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A numerical investigation has been carried out to analyze the effect of wall proximity of a triangular
cylinder on the heat transfer and flowfield in a horizontal channel. Computations have been carried out for
Reynolds numbers (based on trianglewidth) range of 100e450 and gapwidths (a/h) 0.5, 0.75 and 1. Results
are presented in the form of instantaneous contours of temperature, vorticity, with some characteristics of
fluid flow and heat transfer; such as time-averaged and instantaneous local Nusselt number, skin friction
coefficient along bottom channel's wall, and drag coefficient. Results show that approaching triangular
cylinder in the wall, removes vortex shedding and subsequently the heat transfer rate decreases at low
Reynolds number. By decreasing the vortex shedding, drag coefficient decrease as triangular cylinder
approaches the wall of the channel. The variation of vortex formation has a more significant suppression
effect on the skin friction coefficient than the Nusselt number.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

The flow passing through a bluff body placed in the channel has
been one of the most interested topics and occurs in many engi-
neering applications such as the cooling of electronic components
and heat exchangers. Enhancement of heat transfer by a bluff
body placed in channelwith devices leaves a topic of interest andhas
been investigated by researchers [1e6]. Wang et al. [3] reported that
significance increase in heat transfer occurs as the flow becomes
unsteady for a channel that has built in-line and staggered ribs. They
reported that for an in-line case, the flow become unsteady at Rey-
nolds number around 110 while for the staggered case this value is
around 200. Valencia [4] computed the flow and heat transfer in
a channel wall for fully developed channel flows with a built-in
tandem of rectangular cylinders placed perpendicular to the flow
direction in the channel center plane. Data for heat transfer and flow
losses are presented for 100 � Re � 400 and the cylinder separation
distance 1 � S/H � 4. He computed the heat transfer enhancement
on the channel walls is about 78% for S/H ¼ 2, 3 and 4 at Re ¼ 400.
Abbassi et al. [5] carried out a numerical investigation to study
forced convection of air for a two-dimensional unsteady-laminar
flow in a horizontal channel with a built-in triangular prism.
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They showed that the presence of triangular prism for symmetric
flow (Re < 45) has just a little local effect on heat transfer from the
channel wall. In contrast the periodic flow (Re � 45) presence with
triangular prism has an important effect in enhancement of heat
transfer from the channel wall. Heat transfer also increases strongly
with Reynolds number so that order of enhancement of average
Nusselt number is 85% at Re ¼ 250. Chattopadhyay [6] studied the
same geometry in the turbulence regime. In this case an augmen-
tation of about 17% in averaged Nusselt number is recorded.

The problem of a bluff body in the vicinity of wall and effect of
wall proximity has been studied in the past; most of the research
is directed toward the fluid mechanics studies and especially
for a square or rectangular and circular cylinder ([1,7e13]). The
laser Doppler velocimetry (LDV) study of Ulrichs and Herwig [7]
over a right-angled triangle about the separation behavior of bluff
bodies in the vicinity of a wall showed that when a triangle is
placed in the vicinity of the wall there will be two separation
regions: (i) bluff body separation region (ii) wall bounded separa-
tion region. As a triangle moves away from the wall, the wall
bounded separation region eventually disappears. When bluff
body is placed in the center of channel we will have a periodic flow
pattern (of alternating vortices). As the bluff body approaches the
wall the flow in the cylinder wake becomes increasingly asym-
metric and for sufficiently small gap widths, the periodic motion is
completely suppressed. This critical gap width depend on the
boundary layer thickness (d/D) and Reynolds number. It has been
reported different critical gaps width by authors at high Reynolds
numbers. An LDV study by Durao et al. [8] on a square cylinder
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Nomenclature

a Distance of the apex of triangle from the bottom
wall of channel (m)

B Triangle width (m)
a/h Gap width ratio
Cf Skin friction coefficient, 2ðvu=vyÞW=Re
C Modified skin friction coefficient; Cf$Re
hCi Streamwise and time-averaged Modified skin

friction coefficient
Cd Drag Coefficient,
f Eddy-shedding frequency
H Channel width (m)
h Half of the channel width (H/2), m
Nu Local Nusselt number, vq=vyjy¼0
Nu Streamwise averaged Nusselt number
hNui Streamwise and time-averaged Nusselt number
p* Pressure, pa
p Dimensionless pressure, p*=ru2max
Pr Prandtl number

