
Two different configurations of cylinder are studied; one 
when the base of the cylinder is facing the flow and the other 
when the vertex is facing the flow. This study showed that the 
flow separation behind the cylinder is more pronounced when 
vertex of triangular facing the flow. Laidoudi and Bouzit 
(2016) investigated numerically the effects of aiding and 
opposing thermal buoyancy on downward flow around a 
circular cylinder confined within vertical channel.  The 
computational results showed that the adding buoyancy 
enhanced the heat transfer rate; meanwhile the opposing 
effect reduces the heat transfer rate. 

For the radial effect of thermal buoyancy, Sukesan and Dhiman 
(2014) carried out a numerical investigation of radial buoyancy 
effect on fluid flow heat transfer from a semi-circular cylinder 
confined in horizontal channel for steady laminar regime. It 
was found that flow around the cylinders became asymmetric 
with gradual increase in the value of radial thermal buoyancy. 
Laidoudi and Bouzit (2017a) introduced the radial effect of 
buoyancy on shear-thinning fluids. 

Based on the above researches, it is clear that there is no 
reported work on the effect of thermal buoyancy on fluid flow 
and heat transfer around a confined two triangular cylinders 
placed in side-by-side arrangement. Therefore, this paper 
tries to fill gap in literature.  Accordingly, the purpose of 
present work is to numerically analyze the axial and radial 
effects of thermal buoyancy on fluid flow and heat transfer 
around a two triangular cylinders placed in side-by-side 
arrangement. The obtained results are presented and 
discussed for the range of these conditions: Ri = 0 to 2 at fixed 
Re = 20 and Pr = 1

Problem statement and governing equations

The problem studied in this paper is schematically illustrated 
in Figure 1. Two identical heated triangular cylinders with 
sides d are assumed to place symmetrically in side-by-side 
arrangement inside of a long two-dimensional channel. The 
spacing S showed between the cylinders as well as between 
cylinders and channel walls are fixed with one width of 
cylinder (S=d). The upstream and downstream distances of 
computational domain are gives respectively by the values Lu 
= 10d and Ld  = 15d, these values are chosen based on our 
previous work as Laidoudi and Bouzit (2017b). It is also 
assumed that the flow enters the channel with constant free 
stream of uniform velocity uin and temperature Tin, and 
passes the cylinders whose surfaces are fixed temperature Tw. 
the blockage ratio of the computational domain is given as: β 
= d/H= 0.2. It is also considered that the flow is steady 
laminar regime with constant thermo-physical proprieties, the 
thermal buoyancy forces are defined with the aspect of the 
Boussinesq approximation. For the axial case Figure 1, (a), 

the buoyancy force is considered in x-direction aiding the 
flow direction. For the radial case Figure 1, (b), the buoyancy 
force is assumed in y-direction crossing the flow direction.   
The modeling equations of this problem are given by 
conservation equations of mass, momentum and energy 
which can be expressed by these dimensionless equations:

                                                        

• Momentum 

 (a) For axial buoyancy effect

                                                                             ,    (2a)

                                                                      ,    (2b)

 (b) For radial buoyancy effect

                                                                     ,    (3a)

                                                                             ,    (3b)

• Energy

                                                                               (4)

where u, and v are the dimensionless velocity components 
along x- and y-directions of a Cartesian Coordinate system, 
respectively, P is the dimensionless pressure and Re = (umax 

d/η) is the Reynolds number  based  on   the   cylinder   
dimension. Ri = (Gr/Re2) is the Richardson   number. Gr = g
β(Tw -Tin)d3/η2) is the Grash of number with g and β being the 
gravitational acceleration and volumetric expansion 
coefficient, θ is the dimensionless temperature and Pr = η/α is 
the Prandtl number. The fluid properties are described by the 
density ρ, kinematic viscosity η and thermal diffusivity α. 
The dimensionless variables are defined as:

                                                           

                                                  

The physical boundary conditions of this study can be written 
as follows: 

• At the inlet of channel a uniform velocity profile for 
laminar flow with a constant temperature, this is can be 
expressed as:

• On the surfaces of the triangular cylinders: The 
standard no-slip condition is used fluid flow and 
constant temperature Tw. 

• At the channel walls, the usual no-slip condition for 
flow and adiabatic condition for energy are used.

• At the outlet Neumann boundary condition for field 
variables is employed:

Overall drag coefficient was mathematically defined as:

FD is the total drag force on the surface of the cylinder. 

The local Nusselt number on the surface of cylinder was 
evaluated for constant wall temperature as:

where h and ns are: the local surface heat transfer coefficient 
and the normal direction to the cylinder surface. These local 
values on entire surface were then averaged to obtain the 
average Nusselt number of circular cylinder.

Numerical methodology 

The conservation equations shown above subjected to 
aforementioned boundary conditions are solved numerically 
using a finite volume method adopted in CFD 
(Computational Fluid Dynamic) solver called ANSYS-CFX.

The package Gambit has been used to create geometry of 
computational domain. 204654 elements of triangular cells 
with non-uniform spacing have been created. In order to get 
accurate results of the interaction between flow and wall of 
cylinders, the mesh points have a concentration distribution 
close to cylinders. The methodology of getting mesh is the 
same used in our previous works (Laidoudi and Bouzit, 
2017c).   

Results and discussion

Figure 2 and Figure  3 show representative streamline 
contours around the cylinders under the effects of axial and 
radial buoyancy respectively at fixed values of Reynolds and 
Prandtl numbers Re = 20 and Pr = 1. From Figure 2, it is 
observed that the flow structure is perfectly symmetrical, and 
two recirculation bubbles appeared behind each cylinder, the 
length of bubbles is seen to be reduced with gradual increase 
in the Richardson number. Moreover, two identical counter 
rotating regions are observed in downstream region on the 
channel walls. From the Figure 3, it is shown that the flow 
starts to loss its symmetric when the radial effect of buoyancy 
is added. The degree of asymmetry of flow structure increases 
with gradual increase in Richardson number. Moreover, the 
recirculation bubbles behind the cylinders are also influenced 
by the radial buoyancy effect; they interact in upward 
direction with gradual increase in buoyancy strength. 
Furthermore, the radial effect of thermal buoyancy creates 
two different kinds of recirculation zones, the first one is 
situated in upstream region above the cylinders and the 
second is in downstream region under the cylinders.

Figures 4 and 5 depict some representative contours of the 
isotherms for different values of Richardson number at fixed 
value of Reynolds number Re = 20 and Prandtl number of Pr 
= 1. Figure 4 is for axial buoyancy effect meanwhile the 

Figure 5 is for radial effect. As streamlines, the isotherms are 
symmetrical under the axial buoyancy effect but they are 
asymmetrical for radial effect. It is known that crowding 
isotherms indicate high temperature gradient and 
consequently higher heat transfer rate.  Based on this 
information, it is observed that crowding of the isotherms 
increases systematically with gradual increase in Richardson 
number for axial effect of the buoyancy but this behavior is 
seen to be changed for upper cylinder under the radial effect 
of thermal buoyancy.

Figures 6 and 7 present the variations of drag coefficient of 
both cylinders versus Richardson number at fixed Re = 20 and 

Pr = 1 under the effect of axial and radial thermal buoyancy. 
The potted graphs of Figure 6 show that the total drag 
coefficient of both cylinders decreases with increase 
Reynolds number, this is due to velocity of fluid particles 
which is increased behind the cylinders in the flow direction 
and consequently the recirculation zones behind the cylinders 
decreased which indicate that the difference of pressure 
exerted on cylinder surfaces is decreased. The plotted graphs 
of the Figure 7 indicate that the total drag coefficient of upper 
(C1) cylinder increases gradually with increase in Richardson 
number meanwhile a different dependence on Richardson 
number is observed for the down (C2) cylinder, this is also 
due to radial effect of buoyancy which created a radial 
velocity of fluid particles behind cylinders. 

