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Heat transfer and turbulent water flow over a double forward-facing step were investigated numerically. The finite volume method
was used to solve the corresponding continuity, momentum, and energy equations using the K-¢ model. Three cases, corresponding
to three different step heights, were investigated for Reynolds numbers ranging from 30,000 to 100,000 and temperatures ranging
from 313 to 343 K. The bottom of the wall was heated, whereas the top was insulated. The results show that the Nusselt number
increased with the Reynolds number and step height. The maximum Nusselt number was observed for case 3, with a Reynolds
number of 100,000 and temperature of 343 K, occurring at the second step. The behavior of the Nusselt number was similar for all
cases at a given Reynolds number and temperature. A recirculation zone was observed before and after the first and second steps
in the contour maps of the velocity field. In addition, the results indicate that the coefficient pressure increased with increasing

Reynolds number and step height. ANSYS FLUENT 14 (CFD) software was employed to run the simulations.

1. Introduction

The goal of this study is to investigate two-dimensional
double forward-facing step flows, and the results of numerical
computations for different step heights, temperatures, and
Reynolds numbers are presented herein. Numerous studies
have been performed on single forward- and backward-
facing steps; however, the literature on double forward-
and backward-facing steps is very limited, and the phys-
ical basis of flow separation and vortex creation remains
unclear. Fluid flow over a backward- or forward-facing step
generates recirculation zones and subsequent reattachment
regions, due to sudden contraction or expansion in flow
passages. Many practical engineering applications, such as
the cooling of electronic devices, open channels, power-
generating equipment, heat exchangers, combustion cham-
bers, and building aerodynamics, involve separating flows.
The first attempts to study heat transfer and fluid flow over
forward- or backward-facing steps were made in the 1950’s.
Later, researchers were able to analyze complex flows in three

dimensions due to the development of CFD software. Seban
et al. [1] and Seban [2] pioneered the study of fluid flow
over backward- and forward-facing steps from a heat transfer
perspective. The authors discovered that the maximum heat
transfer coefficients occur at the reattachment point and
decrease toward the outlet. The effect of stream turbulence
on the heat transfer rate in the reattachment region on the
bottom surface of a backward-facing step was demonstrated
by Mabuchi et al. [3]. Improvements in device capabilities
have allowed researchers to measure reattachment points and
heat transfer characteristics; Mori et al. [4] used a thermal
tuft probe, Kawamura et al. [5, 6] obtained the temporal
and spatial parameters of heat transfer in the reattachment
region using a new heat flux probe, and Oyakawa et al. [7, 8]
employed jet discharge. The hydrodynamic characteristics of
gas flows past a rib and a downward step in feature separation
flow regions were studied by Terekhov et al. [9]. The heat
transfer coefficients, temperature distributions, and pressures
behind the obstacles as well as the 5-10% enhancement of heat
transfer at the maximum recirculation reported also agree



with the results reported by Alemasov et al. [10]. Aung [11],
Vogel and Eaton [12], Sparrow and Chuck [13], Chen et al.
[14], Masatoshi and Kenichiro [15], and Khanafer et al. [16]
conducted numerical and experimental studies on the airflow
over a horizontal backward-facing step with uniform heat
flux or uniform temperature. The authors observed a decrease
in the Nusselt number and recirculation zone with increasing
buoyancy force and noted that the maximum Nusselt number
was observed at the reattachment point. Abu-Mulaweh [17]
experimentally studied the turbulent fluid flow and heat
transfer of a mixed convection boundary-layer of air flowing
over a vertical forward-facing step. The effect of the step
height on the local Nusselt number distribution, namely,
the increase in the local Nusselt number with increasing
step height, reached a maximum value at the reattachment
point. Both the inclination angle and step height affected heat
transfer and flow behavior for the single forward-facing step
studied numerically by Nassab et al. [18].

An early study on turbulent heat transfer and airflow over
a double forward-facing step was reported by Yilmaz and
Oztop [19]. The top of the wall and steps were insulated, and
the bottom of the wall was heated. The authors used K-¢
model and found that the step ratio affected the heat transfer
and flow more strongly than the length ratio. Later, Oztop
et al. [20] presented a numerical study of heat transfer and
turbulent airflow over a double forward-facing step with an
obstacle. The bottom of the wall and steps were heated, and
the top of the wall was insulated. The results showed that the
obstacle aspect ratio (Ar) affected the heat transfer, with the
maximum Nusselt number corresponding to Ar=1.

The objective of this paper is to contribute new data
regarding water flow over double forward-facing steps to
improve the design of heat exchangers.

To the best of the authors’ knowledge, turbulent water
flow and heat transfer over double forward-facing steps have
not been reported in the literature; thus, this work is the first
such study.

