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Mesoscopic numerical simulations have been carried out to learn about the flow and heat transfer char-
acteristics of a 2-D permeable triangular cylinder, aligned at two different orientations under the influ-
ence of aiding buoyancy. Objective of this study is to investigate the effects of Darcy number and
forebody shape on the hydrodynamic and thermal behaviour of the porous cylinder, under forced convec-
tion (i:e: Ri ¼ 0) and aiding buoyancy conditions (Ri = 0.5 and 1) for a Prandtl number value of 0.71 (air).
The ranges of Reynolds number (Re) and Darcy number (Da) considered in this study are 1 6 Re 6 40 and
10�6 6 Da 6 10�2, respectively. Lattice Boltzmann method with two distribution functions is employed
to perform the numerical experiments. Alongwith BGK collision operator, a body force term with viscous
and inertial effects of the porous medium is employed at the porous zone. Detailed results are exhibited
in the form of wake length, drag coefficient, streamlines, isotherm contours, heat transfer enhancement
ratio and mean Nusselt number. Furthermore, a comparative investigation of drag coefficient and mean
Nusselt number of permeable triangular cylinder (apex and side facing flow) with that of the square
cylinder is carried out at Da ¼ 10�6 for different buoyancy levels. Under aiding buoyancy condition
(i:e: Ri > 0), the side facing triangular cylinder experiences less drag force than the apex facing for all val-
ues of Da. A significant thermal dissipation is observed for increasing values of non-dimensional perme-
ability (or Da) and Richardson number. Furthermore, simple expressions for mean Nusselt number, valid
for the range of parameters embraced in the present study, are also provided. The appropriate selection of
non-dimensional permeability under different buoyancy conditions is important while applying porous
media modeling technique in diverse fields of engineering.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal incentives, motivated by material and energy saving
deliberations, have led to efforts to look for different working flu-
ids, utilisation of higher surface area and various configurations
of elements in a system. The usage of working fluids, such as nano-
fluid and non-Newtonian fluid, have limitations in application
inspite of their proven capability in improving heat transfer perfor-
mance. The same or better augmentation in thermal behaviour of a
system can be realised by choosing different fore-body and after-
body shapes and orientations. For instance, considering the shape
of body, convection heat dissipation of circular, diamond and trian-
gular shaped bodies is more than that of the square-shaped [1].
Therefore, the intrinsic features, configuration of the body are con-
sidered to be important while modeling the problem in hand. Apart
from modifying the shape of body, increasing its surface area aids
improved fluid contact, resulting in effective transport of heat. As
an illustration, pin fin arrangement is fitted on electronic chips in
order to improve thermal characteristics. Such an arrangement of
extended portions can be easily modeled by considering it as a por-
ous body. Furthermore, it is evident from literature [2–4] that the
configuration, porosity and permeability of porous body can be
altered for the purpose of reaching higher heat performances. A
working fluid with rich thermo-physical property shall addition-
ally aid the thermal behaviour from this point. In conclusion, the
knowledge of flow and heat transfer from porous bluff bodies with
different cross-sections shall assist fellow scholars and engineers
while using the porous media approach for seeking solution to
real-time engineering problems.

Bao et al. [5] studied numerically the flow around an equilateral
cylinder, at different angles (a) of flow, using a two-step Taylor-
characteristic-based Galerkin method. It is seen that the triangular
cylinder at a ¼ 60� (apex facing flow) experiences a lower drag
force than the cylinder at a ¼ 0� (side facing flow). De and Dalal
[6] analysed the flow pattern across a triangular cylinder with apex



Nomenclature

Notations
AB & AC front slant edges of apex facing cylinder
C1 & C2 binary constants
cF non-dimensional Forchheimer term
D characteristic height of the cylinder, [m]
dp particle diameter, [m]
Fb Boussinesq force term, [N]
~f i particle density distribution function opposite to the

direction i
F body force due to the presence of the porous medium
Fr resultant force acting on the cylinder, [N]
g gravitational acceleration, [m s�2]
gi temperature distribution function in direction i
G body force due to gravity, [N]
K permeability of the material, [m2]
LU upstream length
N number of lattices on the cylinder
p dimensionless pressure, p�

qv21
PQ & PR rear slant edges of side facing cylinder
Re Reynolds number, u1D

m
Ri Richardson number, gbDhDv2

0u non-dimensional x-component velocity, [m s�1]
V auxiliary velocity, [m s�1]
x; y horizontal & vertical coordinates
BC rear flat edge of apex facing cylinder
CD coefficient of drag, FD

0:5qv2
0cs speed of the sound [m s�1]

Da Darcy number, K
D2

ei discrete lattice velocity in direction i; DxiDt
f i particle density distribution function in direction i
f eqi equilibrium distribution function of density in direction

i
Fi total force term due to porous medium, [N]
Fy drag force, [N]
geqi equilibrium distribution function of temperature in

direction i
~gi temperature distribution function opposite to the direc-

tion i

Gr Grashof number, gbDhD
3

m
LD downstream length
Ma Mach number, u

cs
Nu local Nusselt number, @h

@n
Pr Prandtl number, ma
QR front flat edge of side facing cylinder
Rk thermal conductivity ratio, kek
T dimensional temperature, [�C]
v non-dimensional y-component velocity, [m s�1]
wi weighing factor in direction i

Greek symbols
q fluid density, [kg m�3]
s0 dimensionless relaxation time for temperature
Dt time step, [s]
h dimensionless temperature, T�T1

Tw�T1
a thermal diffusivity, [m2 s�1]
b thermal expansion coefficient, [�C�1]
K viscosity ratio, le

l
s dimensionless relaxation time for density
Dx lattice space
m fluid kinematic viscosity, [m2s�1]
/ porosity
st non-dimensional time, tv1

D
l fluid dynamic viscosity, [N s m�2]

Subscripts
1 far field value
M mean value
w wall
o inlet value
i lattice link direction
e effective

Superscripts
� dimensional form of variables
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facing flow for Re = 10–250. They have reported that the critical
Reynolds number at which flow shifts to unsteady regime is 38.9.
Further, Tu et al. [7] analysed the flow characteristics and flow-
induced forces of a stationary triangular cylinder with different
incident angles (0–60�) at Re = 50–160. Their results show that
the incident angle can greatly alter pressure distribution around
the cylinder. For a example, the pressure stagnation point gradu-
ally moves from center of the windward surface (at a ¼ 0�) to apex
of the cylinder (at a ¼ 60�) with increasing incident angles. Dhi-
man and Kumar [8] studied the effect of blockage ratio (cylinder
to channel height ratio) on flow behaviour of non-Newtonian
power-law fluids over a triangular cylinder for Reynolds number
ranging between 1 6 Re 6 40. They have found that the overall
drag force decreases with the reduction in power-law index
and/or blockage ratio. Also, it is evident from literature that the
drag force experienced by triangular cylinder is lower than that
of the square.