Re Reynolds number, umax$B=n
Sr Strouhal number, f $B=umax

T Temperature (K)
t Time(s)
U Mean dimensionless velocity
(u*,v*) Velocity components
u, v Dimensionless velocity, ðu*; v*Þ=umax

(x*, y*) Cartesian coordinates
(x, y) Dimensionless coordinates, ðx*; y*Þ=B

Greek symbols
s Dimensionless time, t$umax=B
q Dimensionless temperature, ðT � TC=TH � TCÞ
n Kinematic viscosity, m2/s

Subscripts
C Cold
H Hot
max maximum
w wall
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showed that vortex shedding is suppressed at height ratio ¼ 0.35
for Re ¼ 13 600 and d/D ¼ 0.8. Another LDV research by Wu [9]
reported S/D¼ 0.3 at Re¼ 23 000, d/D¼ 1.5. Martinetuzzi et al. [10]
and Bailey et al. [11,12] reported critical gaps width of S/D¼ 0.3e0.4
at Re ¼ 18 900 and d/D ¼ 0.5. While Bosch et al. [13] and Taniguchi
et al. [14] suggest critical gaps width of S/D ¼ 0.35 at Re ¼ 22 000,
d/D¼ 0.13 and S/D¼ 0.5 at Re ¼ 52 000, d/D¼ 0.35 respectively. For
a circular cylinder, boundary layer thickness has an important role
on gap width unlike square cylinder. Different relation between
boundary layer thickness and gap width has reported, Lei et al. [15]
reported as boundary layer thickness increase from 0.14 to 0.29,
critical gap width decrease from 0.4 to 0.2 whereas Grass et al. [16]
suggested a direct relation between boundary layer thickness and
critical gap width. They reported as boundary layer thickness (d/D)
increase from 0.28 to 6 critical gap widths varies from 0.25 to 0.5.
Taniguchi and Miyakoshi [17] also reported direct relation between
boundary layer thickness and critical gap width so that as d/D
vary from 0.34 to 1.05 critical gap width increases from 0.3 to 0.9.
However, the mechanism of heat transfer under such asymmetric
flow in a channel even for a square cylinder has not been investi-
gated enough. Chakrabarty and Brahma [18] carried out an exper-
imental investigation into the effect of wall proximity on heat
transfer and flow field around a rectangular prism for the Reynolds
number 4.9 � 104, different blockage ratios, aspect ratios, height-
ratios and various angles of attack. They observe that the drag
coefficient and local Nusselt number for all blockage ratios and
angles of attack decrease as the prism approaches the upper wall.
Valencia and Paredes [19] carried out a numerical investigation to
analyze flow field and heat transfer in a plane channel with two
side by side square bar with different G/d (transverse separation
distance between the bars) that was varied from 0 to 5. They
reported that for G/d ¼ 4.5, 5 the flow is steady because the prox-
imity of the channels walls inhibits the flow instability in those
cases. They also shown that secondary peak at time-average local
Nusselt number along the channel wall is not seen for steady flow
(i.e. G/d ¼ 5, 4.5) while for other G/d it can be seen. Rosalesa et al.
[20] computed the total drag, lift coefficients and cylinder Nusselt
number for unsteady flow field and heat transfer characteristics for
a tandem pair of square cylinders in a channel flow. They showed
that the drag coefficient and Nusselt number of the cylinder
decrease as the heated cylinder approaches the wall.
From the above literature review, effect of wall proximity on flow
field and heat transfer was usually studied at high Reynolds number
and only for square or circular cylinders. In the present work the
numerical investigations are carriedout to investigate theeffectofwall
proximity of a triangular obstacle in the flow field and heat transfer
fromchannelwall in a two-dimensional plane horizontal channel. The
goal of this study is tounderstand theflowstructures and fundamental
mechanisms of vortex formation inwall proximity near the triangular
cylinder on heat transfer from the wall of the channel. Result are
presented at Re¼ 100, 250, 350, 450 and gapwidth ratios are 0.5, 0.75
and 1. The Prandtl number was consider to be constant at Pr¼ 0.71.

