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A numerical study has been conducted to analyze the turbulent forced convection heat transfer for double
forward facing step flow with obstacles. Obstacles have rectangular cross-sectional area with different aspect
ratio that is located before each step. The numerical solutions of continuity, momentum and energy equations
were solved by using a commercial code which uses finite volume techniques. The effect of turbulence was
modeled by using a k-¢ model. The effects of step height, obstacle aspect ratio and Reynolds number on
the flow and heat transfer are investigated. The obtained results show that the rate of heat transfer is

enhanced as aspect ratio of obstacle increases and this trend is affected by the step height. Also the results
verified that the pressure drop decreases as obstacle aspect ratio increases.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Turbulent forced convection flow in channel with backward or
forward facing step made the concerns of the researchers in recent
years. Such flows are widely implemented in many engineering and
technological application such as gas turbine, heat exchangers, com-
bustion chambers and cooling of electronic devices. The flow over a
forward facing step (FFS) has more complexities than that of back-
ward facing step (BFS) due to the presence of more separating
zones for the same flow conditions. The enhancement of heat transfer
is expected to be improved in FFS. The size and strength of
recirculation zones near the two steps are crucial for heat transfer
enhancement. Thus, an attempt is made to insert two rectangular
obstacles mounted evenly near the two steps.

A review on laminar mixed convection flow over backward and for-
ward facing step has been performed by Abu-Mulaweh [1]. Turbulent
forced convection heat transfer for double forward facing step flow is
studied with a numerical method by Yilmaz and Oztop [2]. The bottom
wall of the channel is heated at uniform temperature and the flow tem-
perature at the upstream is colder than that of the wall. It is found that
the second step can be used as control parameter for heat and fluid flow.
Nassab et al. [3] made a calculation on turbulent flows with heat trans-
fer over a single forward facing step. The k-¢ model is employed for
computation of turbulence fluctuations. They found that the coefficient
of heat transfer and also the hydrodynamic behavior of the flow are
strongly dependent to step length and inclination angle. A numerical
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investigation of entropy generation in laminar forced convection of
gas flow over a recess including two inclined backward and forward
facing steps in a horizontal duct under bleeding condition is presented
by Bahrami and Nassab [4]. Abu-Mulaweh [5] made a study on heat
transfer and fluid flow of turbulent mixed convection boundary-layer
air flow over an isothermal two-dimensional, vertical forward-facing
step. In his case, the upstream and downstream walls and the step itself
were heated to a uniform and constant temperature. He found that the
turbulence intensity of the streamwise and transverse velocity fluctua-
tions and the intensity of temperature fluctuations downstream of the
step increase as the step height increases. The separation ahead of a for-
ward facing step was investigated by Stiier et al. [6] under laminar flow
conditions using the hydrogen bubble technique to visualize and PTV to
evaluate the 3D velocity field in a Eulerian representation in the vicinity
of the step. An experimental investigation of the recirculation zone
formed downstream of a forward facing step immersed in a turbulent
boundary layer is made by Sherry et al. [7]. They discussed the mecha-
nisms affecting the reattachment distance, namely the turbulent mixing
within the boundary layer and the velocity deficit in the boundary layer.
A horizontal wall jet impinging onto a forward facing step in a cross-
flow is examined by Langer et al. [8]. An experimental technique is
preferred by using planar laser induced fluorescence (PLIF). It is found
that the entrainment coefficients, for elliptical jet case had average
values of 0.15 and 0.58. Atashafrooz et al. [9] worked on entropy gener-
ation in laminar forced convection of gas flow over a recess including
two inclined backward and forward facing steps in a horizontal duct
under bleeding condition. Other related studies on forward facing step
flow can be found in literature [10-16].

To the best knowledge of the authors, this special problem has not
yet studied. The aim of the present study is to show how a rectangular
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Nomenclature

Ar obstacle aspect ratio [t/w]

G generation term [kg m s3]

H height of the channel [m]

k turbulent kinetic energy [m—2 s~ 2]
L length of the channel [m]

Nu local Nusselt number [-]

p pressure [N m ™~ 2]

Pr Prandtl number [-]

Re Reynolds number [-]

S step height [m]

Tc cold wall temperature [°C |

Th hot wall temperature [°C]

puju; Reynolds stresses [kg m s 2]

pu;t; turbulent heat fluxes [kg °C m ™2 s]
u,v axial and normal velocity [m s 2]
Xy Cartesian coordinates [m]

Greek letters

turbulence dissipation rate [m 2 s3]
dynamic viscosity [N s m—2!
turbulent viscosity [N s m™ 2]

air density [kg m 3]

DTETE ®

obstacle located before each step of the double forward facing step
flow can affect the behavior of the flow field and consequently
enhancing the rate of heat transfer.