The triangular geometry is encountered in the novel heat
exchangers (triangular pitch tube layout) and in pin-fin heat dis-
posal used as sinks in electronic cooling [9] and porous heat sinks.
Srikanth et al. [10] studied flow and heat transfer from a long equi-
lateral triangle with apex facing flow for Re = 1–80 at a Pr value of
0.71 (air) for a blockage ratio of 0.25. Due to channel confinement,
the critical value of Re is shifted to 58 from 38.9. This study also
reveals that the triangular cylinder delivers heat transfer enhance-
ment of 12.5% to 15% for 5 6 Re 6 45 compared to square cylinder.
Further, Zeitoun et al. [1] examined the heat transfer from a trian-
gular cylinder with apex facing and side facing flow conditions for
Reynolds number values up to 200 under uniform flow condition.
They have formulated correlations for wake length, Strouhal num-
ber and Nusselt number for the ranges of parameters considered in
their study. It has also shown that the apex facing flow has higher
heat transfer rate than square and circular cylinder, and in the case
of side facing flow, it is between square and circular cylinder. De
and Dalal [11] have conducted a numerical study to see the effects
of blockage ratio on flow and thermal dissipation traits from a solid
triangular cylinder. Their results show that at a higher blockage
ratio, vortex shedding suppresses for lower values of Re, due to vis-
cous effects offered by the channel. However, the Strouhal number
has shown increasing trend with blockage ratios for a constant Re.
Also, they have reported that vortex shedding is the cause for
change in Nusselt number on the rear face of triangular cylinder.
Another unsteady flow and heat transfer case has been numerically
investigated by Chatterjee and Mondal [12] for different values of
Prandtl number (Pr = 0.71, 7 and 100). They have reported that
the increase in Re affects the distribution of isotherms on the rear
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surface and hence, the heat transfer is reducing. Besides, the Col-
burn j-factor which is used in process engineering design calcula-
tion has shown a linear decreasing trend with Re. Dhiman and
Shyam [13] have also carried out a numerical investigation on
heated triangular cylinder in order to deliver the effects of Re on
thermal trends. The variations of surface Nusselt number at differ-
ent periods of one cycle were also presented. It can be understood
from above studies that the heat transfer performance is aug-
mented for triangular cylinders and in unsteady regime, the overall
thermal effect is not varying significantly with time. Prhashanna
et al. [14] investigated the effects of power-law fluids over an equi-
lateral triangle on flow separation, vortex shedding and heat trans-
fer. They have concluded that the triangular cylinder with side
facing flow delays the formation of wake with respect to the case
of apex facing triangular cylinder. In addition, their analysis reveals
that a 50–60% enhancement in heat transfer performance can be
achieved by using non-Newtonian fluids. Thermal dissipation can
also be increased by using Bingham plastic fluids [15] or by placing
the cylinder near a stationary wall [16]. More recently, Bovand
et al. [17] achieved heat transfer enhancement from apex, side
and diagonal facing flow triangular cylinders by using Al2O3 nano-
fluid. Correlations for Nusselt number at different values of volume
fractions and Reynolds number were also given by them. This
study reveals that the nanoparticles significantly increase the heat
transfer from a side facing triangular cylinder followed by the diag-
onal and apex facing triangular bodies. Gangawane [18] explored
the mixed convective flow and heat transfer traits in top lid driven
cavity containing heated triangular block subjected to constant
heat flux boundary condition. Author has reported that by insert-
ing a triangular cylinder with optimum blockage ratio of 10% can
be suitable to control the convective flow and heat transfer in lid
driven cavity. Cross buoyancy influence on flow and heat transfer
characteristics of an equilateral triangle is presented by Chatterjee
and Mondal [19] for Re values of 10 to 100 at Pr = 0.71. Their results
show that the cylinder experiences negative lift forces due to the
increment in Richardson number (Ri). Also, the Nusselt number
value is more on the slanting faces of cylinder. However, heat
transfer rate is more while increasing Ri = 0 to 1 for any fixed value
of Re. From the above discussions, it can be understood that the
thermal dissipation from a triangular cylinder is more due to the
forebody and afterbody shapes. Additionally, rich thermal beha-
viour can be obtained by confining the channel, introducing buoy-
ancy, using fluids with higher thermal conductivity and increasing
the Prandtl number.

On parallel lines of the above discussion, a significant amount of
research has also been undertaken with porous bluff bodies in
order to receive better hydrodynamic and heat transfer character-
istics. In the case of porous medium, flow and thermal behaviour is
a function of Re, porosity (/) and non-dimensional permeability
(Darcy number – Da). It is evident from the literature [2,20–23]
that more volume of fluid starts penetrating with less deviation
into the cylinder while increasing Da value. Consequently, drag
coefficient (CD), lift coefficient (CL), recirculation length (Lr) and
intensity of vortex shedding are reduced. Also, a porous body with
Da ¼ 10�6 exactly mimics a solid bluff body by restricting fluid
flow through it. Moreover, due to its intrinsic flow regularization
and heat transfer augmentation, porous medium can be found in
various applications, viz., petroleum reservoir systems [24], design
of nuclear biological chemical filters, gas-cooled reactor [21], cool-
ing of electronic equipments [2]. Numerical analysis made by Dhi-
nakaran and Ponmozhi [2] on heat transfer variation from an
isolated permeable square cylinder reported that the percentage
enhancement in heat transfer over impermeable cylinder at
Da ¼ 10�4;10�3 and 10�2 is 3.31%, 19.91% and 108.4%, respectively.
Apart from usual configurations like square and circle, researchers
have also concentrated on various shapes like trapezoidal, sphere,
diamond-shaped square porous bodies [4,25–29]. Very few studies
can be seen on flow and heat transfer characteristics of porous
body under buoyancy conditions [30–32]. Guerroudj and Kahaler-
ras [30] have investigated the influence of porous block shape and
its aspect ratio on a partially heated lower plate under different
cross-flow buoyancy levels. Their results have shown that irrespec-
tive of the shape of porous body, the strength of vorticity is
increasing with the increase in cross-buoyancy level and velocity
of fluid. However, under different porous block properties such
as aspect ratio, shape, permeability and thermal conductivity, the
vorticity strength is found to be varying. They have revealed that
the triangular shaped porous block aids for higher heat transfer
rate than rectangular and trapezoidal blocks at lower values of per-
meability and Re. Further, Guerroudj and Kahalerras [31] analysed
the effects of buoyancy and channel inclination on heat transfer
behaviour from a heated porous block mounted on a channel. They
have varied channel angle from �90� to þ90� and Richardson num-
ber from 0 to 50. It is unveiled that for the porous blocks under aid-
ing buoyancy conditions (i:e. at þ90� channel angle), heat transfer
rate is maximum and this can be further improved by increasing
Da values. Their results again indicate rich thermal dissipation
characteristics of triangular porous blocks than other shapes. From
the above literature, it is clear that the heat transfer rate of perme-
able body is more than that of impermeable body. Importantly, the
same performances can be tuned by varying permeability, buoy-
ancy condition, configuration and placement of body. By consider-
ing these advantages, we propose to study the effects of buoyancy
on flow and heat transfer characteristics of equilateral triangles
with apex facing and side facing configurations. Triangular shape
is chosen in the present numerical attempt due to its notable heat
transfer enhancement over other regular shapes.

Flow through porous medium can be numerically modeled by
supplementing Darcy-Forchheimer term to momentum equation
[33–35]. The conventional numerical methods take large time to
solve these equations due to their implicit nature. From a numer-
ical perspective, complex flow geometries can be handled easily
and effectively by using Lattice Boltzmann method (LBM). This
method has been serving as a better alternative technique for solv-
ing transport equations since past three decades. Due to its inher-
ent explicit nature [36], several researchers have been applying
this approach to simulate porous media flow. For this purpose,
Guo and Zhao [37] have coupled Darcy-Forchheimer termwith col-
lision equation of LBM. Later, Guo and Zhao [38] developed an LB
model for convective heat transfer in porous media. To simulate
heat transfer, one more distribution function is introduced which
undergoes collision and streaming processes as like the distribu-
tion function for flow. It is to be noted that in case of stokes flow
through porous medium, the introduction of effective viscosity
parameter (le) at free-fluid:porous medium interface is necessary
in order to match the results of Brinkman equation with Stokes’
equation to solutions of Darcy’s law. Martys et al. [39] have
reported that the Brinkman’s equation is valid only when the value
of le is greater than the free-fluid viscosity. Spaid and Phelan [40]
have modified the traditional LB equation to solve the Stokes/
Brinkman formulation for flow in heterogeneous porous media.
To reduce the magnitude of momentum at porous zone, they have
modified the particle equilibrium distribution function. A similar
kind of work can be found in [41], in which author has used pre-
collision, post-collision and average velocities in the equilibrium
distribution function for the purpose of obtaining appropriate
resistance offered by the porous medium. Nie and Martys [42] ana-
lytically derived the exact macroscopic equations of the lattice
Boltzmann model for the case of simple shear flows in
porous media. They have found that the effective viscosity in the
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governing equations is different from the one obtained from
Chapman-Enskog relationship. It is noteworthy to mention that
the literature [40–43] have concentrated on the shear flow or
stokes flow through porous medium where the viscous effects
are dominant, and thus, the evaluation of effective viscosity is cru-
cial. However while keeping the viscosity ratio as unity, the LB
model developed by Guo and Zhao [37] produces the results which
are same as that of the solutions obtained from Navier-Stokes
equations with Darcy-Forchheimer term. Fluid flow through thin
porous media requires large number of grid points in order to
model the same. Thus, to reduce computational cost, Yoshida and
Hayashi [44] came up with permeable bounce-back scheme in
which the porous material is treated through boundary condition
rather than applying external force term. As per this boundary con-
dition, a fraction of distribution function streams to the nearest
nodes and the reminder of the distribution function are bounced
back. Silva and Ginzburg [45] have analysed the bulk, boundary
and interface properties of the Brinkman-based schemes in stair-
case discretization. They have evaluated the performances of
numerical schemes based on accuracy of permeability predictions
and the quality of velocity fields. More recently, Silva et al. [46]
focused on the accuracy of reflection-type boundary conditions
in the Stokes-Brinkman-Darcy modeling of porous flows solved
with two-relaxation-time (TRT) LBM. Furthermore, there are few
more approaches which are also developed from or coupled
with the existing model in order to enhance numerical solutions
[47–51]. Vortex shedding behind a porous square cylinder is
probed by Babu and Narasimhan [52] at Re = 100 and 200. They
have kept 32 number of lattices on front face of the cylinder in
order to obtain results independent of grids as well as to avoid
numerical instabilities. Accounting various advantages of LBM for
porous medium flow, we have applied this method in the present
numerical computations.

