressed. As already discussed in the
preceding section, that suppression of vortex shedding occurs
at Ric = 0.78. It is found that when fluid flows past a square
cylinder inclined at an angle of 45°, the separation point is
fixed at the middle two corners of the cylinder. Thus, it seems
that the most dominating factor for vortex shedding
suppression is the acceleration of fluid velocity in the wake
due to thermal buoyancy. Figure 8 shows that two stationary
vortices are formed in the downstream region at Ri = 0.8 and
Ri = 1.0, where there is a suppression of VS. It is found that
there is a decrease in the size of downstream twin stationary
vortices with increasing Richardson number. This was also
mentioned by Sharma and Eswaran [2] for upward flow
around a square cylinder in mixed convection regime at ¢ = 0°,
Pr=0.71 and Re = 100.

5. CONCLUSIONS

The two-dimensional numerical investigations are done to
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study the influence of thermal buoyancy on the upward flow
of air past a square cylinder inclined at an angle of ¢= 45° for
a fixed Reynolds number (Re = 100). For this type of flows, a
vortex shedding phenomenon occurs in the absence of any
induced thermal buoyancy. The suppression of VS is done by
imposing thermal buoyancy through the Richardson number.
The critical Ri at which the VS is completely suppressed is
determined by performing a series of numerical simulations
near the bifurcation point. For the present flow conditions, it
is concluded that the V'S suppression occurs at Ric = 0.78. The
effect of thermal buoyancy on the aerodynamic parameters (C.
and Cp), heat transfer parameter (Nu) and Strouhal number
(St) are studied under the same flow conditions.

It is also concluded that the coefficient of drag increases
with an increase in Ri and no lift is developed for any Ri. The
Nusselt number increases with Ri. While there is an increase
in Strouhal number as Ri increases, till critical Ri, and then it
vanishes at Ri = 0.78. Further, the effect of thermal buoyancy
on various flow patterns such as streamline, iso-vorticity
contours and isotherms contours is studied. It is found that
there is a decrease in the size of downstream twin stationary
vortices with increasing Richardson number.
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NOMENCLATURE

Re Reynolds number

Pr Prandtl number

Ri Richardson number

St Strouhal number

Nu Nusselt number

f dimensional VS frequency
CL coefficient of lift

Co coefficient of drag
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Greek symbols

Q<m'@tﬁﬁ®-e-

Subscripts

° o s 8

lift force

drag force

total heat transfer rate per unit cylinder span
fluids thermal conductivity

square cylinder edge

free-stream velocity

dimensionless temperature

dimensional cartesian coordinates
non-dimensional cartesian coordinates
dimensional x and y components of velocity
dimensionless x and y components of
velocity

dimensional pressure

non-dimensional pressure

dimensional time

cylinder inclination
non-dimensional temperature
non-dimensional time
non-dimensional density of the fluid
fluid viscosity

volumetric expansion coefficient
heating level

fluids kinematic viscosity

thermal diffusivity of fluids

free-stream conditions
cylinder wall conditions
critical value

reference conditions