The following simple correlation was obtained for total drag 
coefficient for the range of Richardson number limited 
between 0.5 and 2 at Re = 20 and     Pr = 1 under the axial 
effect of thermal buoyancy. 

CD =1.9374-0.76393Ri 

Both Figure 8 and 9 show the variation of average Nusselt 
number of both cylinders with Richardson number at Re = 20 
and Pr = 1 under the axial and radial buoyancy effect 
respectively. Figure 8 depicted that the Nu increases with 
increase in Richardson number for both cylinders but Figure 
9 shows that the average Nusselt number of upper cylinder 
increase gradually with Richardson number meanwhile the 
down cylinder shows an inverse evolution with Richardson 
number. Also a simple correlation of average Nusselt number 
versus Richardson at Re = 20 and Pr = 1 is added only for the 
axial effect of thermal buoyancy.

Nu=2.30675+0.13233Ri

Conclusion

Two-numerical simulations are carried out to analyze the 
effect of axial and radial thermal buoyancy on fluid flow and 
heat transfer over a pair of triangular cylinders placed in 
side-by-side arrangement. The investigation is done for the 
range of following conditions: Richardson number, Ri = 0 to 
2 at fixed value of Reynolds number of Re = 20, Prandtl 
number of Pr = 1 and blockage ratio of β = 0.2.

The main finding of this research can be summarized as 
follow:

1. For axial effect of thermal buoyancy: the gradual 
increase in Richardson number reduces the size of 
recirculation zones behind the cylinders and decreases 
the stability of the flow in downstream zone. Also, it is 
found that increase in the value of Richardson number 
gradually decreases the total drag coefficient of 
cylinders and improves the average Nusselt number of 
cylinders.   

2. For radial effect of thermal buoyancy: increase in 
Richardson number creates an asymmetrical flow 
around the cylinder and two new sort of 
counter-rotating zones appear in upper part of upstream 
zone and down part of downstream zone respectively. 
Moreover, increase in the radial effect buoyancy 
increases the total drag coefficient and average Nusselt 
number of down cylinder. On other hand, it decreases 
the total drag coefficient and average Nusselt number 
of upper cylinder.   
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Introduction

The analyze of the fluid flow and heat transfer over confined 
bluff bodies of different cross-sectional forms is one of most 
classical problem intensively encountered for a long time. 
The study of this problem is the principal step that provides 
some important parameters used for the design and 
development of such mechanical and electrical products such 
as heat exchangers of high performance, electronic cooling 
systems, devices of food treatment, etc. It was found that 
when the flow passes around a confined obstacle a wake and 
flow separation appear behind the obstacle and the form of 
the wake depends on several parameters such as velocity of 
flow,  fluid proprieties and the geometrical configuration (the 
ratio of confinement, cross-sectional form of obstacle and the 
number of obstacles). Consequently, the flow structure 
behind a two obstacle cylinders is totally different from that 
observed behind one cylinder due to reciprocal interactions 
of wakes behind the cylinders. Besides, the structure of flow 
even becomes more complicated when the wakes are 
properly influenced by thermal buoyancy. Based on 

dimensionless parameters, the thermal buoyancy strength is 
brought out by increasing gradually the Richardson number 
Ri = Gr/Re2, Gr being the Grashof number and Re being the 
Reynolds number. So the Richardson expression provides the 
strength quantity of natural convection over forced 
convection. 

Recently there are some works studied the fluid flow and heat 
transfer around a confined cylinder under the axial and radial 
effects of thermal buoyancy. For axial influence of thermal 
buoyancy, there are two different effects of thermal 
buoyancy (aiding and opposing effects). Chatterjee and 
Mondal (2014) provided through numerical simulations the 
phenomena of the suppression of flow separation behind a 
singular cylinder (square and circular form) by aiding 
thermal buoyancy. Gupta et al. (2017) studied the effect of 
aiding buoyancy on steady mixed convection heat transfer 
from one triangular cylinder immersed in power-law fluids in 
unconfined vertical domain. 

*Corresponding author e-mail: houssem.laidoudi@univ-usto.dz

Effect of thermal buoyancy on flow pattern from a pair of side-by-side confined 
triangular cylinders

H. Laidoudi and M. Bouzit

Laboratoire des Sciences et Ingénierie Maritime (LSIM), Faculté de Génie Mécanique, USTO-MB, BP 1505, El-Menaouer, 
Oran, 31000, Algérie 

Abstract
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Two different configurations of cylinder are studied; one 
when the base of the cylinder is facing the flow and the other 
when the vertex is facing the flow. This study showed that the 
flow separation behind the cylinder is more pronounced when 
vertex of triangular facing the flow. Laidoudi and Bouzit 
(2016) investigated numerically the effects of aiding and 
opposing thermal buoyancy on downward flow around a 
circular cylinder confined within vertical channel.  The 
computational results showed that the adding buoyancy 
enhanced the heat transfer rate; meanwhile the opposing 
effect reduces the heat transfer rate. 

For the radial effect of thermal buoyancy, Sukesan and Dhiman 
(2014) carried out a numerical investigation of radial buoyancy 
effect on fluid flow heat transfer from a semi-circular cylinder 
confined in horizontal channel for steady laminar regime. It 
was found that flow around the cylinders became asymmetric 
with gradual increase in the value of radial thermal buoyancy. 
Laidoudi and Bouzit (2017a) introduced the radial effect of 
buoyancy on shear-thinning fluids. 

Based on the above researches, it is clear that there is no 
reported work on the effect of thermal buoyancy on fluid flow 
and heat transfer around a confined two triangular cylinders 
placed in side-by-side arrangement. Therefore, this paper 
tries to fill gap in literature.  Accordingly, the purpose of 
present work is to numerically analyze the axial and radial 
effects of thermal buoyancy on fluid flow and heat transfer 
around a two triangular cylinders placed in side-by-side 
arrangement. The obtained results are presented and 
discussed for the range of these conditions: Ri = 0 to 2 at fixed 
Re = 20 and Pr = 1

Problem statement and governing equations

The problem studied in this paper is schematically illustrated 
in Figure 1. Two identical heated triangular cylinders with 
sides d are assumed to place symmetrically in side-by-side 
arrangement inside of a long two-dimensional channel. The 
spacing S showed between the cylinders as well as between 
cylinders and channel walls are fixed with one width of 
cylinder (S=d). The upstream and downstream distances of 
computational domain are gives respectively by the values Lu 
= 10d and Ld  = 15d, these values are chosen based on our 
previous work as Laidoudi and Bouzit (2017b). It is also 
assumed that the flow enters the channel with constant free 
stream of uniform velocity uin and temperature Tin, and 
passes the cylinders whose surfaces are fixed temperature Tw. 
the blockage ratio of the computational domain is given as: β 
= d/H= 0.2. It is also considered that the flow is steady 
laminar regime with constant thermo-physical proprieties, the 
thermal buoyancy forces are defined with the aspect of the 
Boussinesq approximation. For the axial case Figure 1, (a), 

the buoyancy force is considered in x-direction aiding the 
flow direction. For the radial case Figure 1, (b), the buoyancy 
force is assumed in y-direction crossing the flow direction.   
The modeling equations of this problem are given by 
conservation equations of mass, momentum and energy 
which can be expressed by these dimensionless equations:

                                                        

• Momentum 

 (a) For axial buoyancy effect

                                                                             ,    (2a)

                                                                      ,    (2b)

 (b) For radial buoyancy effect

                                                                     ,    (3a)

                                                                             ,    (3b)
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• Energy

                                                                               (4)

where u, and v are the dimensionless velocity components 
along x- and y-directions of a Cartesian Coordinate system, 
respectively, P is the dimensionless pressure and Re = (umax 

d/η) is the Reynolds number  based  on   the   cylinder   
dimension. Ri = (Gr/Re2) is the Richardson   number. Gr = g
β(Tw -Tin)d3/η2) is the Grash of number with g and β being the 
gravitational acceleration and volumetric expansion 
coefficient, θ is the dimensionless temperature and Pr = η/α is 
the Prandtl number. The fluid properties are described by the 
density ρ, kinematic viscosity η and thermal diffusivity α. 
The dimensionless variables are defined as:

                                                           

                                                  

The physical boundary conditions of this study can be written 
as follows: 

• At the inlet of channel a uniform velocity profile for 
laminar flow with a constant temperature, this is can be 
expressed as:

• On the surfaces of the triangular cylinders: The 
standard no-slip condition is used fluid flow and 
constant temperature Tw. 