Objective of the present study is to investigate the effects of
porous triangular cylinders with apex and side facing flow on flow
pattern, drag coefficient, wake length, isotherm pattern, Nusselt
number under different aiding buoyancy and non-dimensional
permeability conditions. The LB model proposed by Guo and Zhao
[37] is employed for this purpose.

2. Mathematical formulation

2.1. Problem description

Consider an equilateral triangle of side length ‘D’, maintained at
a constant temperature of Tw, and exposed to a constant free
stream v1 (fluid flow in positive y-direction) which is at an ambi-
ent temperature T1. The triangle is oriented at two different con-
figurations – apex facing and side facing flow. The present study
aims to simulate the flow and mixed convective heat transfer from
the triangular cylinder placed in an unconfined domain. In order to
make the problem computationally feasible, artificial boundaries
are placed sufficiently far away from the cylinder. A pictorial rep-
resentation of the computational setup alongwith various bound-
ary conditions can be visualised in Fig. 1. The working fluid, air
(Pr = 0.71), flows bottom to top and the gravitational force is meant
to act opposite to the flow direction (aiding buoyancy condition).
The following assumptions were made in order to make the prob-
lem amenable to numerical solutions:

(i) The problem under consideration is steady, laminar, two-
dimensional, incompressible and the fluid is Newtonian.
The fluid flows around and through an isotropic, homoge-
nous porous matrix with constant porosity and
permeability.
(ii) All the fluid properties are considered to be constant and the
body forces are negligible, except for the body force terms in
the collision equation (Boussinesq approximation in
y-direction) in this study.

(iii) There is no heat generation in the porous cylinder and viscous
dissipation in the porous zone is negligible. Further, the fluid
phase temperature is equal to that of the porous phase (i:e.
Local Thermal Equilibrium – LTE). This boundary condition
should not be considered for rapid cooling or heating process
or problems with significant temperature variation across the
porous media [53]. However, the temperature difference
between the fluid and porous phase in the present study is
not significant and so the assumption is valid. The radiation
from the permeable cylinder is negligible.

2.2. Conservation equations

Considering above assumptions, the following non-dimensional
governing equations are used to represent flow and heat transfer
phenomena [32]:
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For the introduction of porous resistance to the flow, Darcy-
Brinkman- Forchheimer model has been used. The Darcy (coeffi-
cient of C1) and Brinkman terms account for the viscous resistance,
while the Forchheimer term (coefficient of C2) looks after the iner-
tial resistance to the flow. Here, C1 and C2 are the binary constants
which hold the value of 0 at clear fluid zone and 1 at the porous
zone. The dimensionless variables are defined as: Re ¼ qv1D=l is
the Reynolds number, Pr ¼ lCp=k is the Prandtl number,

K ¼ le=l, denotes the viscosity ratio, Ri ¼ Gr=Re2 is the Richardson
number. The viscosity ratio and thermal conductivity ratio are
assumed to be unity in the present study. The above
non-dimensional governing equations are obtained by introducing
the following characteristic scales: x ¼ x�

D ; y ¼ y�
D ; st ¼ tv1

D ;

p ¼ p�

qv21
;u ¼ u�

v1
;v ¼ v�

v1
; h ¼ T�T1

Tw�T1
.

It is to be noted that the superscript ð�Þ indicates the dimen-
sional form of the variable.

2.3. Boundary conditions

Inlet boundary: u = 0, v = 1 and h ¼ 0. Left and right boundaries:
@v
@x ¼ 0, u = 0 and @h

@x. Outlet boundary: The gradient of velocity field

is kept zero at exit of the domain i:e: @u
@y ¼ @v

@y ¼ @h
@y ¼ 0

� �
. For the

temperature field, a constant temperature boundary condition is
applied on the surface of the porous triangular cylinder. The cylin-
der exchanges heat with the cold fluid flowing through and around
it, which is at a uniform temperature (T1) far away.



Fig. 1. Computational domain used in the analysis for mixed convection flow and heat transfer from a permeable triangular cylinder. Apex and side facing triangular
permeable cylinder configurations are also shown in figure.
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2.4. Lattice Boltzmann Method [LBM]

In our study, we have used a mesoscopic approach to character-
ize the flow and heat transfer behaviour. In LBM, a finite number of
particles are considered as a single group and based on its distribu-
tion, the flow is modeled. For the temperature field, a separate dis-
tribution function is introduced, which receives the information of
macroscopic properties of fluid such as density and velocity from
the distribution functions of flow. LBM is advantageous over con-
ventional numerical techniques while dealing with complex
domains, flows through porous media and multi-phase flows.
2.4.1. LB flow evolution equation
In LBM, the grouped particles first undergo collision and then

they stream to their neighbouring lattices based on the direction
of particles. Extended flow evolution equation for the porous med-
ium [37] can be expressed as

f iðxþ eiDt; t þ DtÞ � f iðx; tÞ ¼ �1
s f iðx; tÞ � f eqi ðx; tÞ� �þ DtFi þ DtFb:

ð5Þ

In Eq. (5), f i is the instantaneous particle distribution function of ith

link, f eqi is the corresponding equilibrium distribution and ei are the
velocity direction vectors of particles residing in a lattice. In the pre-
sent study, we have used D2Q9 lattice model in which eight moving
particles alongwith one rest particle exists and it can be seen in
Fig. 1. Speed of the particles (Dxi/Dt) can be written as

ei ¼
ð0;0Þ; i ¼ 0
ðcos½ði� 1Þp=2�; sin½ði� 1Þp=2�Þe; i ¼ 1� 4

ðcos½ð2i� 9Þp=4�; sin½ð2i� 9Þp=4�Þ
ffiffiffiffiffiffi
2e

p
; i ¼ 5� 8:

8><
>: ð6Þ

The first term that appears to the right side of Eq. (5) is termed
as BGK collision operator with Single Relaxation Time (SRT). In this
model, a single relaxation factor s is used to relax all particles
towards equilibrium condition and this can be evaluated from
the Chapman-Enskog relation, written as

m ¼ s� 1
2

� �
c2sDt: ð7Þ

From above equation, the kinematic viscosity ðmÞ is evaluated based
on a non-dimensional relaxation time (s). Furthermore, c2s is the

speed of sound in lattice and it is equal to e=
ffiffiffi
3

p
in the case of

D2Q9 model. However, to avoid stability issues of LBM, the schemes
such as two-relaxation-time (TRT) and multi-relaxation-time (MRT)
can be used. Also, as per literature [42,43] any of these models
should be considered while dealing with viscous dominating porous
flow or instances where the effective viscosity variation with per-
meability is taken into the account. In the present study we have
considered the viscosity ratio as unity and also due to the ease of
implementation of SRT model, we have used the same in present
study. A force term Fi which accounts the drag effects due to
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presence of porous medium is directly coupled with the BGK colli-
sion operator to recover fluid flow through the porous region. The
force term that accounts for porosity (/) of the porous medium
can be expressed as

Fi ¼ wiq 1� 1
2s

� �
3ðei � FÞ þ 9

/
ðei � UÞðei � FÞ � 3

/
ðU � FÞ

	 

: ð8Þ

Here, F is the body force due to the presence of porous medium
which is otherwise termed as Darcy-Forchheimer force term. This
can be written as

F ¼ �/m
K

U � /cFffiffiffiffi
K

p jUjU þ /G; ð9Þ

where K is permeability of the porous medium,

cF ¼ 1:75=ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
150� /3

q
Þ is the non-dimensional Forchheimer term

defined by Fu et al. [54], jUj ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
in which u and v are the

components of U in x and y-directions, and G is the body force
due to gravity. The equilibrium distribution function which appears
on the right side of Eq. (5) should consider porosity of the porous
medium. It can be written as follows:

f eqi ¼ wiq 1þ 3ðei � UÞ þ 9
2/

ðei:UÞ2 � 3
2/

ðU � UÞ
	 


: ð10Þ

In the above equation, wi is the weighting factor of each particle
that resides in a lattice. In the case of D2Q9, w0 ¼ 4=9, wi ¼ 1=9
for i = 1–4 and wi ¼ 1=36 for i = 5–8. Once after performing the col-
lision process, streaming operation takes place followed by the
usage of appropriate boundary condition. Until this point of the
code, we have retained fluid information in terms of distribution
functions only. This calls the need for conversion of these meso-
scopic terms into macroscopic properties. For instance, addition of
distribution function values at a particular lattice provides the den-
sity (q) at that point. Therefore, the macroscopic properties are
evaluated from the following equations:

q ¼
X8
i¼0

f i: ð11Þ

where ‘V’ is the auxiliary velocity and it is defined as

qV ¼
X8
i¼1

eif i þ
Dt
2
qF: ð12Þ

The actual velocity components of porous medium can be calcu-
lated from the following equation:

U ¼ V

c0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c20 þ c1jV j

q : ð13Þ

The two parameters c0 and c1 in Eq. (12) are given by

c0 ¼ 1
2

1þ /
Dt
2

m
K

� �
; c1 ¼ /

Dt
2

cFffiffiffiffi
K

p : ð14Þ

In the case of natural convection, an extra force term (Boussi-
nesq term) Fb is added to the collision equation, because, the flow
is driven by temperature gradient. The same can be written as
follows:

Fb ¼ 3wigbheiy: ð15Þ
Here, eiy is the velocity vectors acting in the y-direction.