2. Governing equation

The flow is assumed unsteady, two-dimensional and laminar, for
which the governing conservation equations of mass, momentum
and energy can be written in the following forms:

vu
vx

þ vv

vy
¼ 0 (1)

vu
vs

þ uvu
vx

þ vvu
vy

¼ �vP
vx

þ 1
Re

 
v2u
vx2

þ v2u
vy2

!
(2)

vv

vs
þ uvv

vx
þ vvv

vy
¼ �vP

vy
þ 1
Re

 
v2v

vx2
þ v2v

vy2

!
(3)

vq

vs
þ uvq

vx
þ vvq

vy
¼ 1

Re$Pr

 
v2q

vx2
þ v2q

vy2

!
(4)

In the above equations u, v, q, P, Re and Pr are dimensionless fluid
velocity, temperature, pressure, Reynolds number and Prandtl
number (Pr ¼ 0.71) respectively. The dimensionless forms of the
variables are:

x ¼ x*

B
; y ¼ y*

B
; s ¼ tumax

B
;u ¼ u*

umax
; v ¼ v*

umax
;

P ¼ P*

ru2max
; q ¼ T � TC

TH � TC
ð5Þ



Fig. 2. A typical 2D control volume and the notation used [22].

M. Farhadi et al. / International Journal of Thermal Sciences 49 (2010) 1010e10181012
The thermal heat flux exchanged between the walls and the
flow is specified by the space-averaged Nusselt number calculated
as follows:

Nu ¼ 1
L=B

ZL=B
o

Nu dx (6)

where Nu is the local Nusselt number which is defined as:

Nu ¼ �vq

vn
(7)

The space- and time-averaged Nusselt number is defined as:

hNui ¼ 1
t1

Zt1
o

Nu dx (8)

where t1 is the total time.

3. Computational domain and boundary condition

The computational domain is shown in Fig. 1. Geometry
considered is a horizontal channel with an obstacle isosceles-right
triangle placed at the distance “a” from bottom wall. The dimen-
sionless channel length is equal to (L/B ¼ 30.75) and the upstream
distances, ‘Lu’, is selected as 8B. The triangle bottom width (B) was
selected as H/4 which corresponds to the blockage ratios of 0.25.
At the channel inlet, the local normal component of velocity is
assumed to be zero, and a fully developed parabolic profile for the
axial velocity prescribed:

u ¼ umax

�
1�

�
y
yB

�2�
; v ¼ 0 (9)

Where u, v are local components of velocity, and yB ¼ h. The
triangular obstacle, the top wall and the incoming stream are
assumed to be in a constant temperature TC, while the bottomwall
is at a temperature TH so that TH > TC. No-slip boundary conditions
for the velocity are imposed on the upper and lower channel walls
and the cylinder surfaces. At outlet the Convective Boundary
Condition (CBC) is used that formulated as follow:

vf

vs
þ U

vf

vx
¼ 0 (10)

In above equation, f is any of the dependent variables and U is
a mean dimensionless velocity on the outflow.

4. Numerical procedure and validation

Thementioned equations in pervious section are solved byUTFN
(Unsteady Turbulent Flow at Non-orthogonal coordinates) code
B
Lu

a

L

Fig. 1. Geometry
which is a computer code for computation of two-dimensional
steady/unsteady and turbulent/laminar flows in FORTRAN. This
code has been generated at 2005 by Nourollahi [21]. The finite
volume method is applied to transfer the partial differential equa-
tions to algebraic relations. Then the SIP (Strongly Implicit Proce-
dure) algorithm is used to solve the obtained algebraic equations.
The present code utilize the collocated variable arrangement and
use Cartesian velocity components in which all variables are stored
at the same control volume. Fig. 2 shows a typical 2D control volume
cell for non-orthogonal grid point. Eq. (12) shows the integration
form of the generic conservation equation (Eq. (11)) over the finite
volume.

v

vt
ðr4Þ þ v

vx
ðr4uÞ þ v

vy
ðr4vÞ ¼ v

vx

�
G
v4

vx

�
þ v

vy

�
G
v4

vy

�
þ S4

(11)

v

vt

Z
r4dvþ

Z
A

ðr4VÞ$ndA ¼
Z
A

ðGgrad4Þ$ndAþ
Z
V

S$dV (12)

The principles of finite volume discretization can be found in
Ref. [22] and here explains only the discretization of the convection
and diffusion terms. At first calculates the mass flux over the faces
of the control volume for discretization of the convective term. Only
the east side (e) of a control volume (Fig. 2) will be considered; the
same approach applies to other faces. The midpoint rule approxi-
mation was used to calculate the mass flux.