• At the channel walls, the usual no-slip condition for 
flow and adiabatic condition for energy are used.

• At the outlet Neumann boundary condition for field 
variables is employed:

Overall drag coefficient was mathematically defined as:

FD is the total drag force on the surface of the cylinder. 

The local Nusselt number on the surface of cylinder was 
evaluated for constant wall temperature as:

where h and ns are: the local surface heat transfer coefficient 
and the normal direction to the cylinder surface. These local 
values on entire surface were then averaged to obtain the 
average Nusselt number of circular cylinder.

Numerical methodology 

The conservation equations shown above subjected to 
aforementioned boundary conditions are solved numerically 
using a finite volume method adopted in CFD 
(Computational Fluid Dynamic) solver called ANSYS-CFX.

The package Gambit has been used to create geometry of 
computational domain. 204654 elements of triangular cells 
with non-uniform spacing have been created. In order to get 
accurate results of the interaction between flow and wall of 
cylinders, the mesh points have a concentration distribution 
close to cylinders. The methodology of getting mesh is the 
same used in our previous works (Laidoudi and Bouzit, 
2017c).   

Results and discussion

Figure 2 and Figure  3 show representative streamline 
contours around the cylinders under the effects of axial and 
radial buoyancy respectively at fixed values of Reynolds and 
Prandtl numbers Re = 20 and Pr = 1. From Figure 2, it is 
observed that the flow structure is perfectly symmetrical, and 
two recirculation bubbles appeared behind each cylinder, the 
length of bubbles is seen to be reduced with gradual increase 
in the Richardson number. Moreover, two identical counter 
rotating regions are observed in downstream region on the 
channel walls. From the Figure 3, it is shown that the flow 
starts to loss its symmetric when the radial effect of buoyancy 
is added. The degree of asymmetry of flow structure increases 
with gradual increase in Richardson number. Moreover, the 
recirculation bubbles behind the cylinders are also influenced 
by the radial buoyancy effect; they interact in upward 
direction with gradual increase in buoyancy strength. 
Furthermore, the radial effect of thermal buoyancy creates 
two different kinds of recirculation zones, the first one is 
situated in upstream region above the cylinders and the 
second is in downstream region under the cylinders.

Figures 4 and 5 depict some representative contours of the 
isotherms for different values of Richardson number at fixed 
value of Reynolds number Re = 20 and Prandtl number of Pr 
= 1. Figure 4 is for axial buoyancy effect meanwhile the 

Figure 5 is for radial effect. As streamlines, the isotherms are 
symmetrical under the axial buoyancy effect but they are 
asymmetrical for radial effect. It is known that crowding 
isotherms indicate high temperature gradient and 
consequently higher heat transfer rate.  Based on this 
information, it is observed that crowding of the isotherms 
increases systematically with gradual increase in Richardson 
number for axial effect of the buoyancy but this behavior is 
seen to be changed for upper cylinder under the radial effect 
of thermal buoyancy.

Figures 6 and 7 present the variations of drag coefficient of 
both cylinders versus Richardson number at fixed Re = 20 and 

Pr = 1 under the effect of axial and radial thermal buoyancy. 
The potted graphs of Figure 6 show that the total drag 
coefficient of both cylinders decreases with increase 
Reynolds number, this is due to velocity of fluid particles 
which is increased behind the cylinders in the flow direction 
and consequently the recirculation zones behind the cylinders 
decreased which indicate that the difference of pressure 
exerted on cylinder surfaces is decreased. The plotted graphs 
of the Figure 7 indicate that the total drag coefficient of upper 
(C1) cylinder increases gradually with increase in Richardson 
number meanwhile a different dependence on Richardson 
number is observed for the down (C2) cylinder, this is also 
due to radial effect of buoyancy which created a radial 
velocity of fluid particles behind cylinders. 

The following simple correlation was obtained for total drag 
coefficient for the range of Richardson number limited 
between 0.5 and 2 at Re = 20 and     Pr = 1 under the axial 
effect of thermal buoyancy. 

CD =1.9374-0.76393Ri 

Both Figure 8 and 9 show the variation of average Nusselt 
number of both cylinders with Richardson number at Re = 20 
and Pr = 1 under the axial and radial buoyancy effect 
respectively. Figure 8 depicted that the Nu increases with 
increase in Richardson number for both cylinders but Figure 
9 shows that the average Nusselt number of upper cylinder 
increase gradually with Richardson number meanwhile the 
down cylinder shows an inverse evolution with Richardson 
number. Also a simple correlation of average Nusselt number 
versus Richardson at Re = 20 and Pr = 1 is added only for the 
axial effect of thermal buoyancy.

Nu=2.30675+0.13233Ri

Conclusion

Two-numerical simulations are carried out to analyze the 
effect of axial and radial thermal buoyancy on fluid flow and 
heat transfer over a pair of triangular cylinders placed in 
side-by-side arrangement. The investigation is done for the 
range of following conditions: Richardson number, Ri = 0 to 
2 at fixed value of Reynolds number of Re = 20, Prandtl 
number of Pr = 1 and blockage ratio of β = 0.2.

The main finding of this research can be summarized as 
follow:

1. For axial effect of thermal buoyancy: the gradual 
increase in Richardson number reduces the size of 
recirculation zones behind the cylinders and decreases 
the stability of the flow in downstream zone. Also, it is 
found that increase in the value of Richardson number 
gradually decreases the total drag coefficient of 
cylinders and improves the average Nusselt number of 
cylinders.   

2. For radial effect of thermal buoyancy: increase in 
Richardson number creates an asymmetrical flow 
around the cylinder and two new sort of 
counter-rotating zones appear in upper part of upstream 
zone and down part of downstream zone respectively. 
Moreover, increase in the radial effect buoyancy 
increases the total drag coefficient and average Nusselt 
number of down cylinder. On other hand, it decreases 
the total drag coefficient and average Nusselt number 
of upper cylinder.   
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Fig. 1. Schematic diagram of domain (a) Axial buoyancy 
effect (b) Radial buoyancy effect



Two different configurations of cylinder are studied; one 
when the base of the cylinder is facing the flow and the other 
when the vertex is facing the flow. This study showed that the 
flow separation behind the cylinder is more pronounced when 
vertex of triangular facing the flow. Laidoudi and Bouzit 
(2016) investigated numerically the effects of aiding and 
opposing thermal buoyancy on downward flow around a 
circular cylinder confined within vertical channel.  The 
computational results showed that the adding buoyancy 
enhanced the heat transfer rate; meanwhile the opposing 
effect reduces the heat transfer rate. 

For the radial effect of thermal buoyancy, Sukesan and Dhiman 
(2014) carried out a numerical investigation of radial buoyancy 
effect on fluid flow heat transfer from a semi-circular cylinder 
confined in horizontal channel for steady laminar regime. It 
was found that flow around the cylinders became asymmetric 
with gradual increase in the value of radial thermal buoyancy. 
Laidoudi and Bouzit (2017a) introduced the radial effect of 
buoyancy on shear-thinning fluids. 