2.4.2. LB equation for temperature field
To evaluate the temperature characteristics, another distribu-

tion function called gðx; tÞ is introduced. In both forced and mixed
convection, the energy equation can be solved once after the flow
field is calculated. Density and velocity values obtained from the
flow field distribution functions f ðx; tÞ are then used in the temper-
ature distribution functions gðx; tÞ. The LB equation that describes
the temperature field can be written as

giðxþ eiDt; t þ DtÞ � giðx; tÞ ¼ � 1
s0

giðx; tÞ � geq
i ðx; tÞ� �

: ð16Þ

where s0 is the dimensionless relaxation time for temperature field
and it is evaluated from thermal diffusion coefficient
(a ¼ ðs� 1=2Þc2sDt). The temperature equilibrium distribution func-
tion geq

i in the Eq. (16) can be written as

geq
i ¼ wih½1þ 3ðei � UÞ�: ð17Þ

where wi is the same weighing factor which has been defined in the
flow equilibrium distribution function and h is the temperature of
the fluid (non-dimensional), which can be calculated from the dis-
tribution function gðx; tÞ, can be written as

h ¼
X8
i¼0

gi: ð18Þ
2.4.3. LBM boundary conditions
In conventional numerical techniques, the boundary conditions

are specified in terms of macroscopic variables like density and
velocity. But in the case of LBM, collision and streaming operation
carries only the information of particle distributions. Hence, the
boundary conditions are also needed to be specified in terms of
distribution functions only. Various boundary conditions used in
this study are described below.

2.4.4. Inlet boundary condition
The flow simulations carried out by LBM is weakly compressible

in nature and therefore, the inlet velocity has to be chosen such
that the Mach number (Ma), remains less than 0.1 [36]. A free uni-
form velocity (v1 or v0) which has fewer compressibility effects is
given to the inlet. At inlet, the distribution functions f 2; f 5 and f 6
falls inside the domain. As per Zou and He boundary condition
[55], the initial values of density is calculated for further evaluation
of unknown distribution functions. The inlet boundary condition
can be written as follows:

q0 ¼ 1
1� v0

f 0 þ f 1 þ f 3 þ 2ðf 4 þ f 7 þ f 8Þ½ �; ð19Þ

f 2 ¼ f 4 þ
2
3
q0v0; f 5 ¼ f 7 þ

1
6
q0v0; f 6 ¼ f 8 þ

1
6
q0v0: ð20Þ

In the above equations, q0 and v0 are the initial density and velocity
(in y-direction), respectively. Also, the temperature at inlet is fixed
to zero (i:e. h ¼ 0). The unknown distribution functions of tempera-
ture are specified as g2 ¼ �g4; g5 ¼ �g7 and g6 ¼ �g8.

2.4.5. Left and right boundary
Artificial boundaries are placed sufficiently far away from the

triangular cylinder, on the left and right side of the domain.
Accordingly, slip boundary condition is employed where the veloc-
ity gradients normal to the flow direction are zero. In case of left
boundary, the unknown distribution functions are f 1; f 5 and f 8.
Hence, the gradient can be turned to zero by specifying,
f 1;x ¼ f 1;xþ1; f 5;x ¼ f 5;xþ1 and f 8;x ¼ f 8;xþ1. Consequently, at right
boundary, it is specified as f 3;x ¼ f 3;x�1; f 6;x ¼ f 6;x�1 and f 7;x ¼ f 7;x�1.
Furthermore, the adiabatic boundary condition (i:e. @h=@x ¼ 0) is
imposed on left and right boundaries of the computational domain.
Corresponding boundary condition for left boundary can be writ-
ten as, gð1;xÞ ¼ gð1;xþ1Þ; gð5;xÞ ¼ gð5;xþ1Þ and gð8;xÞ ¼ gð8;xþ1Þ.
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2.4.6. Outlet boundary condition
The distribution function that falls inside the domain at outlet

boundary can be evaluated through extrapolation [36]. At the out-
let of the domain, the unknown distributions are f 4; f 7 and f 8
which can be evaluated by using second order polynomial,
and the same can be seen in Fig. 1. The thermal boundary condition
at outlet is also specified in similar fashion. The unknown
distribution functions of temperature at outlet can be written as,
gð4;yÞ ¼ 2gð4;y�1Þ � gð4;y�2Þ; gð7;yÞ ¼ 2gð7;y�1Þ � gð7;y�2Þ and gð8;yÞ ¼
2gð8;y�1Þ � gð8;y�2Þ.
2.4.7. Boundary conditions at porous zone
The force term Fi, which appears in Eq. (5) is enabled at those

lattices which falls inside the triangular porous zone. It is to be
noted that the number of grids should be sufficiently large enough
to avoid the staircase effects offered by the slant edges of triangu-
lar porous body. In the present code, the activation of Fi term is
governed by an array called wði; jÞ. Initially, this array is mentioned
as zero in the entire computational domain. Meanwhile, the same
array is switched to an integer value of 1 at those grid points which
falls inside the porous zone. Furthermore, the non-dimensional
temperature value of 1 (i:e. h ¼ 1) is kept in the porous region.
Hence, the temperature distribution functions in the porous zone
is specified as

gi þ ~gi ¼ Wall temperature� ðwi þ ~wiÞ: ð21Þ

In the above equation, ~gi and ~wi denotes the opposite distribution
function and weighing factor of lattice link of i, respectively. If the
wall temperature is maintained as zero, this boundary condition
turns to be, gi ¼ �~gi.
2.5. Dimensionless parameters

Some of the dimensionless parameters used in this study are
defined as follows:
2.5.1. Reynolds number
Reynolds number (Re) can be written as

Re ¼ v1D
m

¼ v1N
m

: ð22Þ
2.5.2. Darcy number
Darcy number (Da) is the non-dimensional permeability value

and it can be expressed as

Da ¼ K

D2 ¼ K

N2 : ð23Þ

It can be seen from Eqs. (22) and (23) that the characteristic
height of porous body D is replaced by N. In BGK-LBM, the numer-
ical stability and accuracy of the results are mainly dependent on
the number of lattices on characteristic length; in the present anal-
ysis, N represents the number of lattices that are present on char-
acteristic length of the cylinder. The porosity (/) and Darcy
number of a porous medium made of packed bed of spherical par-
ticles can be related through Carman-Kozeny relation [56] given by

Da ¼ 1
180

/3d2
p

D2ð1� /Þ2
: ð24Þ

In the present study, we have considered the particle diameter
size (dp) as 1 cm (for D ¼ 1m) [57] and with this relationship the
porosity value is evaluated for a given value of Darcy number.
2.5.3. Drag coefficient
The momentum exchange between two opposing directions of

neighbouring lattices aids for the evaluation of drag forces. In the
current study, the momentum exchange method is employed for
the calculation of total resultant force Fr , and it can be written as
[58]

Fr ¼
X
all xb

X8
i¼1

e�i
~f iðxb; tÞ þ ~f iðxb þ e�iDt; tÞ
h i

� 1�wðxb þ e�iÞ½ �Dx=Dt: ð25Þ
where wðxb þ e�iÞ is an indicator, which is 0 at fluid nodes and 1 at
porous nodes. Also, xb indicates the porous boundary nodes and
~f iðxb; tÞ is the post-collision distribution function. For a given non-
zero velocity ei; e�i denotes the lattice velocity in the opposite direc-
tion. From the total force, the drag coefficient is evaluated as

Drag coefficient;CD ¼ Fy

0:5� qv2
1D

: ð26Þ

Here, Fy is the force acting in the y-direction.

2.5.4. Nusselt number
Heat transfer from the permeable cylinder to the flowing fluid

can be evaluated through local Nusselt number given by
Nu ¼ �Rk

@h
@n [2]. Here, n is the direction normal to the cylinder sur-

face and Rk is the ratio of thermal conductivity of the porous mate-
rial (ke) and fluid (kf ), which is assumed to be unity in this study.
Average heat transfer at any face of the permeable body is obtained
by taking average of the local Nusselt number along that face. The
mean Nusselt number value (NuM), which represents the total heat
transfer from the permeable cylinder is evaluated by taking aver-
age of surface Nusselt number of all edges.