2. Numerical Model

2.1. Physical Model. A schematic diagram of the double
forward-facing step and the flow shape employed in this study
is presented in Figure 1. The bottoms of the wall and the steps
were heated to a given temperature (T},), while the top of the
wall was adiabatic. The first step height (h1) was varied from 2
to 6 cm whereas the second step height (h2) was fixed at 2 cm.
The entrance width (H) was 10 cm while the exit width (H2)
was 6, 4, and 2 cm according to the first step height. Three
cases corresponding to three step heights were investigated, as
shown Table 1. In addition, the Reynolds number was varied
from 30,000 to 100,000 and calculated based on entrance
width (H), and four different temperatures from 313 to 343 K
were adopted.

2.2. Governing Equations. The SIMPLE algorithm couples
velocity and pressure [21, 22] and links the momentum and
mass conservation equations using pressure corrections [23].
Therefore, in this study, the SIMPLE algorithm was combined
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FIGURE 2: Comparison of Nusselt number case 1, with Re =30,000
and T = 313 K for grid independent.

with the finite volume method to discretize continuity,
X,Y momentum, and energy equations in the computa-
tional domain. The conservation equations (1) assuming two
dimensions, steady flow and a Newtonian fluid, can be written
as follows Yilmaz and C)ztop [19]:
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FIGURE 3: (a) Distribution of local Nusselt number for case 1, with T = 313 K and different Reynolds number. (b) Distribution of local Nusselt
number for case 2, with T' = 313 K and different Reynolds number. (¢) Distribution of local Nusselt number for case 3, with T' = 313 K and

different Reynolds number.

TaBLE 1: Cases and dimensions of geometries.

Cases H (cm) hl=H-H1 h2 =H1-H2 a (cm) b (cm) ¢ (cm)
1 10 2 2 100 20 40
2 10 4 2 100 20 40
3 10 6 2 100 20 40
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FIGURE 4: (a) Local Nusselt number distribution for case 1, with Re=100,000 and different temperatures. (b) Local Nusselt number
distribution for case 2 Re =100,000 and different temperatures. (c) Local Nusselt number distribution for case 3, with Re=100,000 and
different temperatures.
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FIGURE 5: Effect step height on local Nusselt number for cases 1, 2,
and 3 at Re =100,000 and T' = 313 K.

TABLE 2: Value of the constants in transport equations.

Value of constants

Ci 1.44
Cy. 1.92
Cs, 0.09
0 1.0
o, 1.3
Pr 7.01

TaBLE 3: Computational conditions.

Computational conditions

Fluid Water
?Srce}slitrlxr; )veloc1ty coupling Simple
Density 998.2g/m’
Viscosity 0.001kg/m-s
Pressure 101,325 Pa
Viscous model kande

Reynolds number
(Re = pUH /)

Temperature

30,000, 50,000, 80,000, 100,000

313, 323, 333,343 K

The standard k-¢ turbulence model was employed for turbu-
lence flow modeling [24]. In FLUENT, near-wall treatment
based on standard wall functions was selected for high
accuracy results where it was suggested by Chung and Jia
[25] for predication separation flow and heat transfer in
sudden expansion. The transport equations were applied to

determine the turbulence kinetic energy k (2) and dissipation
rate € (3):

2w 3([(-2)3)

&€ €
+ Cls% (Gk + C3£Gb) - CZ&PE’

> +Gr—pe, (2

3)

where G, describes the generation of turbulence kinetic
energy by the turbulent viscosity and velocity gradients and
is computed using

——0v
Gy = —pv'u—. 4
k= TpUUSS (4)
Y, is calculated using
k2
Uy = pCP? (5)

The values of the constants employed in the simulations
are shown in Table 2.

To enhance the accuracy of the simulations, the second-
order upwind scheme was used. Additionally, after each
iteration, the residual sum was computed and stored for every
conserved variable. The required scaled residual for the con-
vergence criterion was less than 10™® for the continuity and
smaller than 10~ for the energy and momentum equations.

3. Numerical Procedure and Code Validation

Simulations were carried out using ANSYS FLUENT 14
(CFD). The ICEM was used for meshing, and the k-¢ standard
model in Fluent was used to analyze the water flow and heat
transfer over the double forward-facing step in the turbulent
region. The computational conditions used in the numerical
simulation are shown in Table 3. Grid independence was
verified by increasing the grid size step wise, which yielded
similar results. Independent verification was performed for
Re =30,000, case 1, and initial grid sizes of 9099, 37397, and
67117. The difference in the Nusselt number relative to that
of the selected grid was less than 1% as shown Figure 2. The
geometric dimensions were based on those reported by [19].

4. Results and Discussion

Numerical simulations were performed for heat transfer and
turbulent water flow over a double forward-facing step. Three
cases with different step heights at Reynolds numbers of
30,000, 50,000, 80,000, and 100,000 and temperatures of 313,
323, 333, and 343 K were studied.