Based on the above researches, it is clear that there is no 
reported work on the effect of thermal buoyancy on fluid flow 
and heat transfer around a confined two triangular cylinders 
placed in side-by-side arrangement. Therefore, this paper 
tries to fill gap in literature.  Accordingly, the purpose of 
present work is to numerically analyze the axial and radial 
effects of thermal buoyancy on fluid flow and heat transfer 
around a two triangular cylinders placed in side-by-side 
arrangement. The obtained results are presented and 
discussed for the range of these conditions: Ri = 0 to 2 at fixed 
Re = 20 and Pr = 1

Problem statement and governing equations

The problem studied in this paper is schematically illustrated 
in Figure 1. Two identical heated triangular cylinders with 
sides d are assumed to place symmetrically in side-by-side 
arrangement inside of a long two-dimensional channel. The 
spacing S showed between the cylinders as well as between 
cylinders and channel walls are fixed with one width of 
cylinder (S=d). The upstream and downstream distances of 
computational domain are gives respectively by the values Lu 
= 10d and Ld  = 15d, these values are chosen based on our 
previous work as Laidoudi and Bouzit (2017b). It is also 
assumed that the flow enters the channel with constant free 
stream of uniform velocity uin and temperature Tin, and 
passes the cylinders whose surfaces are fixed temperature Tw. 
the blockage ratio of the computational domain is given as: β 
= d/H= 0.2. It is also considered that the flow is steady 
laminar regime with constant thermo-physical proprieties, the 
thermal buoyancy forces are defined with the aspect of the 
Boussinesq approximation. For the axial case Figure 1, (a), 

the buoyancy force is considered in x-direction aiding the 
flow direction. For the radial case Figure 1, (b), the buoyancy 
force is assumed in y-direction crossing the flow direction.   
The modeling equations of this problem are given by 
conservation equations of mass, momentum and energy 
which can be expressed by these dimensionless equations:

                                                        

• Momentum 

 (a) For axial buoyancy effect

                                                                             ,    (2a)

                                                                      ,    (2b)

 (b) For radial buoyancy effect

                                                                     ,    (3a)

                                                                             ,    (3b)

• Energy

                                                                               (4)

where u, and v are the dimensionless velocity components 
along x- and y-directions of a Cartesian Coordinate system, 
respectively, P is the dimensionless pressure and Re = (umax 

d/η) is the Reynolds number  based  on   the   cylinder   
dimension. Ri = (Gr/Re2) is the Richardson   number. Gr = g
β(Tw -Tin)d3/η2) is the Grash of number with g and β being the 
gravitational acceleration and volumetric expansion 
coefficient, θ is the dimensionless temperature and Pr = η/α is 
the Prandtl number. The fluid properties are described by the 
density ρ, kinematic viscosity η and thermal diffusivity α. 
The dimensionless variables are defined as:

                                                           

                                                  

The physical boundary conditions of this study can be written 
as follows: 

• At the inlet of channel a uniform velocity profile for 
laminar flow with a constant temperature, this is can be 
expressed as:

• On the surfaces of the triangular cylinders: The 
standard no-slip condition is used fluid flow and 
constant temperature Tw. 

• At the channel walls, the usual no-slip condition for 
flow and adiabatic condition for energy are used.

• At the outlet Neumann boundary condition for field 
variables is employed:

Overall drag coefficient was mathematically defined as:

FD is the total drag force on the surface of the cylinder. 

The local Nusselt number on the surface of cylinder was 
evaluated for constant wall temperature as:

where h and ns are: the local surface heat transfer coefficient 
and the normal direction to the cylinder surface. These local 
values on entire surface were then averaged to obtain the 
average Nusselt number of circular cylinder.

Numerical methodology 

The conservation equations shown above subjected to 
aforementioned boundary conditions are solved numerically 
using a finite volume method adopted in CFD 
(Computational Fluid Dynamic) solver called ANSYS-CFX.

The package Gambit has been used to create geometry of 
computational domain. 204654 elements of triangular cells 
with non-uniform spacing have been created. In order to get 
accurate results of the interaction between flow and wall of 
cylinders, the mesh points have a concentration distribution 
close to cylinders. The methodology of getting mesh is the 
same used in our previous works (Laidoudi and Bouzit, 
2017c).   

Results and discussion

Figure 2 and Figure  3 show representative streamline 
contours around the cylinders under the effects of axial and 
radial buoyancy respectively at fixed values of Reynolds and 
Prandtl numbers Re = 20 and Pr = 1. From Figure 2, it is 
observed that the flow structure is perfectly symmetrical, and 
two recirculation bubbles appeared behind each cylinder, the 
length of bubbles is seen to be reduced with gradual increase 
in the Richardson number. Moreover, two identical counter 
rotating regions are observed in downstream region on the 
channel walls. From the Figure 3, it is shown that the flow 
starts to loss its symmetric when the radial effect of buoyancy 
is added. The degree of asymmetry of flow structure increases 
with gradual increase in Richardson number. Moreover, the 
recirculation bubbles behind the cylinders are also influenced 
by the radial buoyancy effect; they interact in upward 
direction with gradual increase in buoyancy strength. 
Furthermore, the radial effect of thermal buoyancy creates 
two different kinds of recirculation zones, the first one is 
situated in upstream region above the cylinders and the 
second is in downstream region under the cylinders.

Figures 4 and 5 depict some representative contours of the 
isotherms for different values of Richardson number at fixed 
value of Reynolds number Re = 20 and Prandtl number of Pr 
= 1. Figure 4 is for axial buoyancy effect meanwhile the 
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Figure 5 is for radial effect. As streamlines, the isotherms are 
symmetrical under the axial buoyancy effect but they are 
asymmetrical for radial effect. It is known that crowding 
isotherms indicate high temperature gradient and 
consequently higher heat transfer rate.  Based on this 
information, it is observed that crowding of the isotherms 
increases systematically with gradual increase in Richardson 
number for axial effect of the buoyancy but this behavior is 
seen to be changed for upper cylinder under the radial effect 
of thermal buoyancy.

Figures 6 and 7 present the variations of drag coefficient of 
both cylinders versus Richardson number at fixed Re = 20 and 

Pr = 1 under the effect of axial and radial thermal buoyancy. 
The potted graphs of Figure 6 show that the total drag 
coefficient of both cylinders decreases with increase 
Reynolds number, this is due to velocity of fluid particles 
which is increased behind the cylinders in the flow direction 
and consequently the recirculation zones behind the cylinders 
decreased which indicate that the difference of pressure 
exerted on cylinder surfaces is decreased. The plotted graphs 
of the Figure 7 indicate that the total drag coefficient of upper 
(C1) cylinder increases gradually with increase in Richardson 
number meanwhile a different dependence on Richardson 
number is observed for the down (C2) cylinder, this is also 
due to radial effect of buoyancy which created a radial 
velocity of fluid particles behind cylinders. 

The following simple correlation was obtained for total drag 
coefficient for the range of Richardson number limited 
between 0.5 and 2 at Re = 20 and     Pr = 1 under the axial 
effect of thermal buoyancy. 

CD =1.9374-0.76393Ri 

Both Figure 8 and 9 show the variation of average Nusselt 
number of both cylinders with Richardson number at Re = 20 
and Pr = 1 under the axial and radial buoyancy effect 
respectively. Figure 8 depicted that the Nu increases with 
increase in Richardson number for both cylinders but Figure 
9 shows that the average Nusselt number of upper cylinder 
increase gradually with Richardson number meanwhile the 
down cylinder shows an inverse evolution with Richardson 
number. Also a simple correlation of average Nusselt number 
versus Richardson at Re = 20 and Pr = 1 is added only for the 
axial effect of thermal buoyancy.

Nu=2.30675+0.13233Ri

Conclusion

Two-numerical simulations are carried out to analyze the 
effect of axial and radial thermal buoyancy on fluid flow and 
heat transfer over a pair of triangular cylinders placed in 
side-by-side arrangement. The investigation is done for the 
range of following conditions: Richardson number, Ri = 0 to 
2 at fixed value of Reynolds number of Re = 20, Prandtl 
number of Pr = 1 and blockage ratio of β = 0.2.