2.5.5. Heat transfer enhancement ratio
In this study, the heat transfer enhancement obtained by a

cylinder under buoyancy with reference to the cylinder without
buoyancy (i:e. at Ri = 0) is expressed in terms of heat transfer
enhancement ratio (E). It is given by the ratio of the Nusselt num-
ber of a cylinder in general (when Ri > 0) to Nusselt number of the
cylinder at Ri = 0.

E ¼ Nu
ðNuÞat Ri¼0

: ð27Þ

The present investigation elaborates on the variation of E at dif-
ferent faces of the cylinder and, hence, heat transfer enhancement
ratio at different faces is represented as EAB; EBC ; ECA and EPQ ; EQR; ERP

for apex and side facing flows, respectively.

3. Numerical procedure and validation

3.1. Numerical method

To conduct present numerical simulations, a FORTRAN code has
been written based on Lattice Boltzmann method. Eq. (5) is applied
to the entire computational domain for the collision operation.
However, the porous force term that appears in the collision equa-
tion should not be applied in clear fluid region. For this purpose, a
constant value of 0 is multiplied with porous force term Fi except
the porous triangular region. Additionally, the buoyancy force term
(Fb) is applied in the entire domain. In this study, BGK collision
operator with single relaxation time (s) has been used. The initial
velocity (v0) and kinematic viscosity (m) are formulated based on
the number of lattices on characteristic length (N). The
Chapman-Enskog relationship [59] is used to calculate the non-
dimensional relation factors (s & s0). Initially, the velocity values
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(u and v) at all nodes are kept to be zero and the density value q is
fixed 1. The gb term that presents in Boussinesq force term in Eq.
(5) can be evaluated through Richardson number. To avoid numer-
ical instability issues,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gbDTD

p
term should be less than 0.1 [36].

This is because, in an incompressible regime, this term is directly
proportional to velocity. It is seen that the Lattice Boltzmann algo-
rithm is relatively simpler than the conventional CFD methods. In
this study, simulations are conducted until the following conver-
gence is satisfied.ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i;j Uk
i;j � Uk�100

i;j

h i2r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i;j Uk
i;j

h i2r 6 1� 10�6;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i;j hki;j � hk�100

i;j

h i2r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i;j hki;j

h i2r

6 1� 10�6: ð28Þ
Here, Ui;j is the fluid velocity; hi;j is the fluid temperature and k is the
iteration level.

3.2. Grid sensitivity analysis

A grid independent study is carried out at Re = 30, Da ¼ 10�6

and Ri = 1 to check the flow and heat transfer parameters such as
CD and NuM on the number of lattice and downstream length
(LD). In this study, we have performed systematic test simulations
by varying number of lattices (N) placed on the characteristic
length of the cylinder (both apex facing and side facing triangular
cylinder cases) from 30 to 70 for LD values of 15, 25 and 35. Tables
1 and 2 suggest that 40 lattices with downstream length of 25D
will produce results independent of lattice units variation with less
computational efforts. In LBM, based on number of lattices (N), the
non-dimensional relaxation time (s) varies and so does the stabil-
ity and accuracy of the solution. For instance, if we choose more
lattices, the kinematic viscosity value reduces for a constant value
of Re with an initial velocity less than 0.1. Accordingly, it will take
more time to reach the convergence limit due to reduction in s.
Due to this large computational time, the variation in distribution
functions produces stability issues. To avoid such occurrences we
have chosen non-dimensional relaxation values for flow and tem-
perature, which are 0.56 and 0.5845, respectively.

3.3. Validation of numerical results

In order to verify validity of the present LBM code, the obtained
numerical results are compared with literature. In this section, we
have validated our code by comparing CD and NuM values of porous
square cylinder under different Da and Ri values. Also, we have ver-
ified the present results of triangular cylinder (both apex and side
facing flow configurations) under forced convection condition with
Table 1
Lattice dependence analysis for apex facing triangular configuration.

S. No. N LD CD

1 35 15 3.795
2 40 15 3.758
3 45 15 3.751
4 70 15 3.753
5 35 25 3.764
6 40a 25 3.742
7 45 25 3.741
8 70 25 3.741
9 35 35 3.760
10 40 35 3.740
11 45 35 3.739
12 70 35 3.737

a Number of lattices placed on characteristic length of the cylinder in this study.
published results. Tables 3 and 4 show the percentage deviation of
drag coefficient and Mean Nusselt number values from the litera-
ture at Da ¼ 10�3 & 10�2 and Ri = 0 & 1. It is clear from Tables 3
and 4 that the numerical results of current study are in good agree-
ment with Dhinakaran and Ponmozhi [2] and Sharma et al. [60].
Furthermore, Fig. 2ðaÞ and ðbÞ compares CD and NuM results
of impermeable triangular cylinder at different values of Re for
Pr = 0.71. This graphical illustration clearly indicates that the pre-
sent results are showing very less deviation from results obtained
by Zeitoun et al. [1,11] and De and Dalal [17]. A maximum error of
2.995% and 3.4% is obtained in the case of drag coefficient and
mean Nusselt number respectively, and this deviation is due to
the numerical approach and discretization schemes. It is worth
to mention that the literature considered for numerical result com-
parison have used finite volume approach; whereas, the present
results are obtained from LBM simulations. We have validated
the present LB code for Couette flow (cavity filled with porous
medium) with analytical solutions. Fig. 3(a) shows the velocity
profiles of the Couette flow at Re = 10 for different values of Da.
Symbols represent the results from the present code and the lines
indicate analytical solution. The equation for analytical solution
has been taken from the Eq. (24) of LB model proposed by Guo
and Zhao [37]. Further, velocity at the midway of the centre against
Darcy number at Re = 0.1 is compared with the results obtained by
Guo and Zhao [37] (see in Fig. 3(b)). We have found excellent
agreement between present results with the analytical solutions
as well as results at low Reynolds number.

4. Numerical results and discussions

The 2-D numerical simulations are carried out for flow across
the two permeable triangular cylinder configurations [(i) apex fac-
ing flow and (ii) side facing flow] in an unconfined vertical flow
regime, under the influence of aiding buoyancy for the following
range of physical parameters:

� Reynolds number, Re = 1–40.
� Richardson number, Ri = 0, 0.5 and 1.
� Darcy number, Da ¼ 10�6;10�4;10�3 and 10�2.
� Porosity, / ¼ 0:629, 0.935, 0.977 and 0.993. (these values are
evaluated from Carman-Kozeny relation)

� Prandtl number, Pr = 0.71 (air).

We have selected the Reynolds number up to 40, in order to see
the variations of flow characteristics in steady flow regime. From
literature [2,20–23], it is evident that the range of Da values that
we have selected covers all the permeability conditions i:e., solid-
like to highly permeable. The non-dimensional parameters viz.,
Re and Da have been selected on the basis of applications related
% variation NuM % variation

1.119 3.326 1.627
0.133 3.374 0.207
0.053 3.380 0.03
– 3.381 –

0.615 3.382 0.763
0.027 3.406 0.059
0 3.409 0.029
– 3.408 –

0.615 3.386 0.75
0.08 3.410 0.047
0.054 3.411 0.018
– 3.412 –



Table 2
Lattice independence analysis for side facing triangular configuration.

S. No. N LD CD % variation NuM % variation

1 35 15 3.467 1.404 3.097 2.179
2 40 15 3.416 0.088 3.142 0.758
3 45 15 3.420 0.029 3.162 0.126
4 70 15 3.419 – 3.166 –
5 35 25 3.436 0.999 3.130 2.065
6 40a 25 3.405 0.088 3.193 0.094
7 45 25 3.400 0.059 3.195 0.031
8 70 25 3.402 – 3.196 –
9 35 35 3.429 0.823 3.138 1.999
10 40 35 3.402 0.029 3.202 0
11 45 35 3.401 0 3.200 0.062
12 70 35 3.401 – 3.202 –

a Number of lattices placed on characteristic length of the cylinder in this study.

Table 3
Comparison of calculated drag coefficient (CD) values of permeable square cylinder with literature at different values of Da and Ri values.

Re CD

Ri = 0 and Da = 10�2 Ri = 1, impermeable cylinder

aa bb % deviation aa cc % deviation

5 4.055 4.074 0.476 10.406 10.426 0.19
10 2.796 2.82 0.855 6.875 6.943 0.999
20 2.049 2.065 0.799 4.875 4.928 1.089
30 1.725 1.741 0.884 3.995 4.093 2.433
40 1.472 1.486 0.938 3.534 3.6 1.862

Table 4
Comparison of calculated mean Nusselt number (NuM) values of permeable square cylinder with literature at different values of Da and Ri values.

