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Abstract. A numerical code based on the finite volume discretization technique is developed 
to simulate the flow structures following a three-dimensional horizontal forward-facing step. 
The link between the pressure distribution and velocity field are done by using the SIMPLE 
algorithm.  
A rectangular channel encloses the forward-facing step such that the expansion ratio (ER) 
and the aspect ratio (AR) are equal to two and four respectively. The channel total length in 
the stream-wise direction is equal to 60 times the step height and the step edge is located 20 
times the step height downstream the channel inlet. At the channel inlet the flow is 
considered as a three-dimensional fully developed flow.  
Results for the reattachment line, the separation line, as well as for velocity profiles at 
different planes for different Reynolds are presented. 
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1. INTRODUCTION 

Separation and reattachment flow is a phenomenon that is found in several industrial 
devices such as in pieces of electronic cooling equipment, cooling of nuclear reactors, 
cooling of turbine blades, flow in combustion chambers, flow in vertical plates with 
ribs, flow in wide angle diffusers, and valves. In other situations, the separation is 
induced in order to produce more favorable heat transfer conditions as in the case of 
compact heat exchangers and even more for understanding the onset of transition to 
turbulence in natural and mixed convection. 
In the last decade several numerical studies have been conducted to achieve a better 
knowledge and understanding of the hydrodynamic of the separated flow. In this 
aspect the backward-facing step has been the central objective for several researches, 
and even more this problem is considered as a benchmark problem for validating 
numerical codes and procedures (Blackwell and Pepper, 1992; Williams and Baker, 
1997).  
On the other hand, the configuration of a forward-facing step has been investigated 
much less than the backward-facing step. Stuer et. al (1999) mentioned in their 
publication that very little has been published referring to the laminar separation over 
a forward-facing step, and neither its topology nor its re-circulation zones are know in 
a predictable form. Abu Mulaweh (2003) reports that the phenomena of convection 
over the forward facing step has not been studied due to its complexity. He concludes 
that depending on the magnitude of the flow Reynolds number, one or two flow-
separation regions may develop adjacent to the step. 
Some authors had conducted their researches to analyze the flow structures passing a 
forward facing step. Ratish and Naidu (1993) developed a stream-function-vorticity 
formulation for solving the two dimensional Navier-Stokes equations for laminar 
flow. In their publication they did not include the geometrical factors for the 
computational domain making their results difficult for being reproduced. In similar 
way, Houde et al. (1994) used a stream-function vorticity formulation for analyzing 
the steady two dimensional laminar flow problem following a forward-facing step. 
They implemented a second order difference scheme to numerically solve the 
problem. In their study, they found a re-circulation zone at the step corner and also 
they found that the flow separates from the bottom wall before the forward facing 
step. Even though their results presented an excellent agreement with previous results 
reported in literature, their approximation is for a two-dimension problem and cannot 
be useful for validating the results in this work. Others authors as Aseban et al. (2000) 
had conducted their studies for the forward facing step geometry to analyze the mixed 
convective flow in vertical plates or for studying the mixed convective flow in two 
dimensions channel for assisting and opposing flow as presented by Abu-Mulaweh et 
al. in several publications (1996, 1994, 1993). Although an important effort to 
analyze the flow passing a three-dimensional forward-facing step has been made, 
most of the studies are limited to the two dimensional case. In this research, the 
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analysis for the tri-dimensionality of the flow is the principal objective as it will be 
presented in later sections. 
The importance of studying the flow passing a forward facing step is described by 
Stuer et. al (1999) and Ravindran (2002). They mentioned applications such that 
enhance heat transfer and flow mixing rates, flows over obstacles such buildings and 
cooling of electronic equipments as well as in the control of fluid flow for designing 
fluid dynamical systems. In this paper, some aspects of the fluid structures are 
presented for a numerical simulation for air flowing through a three-dimensional 
horizontal forward-facing step. 
 
2. MODEL DESCRIPTION AND NUMERICAL PROCEDURE 

The flow over a three-dimensional horizontal forward-facing step was numerically 
simulated via a finite volume discretization technique. The channel aspect ratio 
(AR=W/s) and expansion ratio (ER=H/s) were fixed in relation to the step height 
(s=0.01m) as AR=4 and ER=2, respectively. The step is located 20 times the step 
height downstream the channel inlet (l=20s) and the channel total length is equal to 
60 times the step height (L=60s). The geometry is presented in fig. 1. 
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Figure 1: Computational domain for the forward-facing step 

At the channel entrance the flow was treated as fully developed flow according to the 
correlation presented by Shah and London (1978). No-slip condition was applied at 
the duct walls, including the stepped wall and the thermo-physical properties inside 
the computational domain were assumed as constants. The fluid flow problem is 
considered to be steady state. Hence, the mass conservation and the momentum 
equations governing the phenomenon are reduced to the following forms according to 
Williams and Baker (1997): 