_me ¼
Z
Ae

ðr$v$nÞdAzðr$v$nÞe$Ae (13)
h

H

of problem.



Fig. 3. Non-uniform and non-orthogonal grids over the triangular and inclined square.

Table 2
Comparison hNui between present work with the previous numerical study [5].

Re Present study Abbasi et al. [5]

30 0.71 0.68
100 1.58 1.44
150 2.06 1.96
250 2.62 2.51

Table 3
Comparison between present work with the previous numerical study [23] of flow
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Ae is the area of the east face of the control volume. The unit
normal vector at the face ‘e’ is defined by:

neAe ¼ Ai
eii0Ax

eiþ Ay
ej ¼ ðyne � ynsÞi� ðxne � xnsÞj (14)

The surface area is:

Ae ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Ax
e
�2þ�Ay

e
�2q

(15)

The expression of the mass flux becomes:

_me ¼ re

�
Axuþ AYv

�
e

(16)

u and v are the velocity components in x and y directions.
The convection flux of any transported quantity is calculated by
assuming that the mass flux is known which leads to:
Table 1
Results of grid dependence.

Grid Dxmin, Dymin hNui
145 � 43 0.0312B 3.116
183 � 53 0.02B 3.303
205 � 69 0.012B 3.309
Z
Ae

ðr$4$vÞ$ndAz _me4e (17)

Where 4eis the value of 4at the center of the cell face.
The central difference scheme was used to calculate the 4e.

The midpoint rule applied to the integrated diffusive flux gives:Z
Ae

ðG grad 4Þ$ndAzðG grad 4$nÞe$Ae (18)

The Gauss' theoremwas used to calculate derivatives at the cell
center and interpolate them to the cell faces. The derivative at the
cell center was approximated by the average value over the cell.

�
v4

vxi

�
p
z

R
V

�
v4

vxi

�
dV

vV
(19)

By Gauss' theorem, the volume integral was transformed into
a surface integral.Z

v4

vxi
dV ¼

Z
S

4ii$ndSz
X
c

4cS
i
c; c ¼ e;4;w; s (20)

For calculating the derivatives at the cell center, the products of
4 with the x-components of the surface vectors at all faces of the
cell is summed and divided the sum by cell volume;

�
v4

vxi

�
p
¼
P

4cA
i
c

dV
; c ¼ e;4;w; s (21)

For example to calculate the v4=vx at the cell center we have:�
v4

vx

�
p
¼ 4eA

x
e þ 4nA

x
n þ 4wA

x
w þ 4sA

x
s

dV
(22)

The 4e, 4n, 4s and 4w were calculated using the central differ-
ence scheme.

In order to solve the Navier-stocks and continuity equations the
SIMPLE method providing the pressure-velocity coupling, is used.
This method has its origin in staggered grid methodology and is
adapted to collocated grid methodology through the use of Rhio &
chow interpolation [22]. This interpolation can increase the stability
of solution too. The unsteady term is discritized by a three time level
over a square cylinder.

Geometry CD Sr

Present
study

Sohankar
et al. [23]

Present
study

Sohankar
et al. [23]

Square cylinder at a ¼ 0
and Re ¼ 100

1.447 1.444 1.40 1.45

Square cylinder at a ¼ 45
and Re ¼ 200

1.901 1.944 0.195 0.204



Fig. 4. Instantaneous vorticity contours for Re ¼ 100 (left), and Re ¼ 250 (right) at different gap width ratios.