Re NuM

Ri = 0 and Da = 10�3 Ri = 1, impermeable cylinder

aa bb % Deviation aa cc % deviation

5 1.223 1.196 2.213 1.422 1.418 0.295
10 1.654 1.617 2.238 1.867 1.851 0.87
20 2.325 2.301 1.019 2.479 2.463 0.663
30 2.866 2.816 1.728 2.939 2.91 0.983
40 3.242 3.199 1.328 3.306 3.284 0.67

aa Present study.
bb Dhinakaran and Ponmozhi [2].
cc Sharma et al. [60].
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to electronic cooling, particularly related to heat sinks (e.g. porous
and pin-fin heat sinks). Aiding buoyancy has pronounced effects
while shifting from forced convection condition, further increment
in buoyancy does not cause much significance on flow and thermal
characteristics [60]. By considering all these factors, we have cho-
sen the above mentioned parameter ranges. This numerical study
will serve us to gauge the effects of buoyancy and permeability
on flow and thermal patterns. The results are labelled into flow
and heat transfer characteristics and are presented as follows:

4.1. Flow characteristics

In this section, a detailed discussion on the influence of Rey-
nolds number (Re), Darcy number (Da), Richardson number (Ri)
and configuration of triangular porous body on flow behaviour is
presented in both qualitative and quantitative manner.

4.1.1. Streamline pattern
Fig. 4 presents the representative flow patterns in the vicinity of

permeable triangular cylinder with apex facing and side facing
flow, through streamline contours for different values of Richard-
son number (Ri = 0, 0.5 and 1) and Darcy number
(Da ¼ 10�6;10�4;10�3 and 10�2) at Re = 40. In the case of apex fac-
ing triangular cylinder, fluid approaches the slanting faces of the
cylinder and hence, it moves smoothly. It should be noted that
due to these slant edges, the viscous boundary layer becomes thin.
However, fluid starts separating at the end of slanting faces of the
cylinder. Turning to the side facing flow case, fluid patterns sepa-
rate at the edge of cylinder immediately after approaching the flat
face. In both configurations, two standing and symmetric vortices
form at the downstream of cylinder while increasing fluid momen-
tum. This is the scenario of flow over triangular bluff bodies and
the same qualitative results have been addressed in several studies
[5–8,11]. The above flow phenomena are exactly similar to the
traits displayed by flow across the porous cylinder at Da ¼ 10�6.
It is clear that at such low levels of permeability, the porous cylin-
der mimics its solid counterpart and the same has been reported
by several researchers for other porous bluff body shapes [20–
23,25–29]. As permeability of the porous zone is increased, fluid
starts entering into the cylinder. For example, at Da ¼ 10�4 and
Re = 40, fluid penetration through the cylinder is evident. However,
due to presence of the viscous force in porous body, fluid deviation
is found to be more. A further rise in Da, suppresses this viscous
force and consequently, the deviation of fluid is observed to be less.



Fig. 2. Comparison of impermeable triangular cylinder results from present code
with literature for Pr = 0.71 (a) drag coefficient (CD) and (b) mean Nusselt number
(NuM).

Fig. 3. (a) Velocity profiles of the Couette flow (cavity filled with porous medium)
at Re = 10 for different values of Da. Symbols represent the results from the present
code, and the lines indicate analytical solution. (b) Velocity at the midway of the
centre against Darcy number at Re = 0.1.
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If we compare the streamline contours around apex and side facing
triangular configurations, at Da ¼ 10�4 and 10�3, the flow resis-
tance is more in the case of side facing flow for all values of Re. This
is due to the fact that the windward surface of this configuration
has a larger porous zone. But in case of apex facing flow, porous
zone diverges equally from apex point of the cylinder and there-
fore, the resistance offered by porous medium reduces. One can
also notice that the separation point moves forward from the cor-
ners of side facing flow due to the increment of non-dimensional
permeability. At Da ¼ 10�2, both triangular bodies are not offering
any resistance to the fluid flow. When the porous body is brought
under buoyancy (i:e. at Ri = 0.5 and 1), more fluid sticks over the
cylinder surface due to the reduction of pressure over it. Therefore,
buoyancy induces more fluid to enter into porous zone. It can be
seen from Fig. 4 that while increasing Ri values, the recirculation
eddies that form behind the cylinder reduces and further, it also
reduces while increasing Darcy number. Additionally, the wake
detaches from the leeward surface of apex facing triangular
cylinder at Da ¼ 10�3. Interestingly, at Ri = 1 and Re = 40, there
is no wake formation behind the side facing flow triangular
configuration. In the case of apex facing flow, due to thinning of
viscous layer by the slant edges, fluid accelerates more and thus,
the wake forms downstream of the porous body even at higher
Ri. Hence, it is clear that the streamline patterns are a function of
Re;Da, forebody and afterbody shapes and also buoyancy condition.

4.1.2. Vorticity pattern
To impart further insight on fluid flow behaviour near to the

permeable triangular cylinder, the vorticity contours are presented
in Fig. 5. The dotted and solid line represents the negative and pos-
itive values of vorticity. It is a well-known fact that the intensity of
local rotation of fluid increases with Reynolds number due to the
depletion of viscous layer. The presence of viscous layer reduces
the movement of fluid, which reduces the strength of vorticity at
lower Re values. Meanwhile, this intensity reduces with the
increase of buoyancy level. The prominent viscous layer at higher
Richardson number is the cause of such reduction. The same
observation can be seen in Fig. 5 for all values of Da. Furthermore,
a rich permeable cylinder shortens the local recirculation. While



Fig. 4. Streamlines at Re ¼ 40 and Ri ¼ 0;0:5 and 1 for various Darcy numbers for the flow around and through the porous triangular cylinder.
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increasing Da levels, the vortices are seen to diffuse into the porous
cylinder, due to less resistance offered to the flow. Also, diffused
fluid is decelerated by the viscous force that exists in the perme-
able cylinder. Hence, the strength of vorticity reduces with the
increment in Da values. Such diffusion is found to be more at
higher values of Ri for a constant value of Da. In addition, the slant
surfaces of apex facing flow configuration allows more fluid to dif-
fuse into it than side facing triangular configuration. Forebody
shape of the two triangular configurations render variations in vor-
ticity length. For example, at Ri = 0 and Da ¼ 10�3, the vorticity
length of apex facing triangular configuration is lesser than that of
the other. Thus, a cylinder with higher Da under aiding buoyancy
condition, provides lesser stability issues compared to the imperme-
able case; the forebody plays an important role on vorticity pattern.

4.1.3. Drag coefficient (CD)
To deliver quantitative effects of Reynolds number, permeability

and forebody shape on the flow behaviour around and through por-
ous triangular cylinder, the coefficient of drag (CD) variation have
been presented for apex facing and side facing flow configurations
in Fig. 6ðaÞ and ðbÞ. The drag force is evaluated by momentum
exchange method, in which the exchange of momentum between
two opposing directions of the neighbouring lattices of cylinder
surface are used to determine the forces acting on the cylinder
[61]. It is obvious that the drag force decreases with the increment
in Reynolds number due to thinning of viscous layer around the
cylinder. The drag coefficient of permeable triangular cylinder also
decreases with the increase in Re. However, due to the reduction of
fluid resistance at higher permeability levels, the pressure differ-
ence between windward and leeward surfaces reduces. As a result
of this, CD decreases monotonously while increasing with Darcy
number and this effect is found to be common for both, apex and
side facing flow configurations. Furthermore, while increasing Ri,
the drag coefficient jumps to a higher value for constant Re and
Da value. Under aiding buoyancy condition, viscous layer over
cylinder surface becomes thick and hence, overall drag force
increases substantially with the increment in Richardson number.
At Ri = 0, CD value of apex facing flow is lower than that of side fac-
ing flow configuration. As discussed earlier, the slant forebody of
apex facing flow reduces the viscous layer thickness and therefore,