The main finding of this research can be summarized as 
follow:

1. For axial effect of thermal buoyancy: the gradual 
increase in Richardson number reduces the size of 
recirculation zones behind the cylinders and decreases 
the stability of the flow in downstream zone. Also, it is 
found that increase in the value of Richardson number 
gradually decreases the total drag coefficient of 
cylinders and improves the average Nusselt number of 
cylinders.   

2. For radial effect of thermal buoyancy: increase in 
Richardson number creates an asymmetrical flow 
around the cylinder and two new sort of 
counter-rotating zones appear in upper part of upstream 
zone and down part of downstream zone respectively. 
Moreover, increase in the radial effect buoyancy 
increases the total drag coefficient and average Nusselt 
number of down cylinder. On other hand, it decreases 
the total drag coefficient and average Nusselt number 
of upper cylinder.   
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Two different configurations of cylinder are studied; one 
when the base of the cylinder is facing the flow and the other 
when the vertex is facing the flow. This study showed that the 
flow separation behind the cylinder is more pronounced when 
vertex of triangular facing the flow. Laidoudi and Bouzit 
(2016) investigated numerically the effects of aiding and 
opposing thermal buoyancy on downward flow around a 
circular cylinder confined within vertical channel.  The 
computational results showed that the adding buoyancy 
enhanced the heat transfer rate; meanwhile the opposing 
effect reduces the heat transfer rate. 

For the radial effect of thermal buoyancy, Sukesan and Dhiman 
(2014) carried out a numerical investigation of radial buoyancy 
effect on fluid flow heat transfer from a semi-circular cylinder 
confined in horizontal channel for steady laminar regime. It 
was found that flow around the cylinders became asymmetric 
with gradual increase in the value of radial thermal buoyancy. 
Laidoudi and Bouzit (2017a) introduced the radial effect of 
buoyancy on shear-thinning fluids. 

Based on the above researches, it is clear that there is no 
reported work on the effect of thermal buoyancy on fluid flow 
and heat transfer around a confined two triangular cylinders 
placed in side-by-side arrangement. Therefore, this paper 
tries to fill gap in literature.  Accordingly, the purpose of 
present work is to numerically analyze the axial and radial 
effects of thermal buoyancy on fluid flow and heat transfer 
around a two triangular cylinders placed in side-by-side 
arrangement. The obtained results are presented and 
discussed for the range of these conditions: Ri = 0 to 2 at fixed 
Re = 20 and Pr = 1

Problem statement and governing equations

The problem studied in this paper is schematically illustrated 
in Figure 1. Two identical heated triangular cylinders with 
sides d are assumed to place symmetrically in side-by-side 
arrangement inside of a long two-dimensional channel. The 
spacing S showed between the cylinders as well as between 
cylinders and channel walls are fixed with one width of 
cylinder (S=d). The upstream and downstream distances of 
computational domain are gives respectively by the values Lu 
= 10d and Ld  = 15d, these values are chosen based on our 
previous work as Laidoudi and Bouzit (2017b). It is also 
assumed that the flow enters the channel with constant free 
stream of uniform velocity uin and temperature Tin, and 
passes the cylinders whose surfaces are fixed temperature Tw. 
the blockage ratio of the computational domain is given as: β 
= d/H= 0.2. It is also considered that the flow is steady 
laminar regime with constant thermo-physical proprieties, the 
thermal buoyancy forces are defined with the aspect of the 
Boussinesq approximation. For the axial case Figure 1, (a), 

the buoyancy force is considered in x-direction aiding the 
flow direction. For the radial case Figure 1, (b), the buoyancy 
force is assumed in y-direction crossing the flow direction.   
The modeling equations of this problem are given by 
conservation equations of mass, momentum and energy 
which can be expressed by these dimensionless equations:

                                                        

• Momentum 

 (a) For axial buoyancy effect

                                                                             ,    (2a)

                                                                      ,    (2b)

 (b) For radial buoyancy effect

                                                                     ,    (3a)

                                                                             ,    (3b)

• Energy

                                                                               (4)

where u, and v are the dimensionless velocity components 
along x- and y-directions of a Cartesian Coordinate system, 
respectively, P is the dimensionless pressure and Re = (umax 

d/η) is the Reynolds number  based  on   the   cylinder   
dimension. Ri = (Gr/Re2) is the Richardson   number. Gr = g
β(Tw -Tin)d3/η2) is the Grash of number with g and β being the 
gravitational acceleration and volumetric expansion 
coefficient, θ is the dimensionless temperature and Pr = η/α is 
the Prandtl number. The fluid properties are described by the 
density ρ, kinematic viscosity η and thermal diffusivity α. 
The dimensionless variables are defined as:

                                                           

                                                  

The physical boundary conditions of this study can be written 
as follows: 

• At the inlet of channel a uniform velocity profile for 
laminar flow with a constant temperature, this is can be 
expressed as:

• On the surfaces of the triangular cylinders: The 
standard no-slip condition is used fluid flow and 
constant temperature Tw. 

• At the channel walls, the usual no-slip condition for 
flow and adiabatic condition for energy are used.

• At the outlet Neumann boundary condition for field 
variables is employed:

Overall drag coefficient was mathematically defined as:

FD is the total drag force on the surface of the cylinder. 

The local Nusselt number on the surface of cylinder was 
evaluated for constant wall temperature as:

where h and ns are: the local surface heat transfer coefficient 
and the normal direction to the cylinder surface. These local 
values on entire surface were then averaged to obtain the 
average Nusselt number of circular cylinder.

Numerical methodology 

The conservation equations shown above subjected to 
aforementioned boundary conditions are solved numerically 
using a finite volume method adopted in CFD 
(Computational Fluid Dynamic) solver called ANSYS-CFX.

The package Gambit has been used to create geometry of 
computational domain. 204654 elements of triangular cells 
with non-uniform spacing have been created. In order to get 
accurate results of the interaction between flow and wall of 
cylinders, the mesh points have a concentration distribution 
close to cylinders. The methodology of getting mesh is the 
same used in our previous works (Laidoudi and Bouzit, 
2017c).   

Results and discussion

Figure 2 and Figure  3 show representative streamline 
contours around the cylinders under the effects of axial and 
radial buoyancy respectively at fixed values of Reynolds and 
Prandtl numbers Re = 20 and Pr = 1. From Figure 2, it is 
observed that the flow structure is perfectly symmetrical, and 
two recirculation bubbles appeared behind each cylinder, the 
length of bubbles is seen to be reduced with gradual increase 
in the Richardson number. Moreover, two identical counter 
rotating regions are observed in downstream region on the 
channel walls. From the Figure 3, it is shown that the flow 
starts to loss its symmetric when the radial effect of buoyancy 
is added. The degree of asymmetry of flow structure increases 
with gradual increase in Richardson number. Moreover, the 
recirculation bubbles behind the cylinders are also influenced 
by the radial buoyancy effect; they interact in upward 
direction with gradual increase in buoyancy strength. 
Furthermore, the radial effect of thermal buoyancy creates 
two different kinds of recirculation zones, the first one is 
situated in upstream region above the cylinders and the 
second is in downstream region under the cylinders.

Figures 4 and 5 depict some representative contours of the 
isotherms for different values of Richardson number at fixed 
value of Reynolds number Re = 20 and Prandtl number of Pr 
= 1. Figure 4 is for axial buoyancy effect meanwhile the 
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Figure 5 is for radial effect. As streamlines, the isotherms are 
symmetrical under the axial buoyancy effect but they are 
asymmetrical for radial effect. It is known that crowding 
isotherms indicate high temperature gradient and 
consequently higher heat transfer rate.  Based on this 
information, it is observed that crowding of the isotherms 
increases systematically with gradual increase in Richardson 
number for axial effect of the buoyancy but this behavior is 
seen to be changed for upper cylinder under the radial effect 
of thermal buoyancy.