Fig. 5. Instantaneous temperature contours for Re ¼ 100 (left), and Re ¼ 250 (right) at different gap width ratios.
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Fig. 6. Variation of Strouhal number with Reynolds number at different width ratios.
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Fig. 7. Distribution of instantaneous (a) local skin friction coefficient and (b) local
Nusselt number along the bottom wall of channel for a/h ¼ 0.5 at different Reynolds
number.
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method. In addition three different discretization schemes are
available to approximate the convective terms, Upwind/Central
Difference andHybrid schemes. Diffusion term is discritized by CDS.
In this study, The Convection and Diffusion terms of the equations
are discretized by Central Difference Scheme (CDS). Further details
about the numerical method are given in Nourollahi [21].

A non-uniform grid that is non-orthogonal before the obstacle is
used with a minimum spacing near the walls and stretching with
the fix factor (Fig. 3a). To check grid independence in this work
the case with one triangular obstacle in the middle of channel at
Re¼ 450 is solved. Table 1 shows the results of grid dependency for
time and space-averaged Nusselt number. Results show that, when
the number of grid points pass froma 145� 43 to 183� 53 and then
to 205� 69, the space- and time-average Nusselt number increases
6% and 0.2% respectively. These grid points have minimum grid
spacing 0.0312B, 0.02B and 0.012B for 145 � 43, 183 � 53 and
205� 69 respectively. Therefore theminimum grid spacing 0.02B is
sufficient and is retained for other investigations.

This case corresponds to the work of Abbassi et al. [5]. The
nature of the flow field shows a similarity behavior. Table 2 shows
the time and space-averaged Nusselt number over the lower wall
of the channel. It can be observed a reasonable agreement between
the results of this program and the previous studies. For better
validation of the UTFN code, the flow over a square cylinder at
incidence (a ¼ 0 and 45(Fig. 3b)) was studied in the free stream
flow. The results of the present work compared with the previous
published work (Sohankare et al. [23]) which is shown in Table 3.
The results show a good agreement in comparison with Ref. [23].
5. Results and discussion

The effect of wall proximity of a triangular obstacle on the flow
field and the heat transfer in a horizontal channel was investigated
numerically. The obstacle with the sharp edges has a special effect
on vortex formation in flow field. It can be say that the position
of obstacle in wall proximity is also effective over the formation of
vortex. Fig. 4 shows instantaneous vorticity contours for three
difference gap width ratios at Re ¼ 100 and Re ¼ 250. With
decreasing the gap width ratio, vortex shedding decreases and then
fades away at lower Reynolds number. This phenomenon can be
observed in Fig. 4c for a/h ¼ 0.5 at Re ¼ 100. With increasing the
momentum force at higher Reynolds number, the wall damping
effect on the vortex generation disappears (Fig. 4c at Re¼ 250).With
increasing the distance between obstacle and channel's wall, vortex
shedding is created at the downstream of the obstacle.

Instantaneous temperature contours are shown in Fig. 5. In this
figure, the effect of gap width ratio and Reynolds number on
temperature distribution can be observed. As expected, the flow
field has a main effect on convective heat transfer. It is observed that
for both Re¼ 100 and Re¼ 250 vortex shedding causes the diffusion
of energy to increase in the flow field whereas for a/h ¼ 0.5 at
Re ¼ 100. There is only a contraction of isothermal lines at the place
of obstacle, but presence of the obstacle does not has any effect on
heat transfer to medium flow in comparison with the periodic flow
(i.e. a/h ¼ 1, 0.75) (see the Fig. 5c at Re ¼ 100). While obstacle has
just a little local effect on heat transfer from the channel wall at
Re ¼ 100 for a/h ¼ 0.5 just like Re < 45 for a/h ¼ 1 [5].
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On themainparameter in the unsteadyflowfield is the frequency
of the vortex shedding. Fig. 6 shows the variation of Sr number with
Reynolds number at different wall proximity. It is observed that the
approaching to the wall, Sr number decreases and become zero for
wall proximity equal 0.5 at Re ¼ 100. The presented results show
a good agreement in comparisonwith the results of Abbassi et al. [5]
for a/h ¼ 1. Variation of the vortex formation has a strong effect
on the skin friction coefficient and heat transfer rate. Fig. 7 shows
distribution of instantaneous modified local skin friction coefficient
ðC ¼ Cf $ReÞ and local Nusselt number along the lower plate for
gap width ratio a/h ¼ 0.5 at different Reynolds numbers. It can be
observed that there is not sensitive changed on the modified local
skin friction coefficient and local Nusselt number at the upstream of
the obstacle. It is due to the flow field at the upstream of the obstacle
which is not affected so the variation of the C and Nu number are
limited. The vortex regions at the downstream of the triangular
cylinder create a large variation over the Nusselt number. The
obstacle separates the flow over the lower channel wall, so heat
transfer rate increases. With going toward the end of the channel,
the vortexes in the flow field disappear so the mixing decreases and
subsequently Nusselt number reduces. This phenomenon caused the
periodic variation of the modified local skin friction coefficient on
the wall of the channel. It should be mentioned that the increasing
the Reynolds number does not have a great effect on the local Nusselt
number and modified local skin friction coefficient except Re ¼ 100
(See Fig. 8). When the obstacle is placed in the center of channel,
periodic motion will cause periodic nature in local Nusselt number.
As obstacle approaches the wall asymmetric condition will be gov-
erned and inhibit fluctuation in local Nusselt number. It is evident
that at the place of obstacle there is a large increase in both C andNu
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number that is maximum for a/h ¼ 0.5 and minimum for a/h ¼ 1.0
but at the downstream is to be inversed.