Fig. 5. Vorticity contours at Re ¼ 40 and Ri ¼ 0;0:5 and 1 for various Darcy numbers for the flow around and through the porous triangular cylinder.
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it experiences lesser drag force. Interestingly, at higher Ri values, it
is observed that the drag coefficient of side facing cylinder is
slightly lower than that of the apex facing flow for all values of
Da. Additionally, we have also compared the drag coefficient values
of solid square cylinder with triangular cylinders at different con-
vection rates and aiding buoyancy condition which is shown in
Fig. 7. For all values of Re and/or Ri, the drag coefficient of square
cylinder is higher than that of triangular configurations. In the
absence of buoyancy, the drag coefficient value of side facing flow
lies between the square and apex facing flow configurations. How-
ever, while increasing Ri from 0 to 0.5, the drag force of apex facing
flow configuration is marginally higher than side facing flow case.
At Ri = 1, one can observe a notable difference in drag coefficient
between side and apex facing flow configurations.
4.1.4. Wake length variation (Lr)
It is evident from streamline contours, the fluid separates at

corners of flat edges of the cylinder and then it attaches at down-
stream, for both triangular orientations. In the present analysis,
streamwise distance from the separation point to the reattachment
point is denoted as wake length (Lr). It should be noted that the
flow separates from the edge BC and QR for apex and side facing
flow configurations, respectively. Fig. 8ðaÞ and ðbÞ graphically illus-
trates the variation of wake length with Reynolds number at
Da ¼ 10�6;10�4;10�3 and at Ri = 0, 0.5 and 1. It is a well-known fact
that, while increasing Re, the inertial force increases which
depletes viscous layer over cylinder. As a result of this, wake length
increases with the increment in Re. Further, while increasing non-
dimensional permeability of porous triangular cylinder, the wake
length reduces marginally. Change in separation point location
due to fluid penetration is the cause for such wake length reduc-
tion. At Da ¼ 10�4, the wake length reduction is found to be very
less with respect to Da ¼ 10�6. It should be noted that at
Da ¼ 10�2, there is no wake formation behind cylinder. In the case
of side facing flow triangular cylinder, recirculation eddies forms
only when Re > 10 and the same has been reported in earlier stud-



Fig. 6. Variation of drag coefficient (CD) with Re for different values of Ri and Da for
the flow through and around a porous triangular cylinder. (a) apex facing flow (b)
side facing flow.

Fig. 7. Comparison of drag coefficient (CD) values of apex facing flow, side facing
flow triangular cylinder with square cylinder under different buoyancy levels at
10 6 Re 	 40 and Da ¼ 10�6.
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ies [5–8,11]. The aiding buoyancy produces thick viscous layer over
triangular body and therefore, more fluid particles stick over it.
Due to this, fluid looses its inertial effects and thus, the reattach-
ment occurs earlier than that of cylinder without buoyancy. Hence,
wake length reduces with the increment in Ri values for a constant
value of Re and Da. The compression of wake length is found to be
predominant while Richardson number shifts from 0 to 0.5. It is
seen that there is no wake formation at Ri = 1, Da ¼ 10�3 and
Re < 7 for the apex facing flow triangular configuration. Also, no
recirculation eddies are seen for the case of side facing flow at all
values of Re and at Ri = 1. In addition, at Ri = 0.5, for side facing flow
configuration one can observe the wake pattern and depletion of
same at Da ¼ 10�3 from Fig. 4. Even under the influence of buoy-
ancy, the flow separates for the apex facing flow, inpsite of
increased viscous layer thickness. This occurrence is because of
the slant forebody edges, which accelerates the flow as it comes.
For the side facing flow configuration, at higher Richardson num-
ber, the thick viscous layer developing on the aftbody slant edges
deaccelerates the flow at corners of the forebody edge, resulting
in a fully-attached flow even at higher convection rates. Hence, it
can be concluded that the buoyancy effect is significant and non-
dimensional permeability effect is marginal on the reduction as
well as suppression of wake. Further we have used non-linear
regression to express the relationship between wake length and
Re;Da and Ri, it can be written as

Lr ¼ �0:002� lnðReÞ2:939ð1þ RiÞ�1:589 lnðDaÞ � 13:905½ �
þ 0:302 apex facing ð29Þ

Lr ¼ �0:002� lnðReÞ2:392ð1þ RiÞ�1:466 lnðDaÞ � 57:065½ �
þ 0:851 side facing ð30Þ

The correlation coefficient values (R2) of above expressions are
found to be 0.98. It is to be noted that in the case of side facing con-
figuration, since there is no recirculation at Ri = 1, the same
Richardson number is not considered while obtaining the
correlation.

4.2. Heat transfer characteristics

A detailed discussion on the effects of Reynolds number (Re),
Darcy number (Da), Richardson number (Ri) and forebody shape
of triangular configuration on heat transfer characteristics is dis-
cussed in this section. The results are visualised in terms of iso-
therms, compared through Enhancement ratios (E) and
quantified in terms of mean Nusselt number values.

4.2.1. Isotherms
Fig. 9 exhibits the influence of Darcy number and aiding buoy-

ancy level on temperature distribution near the porous triangular
zone at Re = 40 and Pr = 0.71 for apex and side facing triangular
cylinder configurations. It can be seen that thermal patterns
around the porous body can be greatly altered by aforementioned
parameters. The effects of Re variation on isotherms around solid
triangular cylinder (both apex and side facing triangular configura-
tion) have been reported by various researchers [1,10–15,17,19]. It
is seen that while increasing Re, the isotherm patterns spread along
the streamwise direction with a subsequent reduction in lateral
width. Due to such convective dominance, the thermal boundary



Fig. 8. Wake length (Lr) variations at different Re, Darcy number
(10�6 6 Da 6 10�2) and Richardson number (Ri = 0, 0.5 and 1) for flow around
and through triangular cylinder (a) apex facing flow (b) side facing flow.

812 T.R. Vijaybabu et al. / International Journal of Heat and Mass Transfer 117 (2018) 799–817
layer around the cylinder reduces, which results in a linear aug-
mentation of heat transfer. We further explore the influence of
Da and Ri on thermal behaviour of the cylinder at a constant value
of Re. It can be visualized from Fig. 9 that the thermal plume
stretches more in the downstream direction, while increasing the
non-dimensional permeability of cylinder. The lateral width reduc-
tion of isotherm at higher values of Da is evident for the increment
of thermal gradient near to the body. Thus, heat transfer rate can
be escalated by increasing Darcy number of the permeable triangu-
lar cylinder. It should be noted that the thermal gradient is more at
frontal surfaces of the cylinder (for both apex and side facing to
flow configuration) and the same is found to be less at leeward sur-
faces while increasing non-dimensional permeability. A rich per-
meable body allows more fluid and hence, heat is also being
convected through the cylinder. As a result of this, the thermal
boundary layer on leeward surfaces becomes thick with the incre-
ment in Da. Turning to the effects of buoyancy, the isotherm pat-
terns are found to cluster more over the cylinder while
increasing Ri value from 0 to 0.5. At Da ¼ 10�6 and Ri = 0.5, the
thermal pattern becomes narrower than forced convection case
(i:e: Ri ¼ 0) and further increment in Da increases its lateral width
scarcely. This is due to the decrement of thermal gradient across
the leeward surface. Any further increment in Ri, depletes thermal
boundary layer over the cylinder. This discussion is common for
both apex and side facing flow configurations of permeable trian-
gular cylinder. In Fig. 9 we have also mentioned an isotherm con-
tour value of 0.95 in order to understand the influence of Darcy
number, Richardson number as well as the configuration of porous
triangular cylinder. For the case of apex facing configuration, this
isotherm value is more at edge BC, and the shape of this contour
turns to triangular from semi-circular shape while increasing Ri.
However, in the case of side facing configuration, this non-
dimensional isothermal value is observed near the edges PQ and
QR.

4.2.2. Heat transfer enhancement along the cylinder surface
Fig. 10(a)–(d) depict the representative variation of the heat

transfer enhancement ratio due to buoyancy on each surface of
the permeable triangular shaped cylinder for different values of
Re and Da. In Section 4.2.1, we have discussed the effects of Darcy
number on the variation of temperature distribution. It was seen
that the temperature gradient at rear or leeward surfaces of cylin-
der decreases when the cylinder turns to be more permeable. To
further impart knowledge of Ri variation on heat transfer charac-
teristics, heat transfer enhancement ratio (E) due to buoyancy
effects is presented for each surface of the cylinder; and it is eval-
uated from Eq. (27). In the case of apex facing flow triangular cylin-
der, the front slant faces (edge AB & AC) are in direct contact with
fluid and hence, it produces thermal enrichment than the edge BC.
Also, in the case of side facing flow configuration, the heat dissipa-
tion of edge RQ is higher than other two slant edges. Fig. 10ðaÞ indi-
cates that the increment of Re reduces enhancement ratio for
Da 6 10�4. This is due to the fact that Richardson number is indi-
rectly proportional to Re (i:e. Ri ¼ Gr=Re2). However, the enhance-
ment ratio increases with further increment in Darcy number
and this is found to be prominent at Da ¼ 10�2. It should also be
noted that the value of E of a highly permeable cylinder reduces
at very low values of Re. One can notice that the heat transfer
enhancement ratio at edge BC is higher than that of other edges
of the cylinder at this Darcy number value. In addition, the
enhancement ratio reduces for Da 6 10�3 with the increment in
Re. In the case of side facing flow, heat transfer enhancement ratio
trend of edge RQ is same as that for the edges AB and AC. Further,
the thermal dissipation of slant edges of side facing flow configura-
tion increases with Re up to 30 and then it falls due to the domi-
nance of convection.