4.1. Nusselt Number. Figures 3(a), 3(b), and 3(c) show the
variation in the local Nusselt number for cases 1, 2, and 3
at T = 343K and different Reynolds numbers. In all cases,
the Nusselt number increased with the Reynolds number,
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FIGURE 6: (a) Velocity of streamline for case 1, with Re =30,000 and T' = 313 K. (1) First step. (2) Second step. (b) Velocity of streamline for
case 1, with Re =50,000 and T' = 313 K. (1) First step. (2) Second step. (c) Velocity of streamline for case 1, with Re=80,000 and T' = 313 K.
(1) First step. (2) Second step. (d) Velocity of streamline for case 1, with Re =100,000 and T' = 313 K. (1) First step. (2) Second step.
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FIGURE 7: Effect step height on recirculation region for Re =100,000 and T = 313 K. (a) Case 1 at first step. (b) Case 2 at first step. (c) Case 3

at first step.

and a sudden increase in the Nusselt number was observed
at the first and second steps due to recirculation vortices. A
higher Nusselt number occurred at the second step for case
3 compared to the Nusselt numbers observed in other cases.
The effect of temperature on the local Nusselt number for
cases 1, 2, and 3 is illustrated in Figures 4(a), 4(b), and 4(c).
As shown, the trends of the Nusselt number are similar before
the first and second steps, and the Nusselt number decreases
sharply at the same Reynolds number for all cases. A decrease
in temperature leads to a decrease in the Nusselt number. For
all temperatures, the maximum value of the Nusselt number
was observed at the first and second steps for all cases; in case
3, however, a higher Nusselt number occurred at the second
step compared with the numbers observed in the other cases,
as shown in Figure 5.

4.2. Flow Visualization. Figures 6(a), 6(b), 6(c), and 6(d)
present the contour maps of the velocity field for case 1 at
T = 313K and various Reynolds numbers. Generally, the
recirculation zone is found before and after the first and
second step, with the recirculation zone around the first step
being larger than that around the second step for a given
Reynolds number and temperature. The recirculation zone
also increased with Reynolds number for case1at T' = 313 K.
The effect of the step height on the recirculation zone is
illustrated in Figures 7(a), 7(b), 7(c), 8(a), 8(b), and 8(c) for
cases 1, 2, and 3, Re=100,000, and T' = 313 K. Increasing the

step height increased the recirculation flow, and the largest
recirculation zone was found at the first step for case 3,
Re=100,000, and T' = 313 K relative to that observed in case
land 2.

4.3. Pressure Coefficient. Figure 9(a) shows the pressure coef-
ficient along the x-axis for case 1 at T = 313 K and different
Reynolds numbers. Increasing the Reynolds number led to an
increase in the pressure coefficients, particularly at the first
and second step, which in turn increased the recirculation
flow and enhanced the heat transfer rate. Figure 9(b) presents
the pressure coefficients at T = 313 K and Re =100,000 for
cases 1, 2, and 3. Case 3 shows the highest pressure coefficient
and thus the largest increase in the Nusselt number.

Figure 10 compares the Nusselt number for case 1, with
Re=30,000 and T' = 313 K, with the values reported by [18,
20]. An acceptable agreement between the trends, especially
at the step region, justifies the use of this computational
approach. For more validation, compare the local Nusselt
number for case 2, at Reynolds number of 30000 and
T = 313 K, with case 10 of [19] presented in Figure 11.

5. Conclusion

Turbulent forced convection and heat transfer over a double
forward-facing step was studied. Three cases, correspond-
ing to three different step heights, were investigated at
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four Reynolds numbers and four temperatures. The results
show that increasing the Reynolds number and temperature
increased the Nusselt number for all cases. The enhancement
of the Nusselt number occurred at the first and second steps
due to separation flow, and the highest augmentation was
observed at the second step for case 3 relative to the values
observed in cases 1 and 2. The effect of step height on the

recirculation zone increased the separation length at the
same Reynolds number and temperature, which increases the
Nusselt number. In addition, the obtained results indicate an
increase in the pressure coefficient with increasing Reynolds
number and step height.

Nomenclature

a: Length of bottom wall before the
first step

b: Length of bottom wall after the
first step

c: Length of bottom wall after the

second step
Cie> Cyp, Csp, 0, 0, Model constants

Cp Specific heat

H: Width of channel before the steps
H1: Width of channel after first step
H2: Width of channel after second step
hl: Height of first step

h2: Height of second step

L: Total length of channel

K: Turbulent energy

Nu: Nusselt number

P: Pressure

Pr: Prandtl number

Re: Reynolds number

T: Temperature

U: Mean velocity

u,v: Axial velocity

X, y: Cartesian coordinates

Greek Symbols

p: Water density

& Turbulent dissipation

u: Dynamic viscosity

Yy Turbulent viscosity.
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