One of the main wall proximity effects on the obstacles is over
the drag coefficient. With formation of vortex, pressure distribution
at the downstream of the obstacle is changed and this variation has
a strong effect over the pressure drag. Instantaneous drag coeffi-
cients for three different height ratio at Re ¼ 100 and Re ¼ 350 are
shown at Fig. 9. With approaching the obstacle to the wall, vortex
shedding remove so drag coefficient decreases at low Reynolds
number. On the other hand, for a/h ¼ 0.75 and 1.0 vortex shedding
creates the high pressure drag over the triangular obstacle. With
increasing the Reynolds number, although the vortex shedding
appears at a/h ¼ 0.5 but it does not have a sensitive effect over the
pressure distribution at the downstream of the obstacle. So it has
only effect on the amplitude of the drag coefficient.
Time-average of modified local skin friction coefficient
hCi ¼ hCf $Rei and local Nusselt number along bottom wall of the
channel are presented in Figs.10 and 11 for different gapwidth ratios
and Reynolds numbers. There is a sudden change in both <c> and
<Nu> at the downstreamof the obstacle. The formation of the small
recirculation region over the wall of the channel after the obstacle
causes the secondary peak except for Re ¼ 100. This secondary peak
has also been reported for high Reynolds number by Chattopadhyay
[6]. Streamwise and time-averaged modified skin friction and Nus-
selt number are show in Fig.12. It is observed thatwhen the obstacle
goes away the wall of the channel, Nusselt number increases.
This increasing for the Nusselt number is due to the vortex creation
at surface of the channel wall. Heat transfer rate increases with
increasing the Reynolds number. The heat transfer enhancement
approximately 100 percentage until Re ¼ 350. For Reynolds number
bigger than 350, the rate of heat transfer enhancement decreases.
It is due to the limitation of themixing effect on the Nusselt number.
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Fig. 12. Distribution of streamwise and time-averaged (a) skin friction coefficient and
(b) Nusselt number with Reynolds number for different gap width ratios.
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It should be mentioned that Variation of the modified skin friction
coefficient in comparison with the Nusselt number is observable
and wall proximity has a significant effect over the C more than Nu
number. The Reynolds number has not significant effect on the
modified skin friction at a/h ¼ 0.5. With increasing the gap width
ratio, Reynolds number has an observable effect over the pressure
distribution at the downstream of the triangular cylinder, so the C
increases remarkable.

6. Conclusion

The effect of wall proximity of a triangular obstacle on fluid flow
and heat transfer was investigated numerically in a horizontal plane
channel. Results show that the vortex formation at the downstream
of the obstacle has a main effect on the flow separation over the
surface of the lower channel wall. By approaching triangular cylinder
in the wall, removes vortex shedding and subsequently the heat
transfer rate decreases at low Reynolds number. Results show that
the variation of vortex formation has a more significant suppression
effect on the skin friction coefficient than the Nusselt number. As
the obstacle approaches the wall drag coefficient has an observable
reducing.
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