1.1. Physical problem

The considered problem is depicted schematically in Fig. 1. It is a
channel with a double forward facing (FES). The top wall is insulated
while the bottom wall and steps have a constant temperature (Ty,)
which is hotter than the inlet flow temperature. The heights of the
double forward facing steps (FFS) are h; and h, respectively. The
height and length of the channel are depicted by H and L. Here a, b
and c show the lengths of bottom wall and steps while t and w repre-
sent the height and width of the obstacle. Three cases were studied as
shown in Table 1. The obstacle aspect ratio was ranged from 0.5 to 1.
Three values of Reynolds numbers (3 x10% 8x10% and 1x 10°) were
tested.
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Fig. 1. Schematic diagram of physical problem,L=1.6 m,a=1 m,b=0.2 m,c=0.4 m,
H=0.1 m.

Table 1
Studied cases.
Cases Hy=h;/H Hy=hy/H Hy/H,
1 0.2 0.4 0.5
2 0.4 0.6 0.65
3 0.6 0.8 0.75

2. Mathematical model and numerical analysis

The governing equations of the continuity, momentum and energy
for fluid flow and heat transfer are described as follows.

?
ax; (pu,) =0 (1)
ouy) e o [ au,
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The effect of turbulence was modeled by using a k- model [17]. This
model consists of two transport equations, one for the turbulence kinetic
energy and the other for the dissipation of turbulence kinetic energy.
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The values of constants in this model are 0}, 0, Cy;, Co., and C, as
1.0, 1.3, 1.44, 1.92, and 0.09, respectively [18].

2.1. Boundary conditions

At inlet: u=Uj,, T;n=293 K

At outlet: constant pressure is imposed, p=101,325 Pa.

At the walls: no slip boundary conditions are considered. The bottom
wall and steps are maintained at constant hot temperature (T=T,, =
313 K) while the top wall is insulated.

The numerical solution of the described governing equations was
done by using Fluent 6.2 software while the grid generation for the
described geometry was done by using Gambit pre-Processor. The
Gambit has a wide flexibility to deal with complex geometries. The
simulations were tested for a range of grid densities, namely 15,761,
35,812, and 139,760 and it is found that trend of the calculated studied
parameters does not change when the grid density exceeds 139,760. So
this grid density has been chosen for all the simulations in the present
study. The numerical convergence of the considered model was
checked for every studied case depending on numerical residuals of
the computed variables. The validity of the model was checked through
comparison with published results (Refs. [3,16]) as shown in Figs. 13
and 14.
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3. Results and discussion

A numerical study was performed for turbulent flow and heat
transfer for double FFS with obstacles. The working fluid was air
with Pr=0.71. The parameters studied are the ratio of step heights
(of first and second step) to channel height, aspect ratio of obstacle
and Reynolds number.

Fig. 2 shows the velocity vector distribution for the studied
cases with obstacle aspect ratio equal to 0.5. It can be seen that the
recirculation regions are formed near the first and second steps.
Inserting an obstacle near each step affected significantly the forma-
tion and shape of the resulting vortices and secondary flow. So obsta-
cle increases the formation of eddies and that is expected to enhance
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A. Case 1

the rate of heat transfer. As a general feature, the flow field initiates
with uniform velocity profile and develops along the channel until
impinging the obstacle near the first step. A part of the flow jumps
up the obstacle and another part down the obstacle impinging it
and jumps the top of the first step. A remaining flow forms a
recirculation region behind the obstacle. Also a recirculation region
is formed along the length of the first step; however it is less in
size. The scenario is repeated near the second step. As the ratio of
the step height increases, the resulting vortices and eddies increase
as shown in (b) and (c).

The axial velocity profiles at different stream wise stations near
the obstacle at two steps are described in Fig. 3. It is observed that
the maximum value of negative velocity lies at x=1.15 near the
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Fig. 2. Velocity vectors colored by axial velocity for different step height ratios, Ar= 0.5 and Re = 30,000.
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Fig. 3. Axial velocity profiles for different obstacle's aspect ratios, case 1 and Re=
30,000.

obstacle in the vicinity of the second step. This gives an indication for
the recirculation which is stronger at this zone and consequently
more enhancement of heat transfer is expected to be obtained.