Figures 6 and 7 present the variations of drag coefficient of 
both cylinders versus Richardson number at fixed Re = 20 and 

Pr = 1 under the effect of axial and radial thermal buoyancy. 
The potted graphs of Figure 6 show that the total drag 
coefficient of both cylinders decreases with increase 
Reynolds number, this is due to velocity of fluid particles 
which is increased behind the cylinders in the flow direction 
and consequently the recirculation zones behind the cylinders 
decreased which indicate that the difference of pressure 
exerted on cylinder surfaces is decreased. The plotted graphs 
of the Figure 7 indicate that the total drag coefficient of upper 
(C1) cylinder increases gradually with increase in Richardson 
number meanwhile a different dependence on Richardson 
number is observed for the down (C2) cylinder, this is also 
due to radial effect of buoyancy which created a radial 
velocity of fluid particles behind cylinders. 

The following simple correlation was obtained for total drag 
coefficient for the range of Richardson number limited 
between 0.5 and 2 at Re = 20 and     Pr = 1 under the axial 
effect of thermal buoyancy. 

CD =1.9374-0.76393Ri 

Both Figure 8 and 9 show the variation of average Nusselt 
number of both cylinders with Richardson number at Re = 20 
and Pr = 1 under the axial and radial buoyancy effect 
respectively. Figure 8 depicted that the Nu increases with 
increase in Richardson number for both cylinders but Figure 
9 shows that the average Nusselt number of upper cylinder 
increase gradually with Richardson number meanwhile the 
down cylinder shows an inverse evolution with Richardson 
number. Also a simple correlation of average Nusselt number 
versus Richardson at Re = 20 and Pr = 1 is added only for the 
axial effect of thermal buoyancy.

Nu=2.30675+0.13233Ri

Conclusion

Two-numerical simulations are carried out to analyze the 
effect of axial and radial thermal buoyancy on fluid flow and 
heat transfer over a pair of triangular cylinders placed in 
side-by-side arrangement. The investigation is done for the 
range of following conditions: Richardson number, Ri = 0 to 
2 at fixed value of Reynolds number of Re = 20, Prandtl 
number of Pr = 1 and blockage ratio of β = 0.2.

The main finding of this research can be summarized as 
follow:

1. For axial effect of thermal buoyancy: the gradual 
increase in Richardson number reduces the size of 
recirculation zones behind the cylinders and decreases 
the stability of the flow in downstream zone. Also, it is 
found that increase in the value of Richardson number 
gradually decreases the total drag coefficient of 
cylinders and improves the average Nusselt number of 
cylinders.   

2. For radial effect of thermal buoyancy: increase in 
Richardson number creates an asymmetrical flow 
around the cylinder and two new sort of 
counter-rotating zones appear in upper part of upstream 
zone and down part of downstream zone respectively. 
Moreover, increase in the radial effect buoyancy 
increases the total drag coefficient and average Nusselt 
number of down cylinder. On other hand, it decreases 
the total drag coefficient and average Nusselt number 
of upper cylinder.   
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Fig. 2. Streamlines around cylinders for Re = 20 and Pr = 
1 under axial buoyancy effect

Fig. 3. Streamlines around cylinders for Re = 20 and Pr = 
1 under radial buoyancy effect

Fig. 4. Isotherms around cylinders for Re = 20 and Pr = 1 
under axial buoyancy effect

Fig. 5. Isotherms around cylinders for Re = 20 and Pr = 1 
under radial buoyancy effect



Two different configurations of cylinder are studied; one 
when the base of the cylinder is facing the flow and the other 
when the vertex is facing the flow. This study showed that the 
flow separation behind the cylinder is more pronounced when 
vertex of triangular facing the flow. Laidoudi and Bouzit 
(2016) investigated numerically the effects of aiding and 
opposing thermal buoyancy on downward flow around a 
circular cylinder confined within vertical channel.  The 
computational results showed that the adding buoyancy 
enhanced the heat transfer rate; meanwhile the opposing 
effect reduces the heat transfer rate. 

For the radial effect of thermal buoyancy, Sukesan and Dhiman 
(2014) carried out a numerical investigation of radial buoyancy 
effect on fluid flow heat transfer from a semi-circular cylinder 
confined in horizontal channel for steady laminar regime. It 
was found that flow around the cylinders became asymmetric 
with gradual increase in the value of radial thermal buoyancy. 
Laidoudi and Bouzit (2017a) introduced the radial effect of 
buoyancy on shear-thinning fluids. 

Based on the above researches, it is clear that there is no 
reported work on the effect of thermal buoyancy on fluid flow 
and heat transfer around a confined two triangular cylinders 
placed in side-by-side arrangement. Therefore, this paper 
tries to fill gap in literature.  Accordingly, the purpose of 
present work is to numerically analyze the axial and radial 
effects of thermal buoyancy on fluid flow and heat transfer 
around a two triangular cylinders placed in side-by-side 
arrangement. The obtained results are presented and 
discussed for the range of these conditions: Ri = 0 to 2 at fixed 
Re = 20 and Pr = 1

Problem statement and governing equations

The problem studied in this paper is schematically illustrated 
in Figure 1. Two identical heated triangular cylinders with 
sides d are assumed to place symmetrically in side-by-side 
arrangement inside of a long two-dimensional channel. The 
spacing S showed between the cylinders as well as between 
cylinders and channel walls are fixed with one width of 
cylinder (S=d). The upstream and downstream distances of 
computational domain are gives respectively by the values Lu 
= 10d and Ld  = 15d, these values are chosen based on our 
previous work as Laidoudi and Bouzit (2017b). It is also 
assumed that the flow enters the channel with constant free 
stream of uniform velocity uin and temperature Tin, and 
passes the cylinders whose surfaces are fixed temperature Tw. 
the blockage ratio of the computational domain is given as: β 
= d/H= 0.2. It is also considered that the flow is steady 
laminar regime with constant thermo-physical proprieties, the 
thermal buoyancy forces are defined with the aspect of the 
Boussinesq approximation. For the axial case Figure 1, (a), 

the buoyancy force is considered in x-direction aiding the 
flow direction. For the radial case Figure 1, (b), the buoyancy 
force is assumed in y-direction crossing the flow direction.   
The modeling equations of this problem are given by 
conservation equations of mass, momentum and energy 
which can be expressed by these dimensionless equations:

                                                        

• Momentum 

 (a) For axial buoyancy effect

                                                                             ,    (2a)

                                                                      ,    (2b)

 (b) For radial buoyancy effect

                                                                     ,    (3a)

                                                                             ,    (3b)

• Energy

                                                                               (4)

where u, and v are the dimensionless velocity components 
along x- and y-directions of a Cartesian Coordinate system, 
respectively, P is the dimensionless pressure and Re = (umax 

d/η) is the Reynolds number  based  on   the   cylinder   
dimension. Ri = (Gr/Re2) is the Richardson   number. Gr = g
β(Tw -Tin)d3/η2) is the Grash of number with g and β being the 
gravitational acceleration and volumetric expansion 
coefficient, θ is the dimensionless temperature and Pr = η/α is 
the Prandtl number. The fluid properties are described by the 
density ρ, kinematic viscosity η and thermal diffusivity α. 
The dimensionless variables are defined as:

                                                           

                                                  

The physical boundary conditions of this study can be written 
as follows: 

• At the inlet of channel a uniform velocity profile for 
laminar flow with a constant temperature, this is can be 
expressed as:

• On the surfaces of the triangular cylinders: The 
standard no-slip condition is used fluid flow and 
constant temperature Tw. 

• At the channel walls, the usual no-slip condition for 
flow and adiabatic condition for energy are used.

• At the outlet Neumann boundary condition for field 
variables is employed:

Overall drag coefficient was mathematically defined as:

FD is the total drag force on the surface of the cylinder. 

The local Nusselt number on the surface of cylinder was 
evaluated for constant wall temperature as:

where h and ns are: the local surface heat transfer coefficient 
and the normal direction to the cylinder surface. These local 
values on entire surface were then averaged to obtain the 
average Nusselt number of circular cylinder.