4.2.3. Mean Nusselt number (NuM)
The effects of non-dimensional permeability on mean Nusselt

number at different values of Reynolds number and Richardson
number are illustrated in Figs. 11 and 12 for apex and side facing
flow configurations of permeable triangular cylinder, respectively.
It is clear that NuM increases linearly with the increase of Re at all
levels of non-dimensional permeability and buoyancy levels.
Although, the leeward surfaces of both triangular configurations
produce diverse effects on heat transfer performance with Da
increment, the mean Nusselt number increases with the increase
of Da values. However, there is no significant variation in mean
Nusselt number with Da at Re 6 5; less fluid penetration into the
cylinder and the dominant viscous forces inside the porous body
are the causes for this. At higher Re, the effects of Da on NuM is
prominent; the rich fluid penetration, depletion of viscous and
increment in internal forces inside the porous zone is the cause
of such heat transfer enhancement. Also, the heat transfer variation



Fig. 9. Isotherms at Re ¼ 40 and Ri ¼ 0;0:5 and 1 for various Darcy numbers for the flow around and through the porous triangular cylinder.
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between Da ¼ 10�6 and 10�4 is found to be marginal. In addition,
NuM values at Da ¼ 10�6 is matching with those values of imper-
meable cylinder. Thus, at this non-dimensional permeability level,
porous triangular cylinder behaves as a solid body. The effects of
Darcy number on heat dissipation is further escalated through
buoyancy. For example, the percentage enhancement in mean Nus-
selt number at Re = 30, Da ¼ 10�4 and Ri = 0, 0.5 and 1 is 2.35%,
2.56% and 2.82%, respectively, compared to solid cylinder for apex
facing flow triangular configuration. Whereas, for the same flow
parameters, the side facing flow triangular cylinder have shown
the enhancement of 2.43%, 2.5% and, 2.61%. Further, we have com-
pared the Nusselt number value of solid square cylinder with two
triangular configurations embraced in this study at 10 6 Re 6 40
and Ri = 0, 0.5 and 1. Fig. 13 indicates that irrespective of Re and
Ri, the apex facing flow triangular configurations deliver maximum
heat transfer followed by side flow and square cylinder. This is due
to the fact that the apex facing configuration has two windward
surfaces in slanting position. For the cases of side facing triangular
configuration as well as square cylinder, only one edge comes in
the direct contact of fluid. Same trend of NuM is also seen while
comparing it with the different values of Da. Therefore, it can
be concluded that the heat dissipation is augmented by increas-
ing Da;Ri and also by keeping apex of the triangular cylinder to
face flow. The cumulative effects of non-dimensional permeabil-
ity and buoyancy level further improves the mean Nusselt
number.

Furthermore, from the engineering application viewpoint, sim-
ple expressions are presented for Nusselt number as a function of
Re and Da. The constants (a1; a2; a3 and a4) of this expression for
different values of Ri and configuration are shown in Table 5. The
correlation coefficient values (R2) are found to be not less than
0.991. It should be noted that R2 gives the fit relationship between
numerically observed values and data derived from the expression.
For instance, if R2 is equal to 1, then all values are falls inside the
trend line obtained from the equation. The simple expression can
be written as

NuM ¼ a1Re
a2

ffiffiffiffiffiffi
Da

p
þ a3

� �
þ a4 ð31Þ



Fig. 10. Effect of Richardson number on heat transfer enhancement ratio at different Reynolds number and Darcy number on (a) slant faces of apex facing flow (b) flat face of
apex facing flow and (c) flat face of side facing flow (d) slant faces of side facing flow of the heated permeable triangular cylinder in an unbounded domain.
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A common expression for different values of Richardson num-
ber with R2 value of 0.989 is also formulated for apex and side fac-
ing triangular cylinders. The expressions are as follows:

NuM ¼ 0:871Re0:811ð1þ RiÞ0:537
ffiffiffiffiffiffi
Da

p
þ 0:104

� �
þ 1:305 ðapex facingÞ

ð32Þ
NuM ¼ 0:99Re0:8ð1þ RiÞ0:539

ffiffiffiffiffiffi
Da

p
þ ð0:00782Þ

� �
þ 1:376 ðside facingÞ

ð33Þ
5. Concluding remarks

The flow and heat transfer characteristics of an equilateral per-
meable triangular cylinder placed in a uniform flow have been
numerically examined under the aiding buoyancy condition. The
influence of Reynolds number, Darcy number and Richardson
number on hydrodynamic and thermal behaviour of apex and side
facing triangular cylinder configurations have been investigated by
lattice Boltzmann technique. In order to obtain porous body char-
acteristics and buoyancy effects, Darcy-Forchheimer and Boussi-
nesq terms are coupled with the BGK collision equation. The
important outcomes of this study can be highlighted as follows:

1. Both apex and side facing triangular configurations, imitate
solid body characteristics for all values of Re at Da ¼ 10�6.
As Da increases, fluid starts to enter into cylinder with differ-
ent deviation levels. The flow deviation produced by apex fac-
ing triangular cylinder is lesser than that of side facing flow.
This is due to less viscous forces acting on the forebody of for-
mer configuration. At Da ¼ 10�2, almost all fluid penetrates
into the permeable body and hence, no wake formation is
observed.

2. Strength of vorticity in the vicinity of the permeable triangular
cylinder can be greatly altered by varying Da and Ri. Fluid dif-
fuses into the cylinder while triangular cylinder becomes per-
meable and this effect is prominent at higher Da and Ri. Due
to the flat windward surface of side facing triangular cylinder,
the local rotation of fluid is found to be more.

3. The excess viscous forces offered by buoyancy is the cause for
substantial increment and decrement of drag coefficient and
recirculation length values, respectively. However, more per-
meable triangular body experiences less drag value with short
eddies. Flow separation and wake stagnation points move for-
ward while increasing Da. The side facing triangular cylinder
configuration exerts less drag force than the apex facing cylin-
der only at higher Ri (i:e: Ri > 0).

4. Thermal gradient reduction is evident from the lateral width
reduction of isotherms at higher non-dimensional permeability.
Also, increment in Da produces diverse effects on heat transfer
performances at the leeward surface of permeable triangular
body. Further, thermal plume turns to be narrow under the aid-
ing buoyancy condition.



Fig. 11. Effect of Darcy number on mean Nusselt number (NuM) at different
Reynolds numbers (a) Ri = 0; (b) Ri = 0.5 and (c) Ri = 1 for flow through and around
the permeable triangular cylinder apex facing flow. Fig. 12. Effect of Darcy number on mean Nusselt number (NuM) at different

Reynolds numbers (a) Ri = 0; (b) Ri = 0.5 and (c) Ri = 1 for flow through and around
the permeable triangular cylinder side facing flow.
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Fig. 13. Comparison of mean Nusselt number (NuM) values of apex facing flow, side
facing flow triangular cylinder with square cylinder under different buoyancy levels
at 10 6 Re 	 40 and Da ¼ 10�6.

Table 5
Constants of correlation expression (Eq. (31)) for Mean Nusselt number at different
values of Ri.

S. No. Configuration Ri a1 a2 a3 a4 R2

1 Apex facing flow 0 0.809 0.796 0.137 1.129 0.995
2 0.5 0.971 0.847 0.1 1.397 0.993
3 1 1.129 0.859 0.087 1.462 0.993

4 Side facing flow 0 0.896 0.854 0.075 1.246 0.993
5 0.5 1.074 0.847 0.072 1.487 0.991
6 1 1.201 0.838 0.075 1.533 0.992

R2 – Correlation coefficient.
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5. Heat transfer enhancement produced by buoyancy decreases at
the windward surfaces of body with an increment in buoyancy
levels forDa 6 10�4; intensity of the same phenomena increases
with further increment in Da. Heat transfer enrichment is evi-
dent from the mean Nusselt number increment with Da and
Ri. However, at low Re there is significant variation in heat dissi-
pation with aforementioned parameters. Rich thermal perfor-
mances are observed for apex facing triangular configuration
for all values of Re, non-dimensional permeability levels, and
buoyancy conditions in comparison with side facing cylinder.

Hence, it is clear that the flow and thermal behaviour can be
regulated by tuning permeability, buoyancy condition and config-
uration of permeable body for real life applications. The thermal
behaviour can be further intensified by reducing channel height
and changing the buoyancy orientations [31]. Therefore, a detailed
investigation on thermal characteristics around a permeable trian-
gular body with different configurations in a confined channel
under different buoyancy orientation can be carried out in future.
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