The variation of pressure coefficient along the whole channel
bottom wall for different values of obstacle aspect ratio is depicted in
Fig. 4. As it is shown, the pressure coefficient is decreased as obstacle
aspect ratio increases. It is observed that the pressure coefficient trend
is similar at x=0.8 after that it undergoes a sudden change due to the
presence of circulation flow and the minimum values are recorded at
the edges of the two steps (x=1 and x=1.2). The pressure coefficient
value is less at the second step compared with the first step and that
confirms the large strength of recirculation at the second step. The men-
tioned behavior of the pressure coefficient is dominant for all studied
cases. As Reynolds number increases, the pressure coefficient is notice-
ably increased as shown in Fig. 5. The cause is attributed to increased
size and strength of recirculation regions. This trend is found dominant
for all considered obstacle aspect ratios.
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Fig. 4. Variation of pressure coefficient along the bottom wall for different obstacle's
aspect ratio, case 1 and Re =30,000.

The contours of static temperature for different obstacle aspect
ratio for case 1 are depicted in Fig. 6. It is observed that the hot
temp region is high near the two steps and decreased as obstacle
aspect ratio increases. This is because when aspect ratio increases,
the amount of mixing flow just after the obstacle is decreased and
vice versa when obstacle aspect ratio increases. It is worth to mention
here that the obstacle aspect ratio affects the thickness of thermal
boundary layer in the vicinity of the steps. This layer seems to be thin-
ner at the first step compared with the other step which leads to an
increase in the temperature stratification and consequently increase
the rate of heat transfer.

Fig. 7 shows the distribution of turbulent kinetic energy for different
values of obstacle aspect ratio and case 1. It is observed that the turbu-
lent kinetic energy is increased near the obstacles close to the two steps
because of the increases of the turbulence due to flow complexity
resulted by adding obstacles to the problem. Fig. 8 shows the effect of
Reynolds number on distribution of path lines colored by axial velocity
for case 1 and Ar= 1.1t is observed that the values of negative velocities
are increased and recirculation regions become larger as Reynolds
number increases. This effect is larger as Reynolds number increases
and this is expected to influence on enhancement of heat transfer.
When Reynolds number increases, the inertia forces increase which
led to an increase in the turbulence and mixing. The variation of local
Nusselt number (on the whole bottom hot wall) is depicted in
Figs. 9-11. It is clear that the Nusselt number trend is similar for
x<0.8 but it differs significantly near the two steps. The Nusselt number
increases as aspect ratio increases and this increase is larger near the
second step. This trend is dominant for the cases studied. However
the maximum values of Nusselt number increase as the height of the
steps increases because of the increase of blockage and hence increase
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Fig. 5. Variation of pressure coefficient along the bottom wall for different values of Re,
case 1 and Ar=0.5.
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Fig. 6. Contours of static temperature for different obstacle's aspect ratios, case 1 and Re =30,000.

of the heat losses. The effect of Reynolds number on Nusselt number
variation is seen in Fig. 12. It is clear that the Nusselt number increases
as Reynolds number increases due to the increase in recirculation and
eddies which enhance the rate of heat transfer. This increase is
enhanced as the step height increases.

The validity of the present code was tested against some published
results as shown in Figs. 13 and 14. As the figures show, an acceptable
agreement is obtained. However some discrepancy is observed due
to the use of the k-& model where this model gives a percentage of
prediction in some of re-circulating flows.

4. Conclusions

The turbulent flow and heat transfer for a channel two forward
step flow with rectangular obstacles have been numerically studied.
Three cases (A;=0.25 to 1, H;/H,=0.5 to 0.75, Re=30,000 to
100,000) were studied. The obtained results show that the obstacle as-
pect ratio is a controlling factor for enhancing the rate of heat transfer.
The maximum values of Nusselt number were at Ar=1 for the consid-
ered values of the step height. The position of these values is closer to
second forward step (x=1.2) rather than the first step. Also it can be
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Fig. 7. Contours of turbulent kinetic energy for different obstacle's aspect ratios, case 1 and Re =30,000.

reported that the minimum value of the pressure coefficient occurs in
the vicinity of the second step for the considered parameters.
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Fig. 13. Comparison with published results of Nassab et al. [3] for Re=30,000, S/H=
0.7 and 6=80°.
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