Numerical methodology 

The conservation equations shown above subjected to 
aforementioned boundary conditions are solved numerically 
using a finite volume method adopted in CFD 
(Computational Fluid Dynamic) solver called ANSYS-CFX.

The package Gambit has been used to create geometry of 
computational domain. 204654 elements of triangular cells 
with non-uniform spacing have been created. In order to get 
accurate results of the interaction between flow and wall of 
cylinders, the mesh points have a concentration distribution 
close to cylinders. The methodology of getting mesh is the 
same used in our previous works (Laidoudi and Bouzit, 
2017c).   

Results and discussion

Figure 2 and Figure  3 show representative streamline 
contours around the cylinders under the effects of axial and 
radial buoyancy respectively at fixed values of Reynolds and 
Prandtl numbers Re = 20 and Pr = 1. From Figure 2, it is 
observed that the flow structure is perfectly symmetrical, and 
two recirculation bubbles appeared behind each cylinder, the 
length of bubbles is seen to be reduced with gradual increase 
in the Richardson number. Moreover, two identical counter 
rotating regions are observed in downstream region on the 
channel walls. From the Figure 3, it is shown that the flow 
starts to loss its symmetric when the radial effect of buoyancy 
is added. The degree of asymmetry of flow structure increases 
with gradual increase in Richardson number. Moreover, the 
recirculation bubbles behind the cylinders are also influenced 
by the radial buoyancy effect; they interact in upward 
direction with gradual increase in buoyancy strength. 
Furthermore, the radial effect of thermal buoyancy creates 
two different kinds of recirculation zones, the first one is 
situated in upstream region above the cylinders and the 
second is in downstream region under the cylinders.

Figures 4 and 5 depict some representative contours of the 
isotherms for different values of Richardson number at fixed 
value of Reynolds number Re = 20 and Prandtl number of Pr 
= 1. Figure 4 is for axial buoyancy effect meanwhile the 

Figure 5 is for radial effect. As streamlines, the isotherms are 
symmetrical under the axial buoyancy effect but they are 
asymmetrical for radial effect. It is known that crowding 
isotherms indicate high temperature gradient and 
consequently higher heat transfer rate.  Based on this 
information, it is observed that crowding of the isotherms 
increases systematically with gradual increase in Richardson 
number for axial effect of the buoyancy but this behavior is 
seen to be changed for upper cylinder under the radial effect 
of thermal buoyancy.

Figures 6 and 7 present the variations of drag coefficient of 
both cylinders versus Richardson number at fixed Re = 20 and 

Pr = 1 under the effect of axial and radial thermal buoyancy. 
The potted graphs of Figure 6 show that the total drag 
coefficient of both cylinders decreases with increase 
Reynolds number, this is due to velocity of fluid particles 
which is increased behind the cylinders in the flow direction 
and consequently the recirculation zones behind the cylinders 
decreased which indicate that the difference of pressure 
exerted on cylinder surfaces is decreased. The plotted graphs 
of the Figure 7 indicate that the total drag coefficient of upper 
(C1) cylinder increases gradually with increase in Richardson 
number meanwhile a different dependence on Richardson 
number is observed for the down (C2) cylinder, this is also 
due to radial effect of buoyancy which created a radial 
velocity of fluid particles behind cylinders. 

The following simple correlation was obtained for total drag 
coefficient for the range of Richardson number limited 
between 0.5 and 2 at Re = 20 and     Pr = 1 under the axial 
effect of thermal buoyancy. 

CD =1.9374-0.76393Ri 

Both Figure 8 and 9 show the variation of average Nusselt 
number of both cylinders with Richardson number at Re = 20 
and Pr = 1 under the axial and radial buoyancy effect 
respectively. Figure 8 depicted that the Nu increases with 
increase in Richardson number for both cylinders but Figure 
9 shows that the average Nusselt number of upper cylinder 
increase gradually with Richardson number meanwhile the 
down cylinder shows an inverse evolution with Richardson 
number. Also a simple correlation of average Nusselt number 
versus Richardson at Re = 20 and Pr = 1 is added only for the 
axial effect of thermal buoyancy.

Nu=2.30675+0.13233Ri
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Conclusion

Two-numerical simulations are carried out to analyze the 
effect of axial and radial thermal buoyancy on fluid flow and 
heat transfer over a pair of triangular cylinders placed in 
side-by-side arrangement. The investigation is done for the 
range of following conditions: Richardson number, Ri = 0 to 
2 at fixed value of Reynolds number of Re = 20, Prandtl 
number of Pr = 1 and blockage ratio of β = 0.2.

The main finding of this research can be summarized as 
follow:

1. For axial effect of thermal buoyancy: the gradual 
increase in Richardson number reduces the size of 
recirculation zones behind the cylinders and decreases 
the stability of the flow in downstream zone. Also, it is 
found that increase in the value of Richardson number 
gradually decreases the total drag coefficient of 
cylinders and improves the average Nusselt number of 
cylinders.   

2. For radial effect of thermal buoyancy: increase in 
Richardson number creates an asymmetrical flow 
around the cylinder and two new sort of 
counter-rotating zones appear in upper part of upstream 
zone and down part of downstream zone respectively. 
Moreover, increase in the radial effect buoyancy 
increases the total drag coefficient and average Nusselt 
number of down cylinder. On other hand, it decreases 
the total drag coefficient and average Nusselt number 
of upper cylinder.   
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Fig. 6. Variation of drag coefficient under the axial 
buoyancy effect at Re = 20 and Pr = 1

Fig. 7. Variation of drag coefficient under the radial 
buoyancy effect at Re = 20 and Pr = 1

Fig. 8. Variation of Nusselt number under the axial 
buoyancy effect at Re = 20 and Pr = 1



Two different configurations of cylinder are studied; one 
when the base of the cylinder is facing the flow and the other 
when the vertex is facing the flow. This study showed that the 
flow separation behind the cylinder is more pronounced when 
vertex of triangular facing the flow. Laidoudi and Bouzit 
(2016) investigated numerically the effects of aiding and 
opposing thermal buoyancy on downward flow around a 
circular cylinder confined within vertical channel.  The 
computational results showed that the adding buoyancy 
enhanced the heat transfer rate; meanwhile the opposing 
effect reduces the heat transfer rate. 

For the radial effect of thermal buoyancy, Sukesan and Dhiman 
(2014) carried out a numerical investigation of radial buoyancy 
effect on fluid flow heat transfer from a semi-circular cylinder 
confined in horizontal channel for steady laminar regime. It 
was found that flow around the cylinders became asymmetric 
with gradual increase in the value of radial thermal buoyancy. 
Laidoudi and Bouzit (2017a) introduced the radial effect of 
buoyancy on shear-thinning fluids. 

Based on the above researches, it is clear that there is no 
reported work on the effect of thermal buoyancy on fluid flow 
and heat transfer around a confined two triangular cylinders 
placed in side-by-side arrangement. Therefore, this paper 
tries to fill gap in literature.  Accordingly, the purpose of 
present work is to numerically analyze the axial and radial 
effects of thermal buoyancy on fluid flow and heat transfer 
around a two triangular cylinders placed in side-by-side 
arrangement. The obtained results are presented and 
discussed for the range of these conditions: Ri = 0 to 2 at fixed 
Re = 20 and Pr = 1

Problem statement and governing equations

The problem studied in this paper is schematically illustrated 
in Figure 1. Two identical heated triangular cylinders with 
sides d are assumed to place symmetrically in side-by-side 
arrangement inside of a long two-dimensional channel. The 
spacing S showed between the cylinders as well as between 
cylinders and channel walls are fixed with one width of 
cylinder (S=d). The upstream and downstream distances of 
computational domain are gives respectively by the values Lu 
= 10d and Ld  = 15d, these values are chosen based on our 
previous work as Laidoudi and Bouzit (2017b). It is also 
assumed that the flow enters the channel with constant free 
stream of uniform velocity uin and temperature Tin, and 
passes the cylinders whose surfaces are fixed temperature Tw. 
the blockage ratio of the computational domain is given as: β 
= d/H= 0.2. It is also considered that the flow is steady 
laminar regime with constant thermo-physical proprieties, the 
thermal buoyancy forces are defined with the aspect of the 
Boussinesq approximation. For the axial case Figure 1, (a), 

the buoyancy force is considered in x-direction aiding the 
flow direction. For the radial case Figure 1, (b), the buoyancy 
force is assumed in y-direction crossing the flow direction.   
The modeling equations of this problem are given by 
conservation equations of mass, momentum and energy 
which can be expressed by these dimensionless equations:

                                                        

• Momentum 

 (a) For axial buoyancy effect

                                                                             ,    (2a)

                                                                      ,    (2b)

 (b) For radial buoyancy effect

                                                                     ,    (3a)

                                                                             ,    (3b)

• Energy

                                                                               (4)

where u, and v are the dimensionless velocity components 
along x- and y-directions of a Cartesian Coordinate system, 
respectively, P is the dimensionless pressure and Re = (umax 

d/η) is the Reynolds number  based  on   the   cylinder   
dimension. Ri = (Gr/Re2) is the Richardson   number. Gr = g
β(Tw -Tin)d3/η2) is the Grash of number with g and β being the 
gravitational acceleration and volumetric expansion 
coefficient, θ is the dimensionless temperature and Pr = η/α is 
the Prandtl number. The fluid properties are described by the 
density ρ, kinematic viscosity η and thermal diffusivity α. 
The dimensionless variables are defined as:

                                                           

                                                  

The physical boundary conditions of this study can be written 
as follows: 

• At the inlet of channel a uniform velocity profile for 
laminar flow with a constant temperature, this is can be 
expressed as:

• On the surfaces of the triangular cylinders: The 
standard no-slip condition is used fluid flow and 
constant temperature Tw. 

• At the channel walls, the usual no-slip condition for 
flow and adiabatic condition for energy are used.

• At the outlet Neumann boundary condition for field 
variables is employed:

Overall drag coefficient was mathematically defined as:

FD is the total drag force on the surface of the cylinder. 

The local Nusselt number on the surface of cylinder was 
evaluated for constant wall temperature as:

where h and ns are: the local surface heat transfer coefficient 
and the normal direction to the cylinder surface. These local 
values on entire surface were then averaged to obtain the 
average Nusselt number of circular cylinder.

Numerical methodology 

The conservation equations shown above subjected to 
aforementioned boundary conditions are solved numerically 
using a finite volume method adopted in CFD 
(Computational Fluid Dynamic) solver called ANSYS-CFX.

The package Gambit has been used to create geometry of 
computational domain. 204654 elements of triangular cells 
with non-uniform spacing have been created. In order to get 
accurate results of the interaction between flow and wall of 
cylinders, the mesh points have a concentration distribution 
close to cylinders. The methodology of getting mesh is the 
same used in our previous works (Laidoudi and Bouzit, 
2017c).   

Results and discussion

Figure 2 and Figure  3 show representative streamline 
contours around the cylinders under the effects of axial and 
radial buoyancy respectively at fixed values of Reynolds and 
Prandtl numbers Re = 20 and Pr = 1. From Figure 2, it is 
observed that the flow structure is perfectly symmetrical, and 
two recirculation bubbles appeared behind each cylinder, the 
length of bubbles is seen to be reduced with gradual increase 
in the Richardson number. Moreover, two identical counter 
rotating regions are observed in downstream region on the 
channel walls. From the Figure 3, it is shown that the flow 
starts to loss its symmetric when the radial effect of buoyancy 
is added. The degree of asymmetry of flow structure increases 
with gradual increase in Richardson number. Moreover, the 
recirculation bubbles behind the cylinders are also influenced 
by the radial buoyancy effect; they interact in upward 
direction with gradual increase in buoyancy strength. 
Furthermore, the radial effect of thermal buoyancy creates 
two different kinds of recirculation zones, the first one is 
situated in upstream region above the cylinders and the 
second is in downstream region under the cylinders.

Figures 4 and 5 depict some representative contours of the 
isotherms for different values of Richardson number at fixed 
value of Reynolds number Re = 20 and Prandtl number of Pr 
= 1. Figure 4 is for axial buoyancy effect meanwhile the 

Figure 5 is for radial effect. As streamlines, the isotherms are 
symmetrical under the axial buoyancy effect but they are 
asymmetrical for radial effect. It is known that crowding 
isotherms indicate high temperature gradient and 
consequently higher heat transfer rate.  Based on this 
information, it is observed that crowding of the isotherms 
increases systematically with gradual increase in Richardson 
number for axial effect of the buoyancy but this behavior is 
seen to be changed for upper cylinder under the radial effect 
of thermal buoyancy.

Figures 6 and 7 present the variations of drag coefficient of 
both cylinders versus Richardson number at fixed Re = 20 and 

Pr = 1 under the effect of axial and radial thermal buoyancy. 
The potted graphs of Figure 6 show that the total drag 
coefficient of both cylinders decreases with increase 
Reynolds number, this is due to velocity of fluid particles 
which is increased behind the cylinders in the flow direction 
and consequently the recirculation zones behind the cylinders 
decreased which indicate that the difference of pressure 
exerted on cylinder surfaces is decreased. The plotted graphs 
of the Figure 7 indicate that the total drag coefficient of upper 
(C1) cylinder increases gradually with increase in Richardson 
number meanwhile a different dependence on Richardson 
number is observed for the down (C2) cylinder, this is also 
due to radial effect of buoyancy which created a radial 
velocity of fluid particles behind cylinders. 

The following simple correlation was obtained for total drag 
coefficient for the range of Richardson number limited 
between 0.5 and 2 at Re = 20 and     Pr = 1 under the axial 
effect of thermal buoyancy. 

CD =1.9374-0.76393Ri 

Both Figure 8 and 9 show the variation of average Nusselt 
number of both cylinders with Richardson number at Re = 20 
and Pr = 1 under the axial and radial buoyancy effect 
respectively. Figure 8 depicted that the Nu increases with 
increase in Richardson number for both cylinders but Figure 
9 shows that the average Nusselt number of upper cylinder 
increase gradually with Richardson number meanwhile the 
down cylinder shows an inverse evolution with Richardson 
number. Also a simple correlation of average Nusselt number 
versus Richardson at Re = 20 and Pr = 1 is added only for the 
axial effect of thermal buoyancy.

Nu=2.30675+0.13233Ri

Conclusion

Two-numerical simulations are carried out to analyze the 
effect of axial and radial thermal buoyancy on fluid flow and 
heat transfer over a pair of triangular cylinders placed in 
side-by-side arrangement. The investigation is done for the 
range of following conditions: Richardson number, Ri = 0 to 
2 at fixed value of Reynolds number of Re = 20, Prandtl 
number of Pr = 1 and blockage ratio of β = 0.2.

The main finding of this research can be summarized as 
follow:

1. For axial effect of thermal buoyancy: the gradual 
increase in Richardson number reduces the size of 
recirculation zones behind the cylinders and decreases 
the stability of the flow in downstream zone. Also, it is 
found that increase in the value of Richardson number 
gradually decreases the total drag coefficient of 
cylinders and improves the average Nusselt number of 
cylinders.   

2. For radial effect of thermal buoyancy: increase in 
Richardson number creates an asymmetrical flow 
around the cylinder and two new sort of 
counter-rotating zones appear in upper part of upstream 
zone and down part of downstream zone respectively. 
Moreover, increase in the radial effect buoyancy 
increases the total drag coefficient and average Nusselt 
number of down cylinder. On other hand, it decreases 
the total drag coefficient and average Nusselt number 
of upper cylinder.   
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Fig. 9. Variation of Nusselt number under the radial 
buoyancy effect at Re = 20 and Pr = 1