Continuity Equation: 
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Momentum Equation: 
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The boundary conditions for the computational domain were established as follow: 
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The physical properties of air in the numerical procedure were treated as constant 
[µ=1.81x10-5 kg m-1 s-1 ρ=1.205 kg m-3] and evaluated at the ambient temperature T0 
(T0=293). 
A FORTRAN code was developed to numerically study the stated problem. A finite 
volume discretization technique was implemented for discretizing the momentum 
equations inside the computational domain. The SIMPLE algorithm is utilized for 
linking the velocity and pressure distributions in the iteration procedure. At the final 
step of every iteration the velocity field and pressure distribution are corrected and 
updated until reach convergence as described by Patankar (1980). The power law 
scheme was utilized to represent the convection-diffusion term at the control volume 
interfaces. Velocity nodes were located at staggered locations in each coordinate 
direction while pressure and other scalar properties were evaluated at the main grid 
nodes. At the channel exit the natural boundary conditions ( )[ ]0=∂∂

=Lx
xφ  were imposed 

for all the variables. In addition, the overall mass flow in and out of the computational 
domain were computed and its ratio was used to correct the outlet velocity at the 
channel exit as described by Barbosa et al. (2005a). 
To simulate the solid block inside the domain a very high diffusion coefficient for the 
momentum equations was chosen (µ=1050). At the solid-fluid interface the diffusion 
coefficients where evaluated by a weighted harmonic mean of the properties in 
neighboring control volumes as described by Patankar (1980).  
A combination of the line-by-line solver and the tri-diagonal matrix algorithm was 
used for each plane in x-, y-, and z-coordinate directions to compute the velocity and 
pressure inside the computational domain. Under-relaxation for the velocity 
components (αu=αv=αw=0.4) and pressure (αp=0.4) were imposed in order to 
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guarantee convergence. Convergence for the solution was declared when the 
normalized residuals for the velocity components and pressure were less than 1x10-8. 
A non-uniform grid size was considered for solving the numerical problem. In this 
sense, at the solid walls and at the edge of the forward-facing step the grid was 
composed by small-size control volumes (fine grid) and the control volume size 
increased far away from the solid walls. The grid size was deployed by means of a 
geometrical expansion factor, such that each control volume is a certain percentage 
larger than its predecessor. A detailed description for the grid generation can be found 
in Barbosa (2005). 
The grid independence study was conducted by using several grid densities for a 
Reynolds number (Re=800) based on the step height. The location at the central plane 
in the span-wise direction (z/W=0.5) where the stream-wise component of the wall 
shear stress is zero was monitored to declare grid independence. A grid size of 
150:40:40 does not represent important variation when compared with a 180:40:40 
grid size. Hence, the former was proposed for the productive runs.  
Table 1 summarized the results for the grid independence study. By increasing the 
number of nodal points in the transverse (y-coordinate) and span-wise (z-coordinate) 
directions does not impact the numerical results. 
 

Grid size 
x-y-z 

Position at the central 
plane z=0 where 

τxz=0 

% 
Difference 

180:40:40 0.1820  
150:40:40 0.1812 0.45 
120:40:40 0.1870 2.75 

Table 1: Grid independency study. 
 
Once grid independence was established, the second step was to find a procedure to 
validate the numerical code. A direct validation was not possible because there is not 
published information dealing with the three-dimensional fluid flow problem through 
a forward-facing step. Then, it was observed that the difference in the numerical 
implementation between the backward- and forward-facing step is the location of the 
step. The former refers to a step at the channel’s inlet, while the last one refers to a 
step and the channel’s exit. Hence if the numerical procedure is validated for the 
backward facing step, it can be useful for solving the forward-facing step problem. In 
this sense, the forced convective flow trough a three-dimensional horizontal 
backward-facing step was studied and simulated with the same numerical technique 
and the results were presented by Barbosa et al. (2005b). It was found that the 
numerical predictions using the code presented errors less than 2% when compared 
with the experimental published data, thus validating the code for the backward-
facing step case and then its application for a forward-facing step. Figure 2 presents a 
comparison for the xu-line obtained with the numerical data and the experimental data 
obtained by Armaly et al. (2003). More information about the validation problem 
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could be found in previous work published by the authors (Barbosa, 2005; Barbosa et 
al., 2005a; Barbosa et al., 2005b) 
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Figure 2: xu-line numerical validation (Barbosa et al., 2005a) 

 
3. NUMERICAL RESULTS AND DISCUSSION 

The numerical study presented in this work considers the flow through a forward-
facing step channel for three different Reynolds number (Re=200, 400 and 800). The 
Reynolds number ( µρ sUb2Re = ) is based on the bulk velocity at the duct entrance 
(Ub) and twice the channel’s step height. The coordinate origin for the geometry was 
placed according to fig. 1. 
A common concept to characterize the separated and reattached flow phenomenon is 
the end of the re-circulation zone or the point where the wall shear stress is equal to 
zero. As mentioned by Nie and Armaly (2003), for a three-dimensional backward-
facing step there is a series of points along the span-wise direction (z-coordinate 
direction or span-wise direction/coordinate) where the wall shear stress is equal to 
zero. The collection of these points is called the xu-line and is used to delimit the re-
circulation zone along the span-wise direction. Numerically the xu-line is defined as 
the point in the mainstream flow direction where the u-velocity component changes 
its value from positive to negative or vice versa. In a similar way, for the case of the 
forward-facing step a re-circulation zone should be developed adjacent to the bottom 
wall and before the step. Hence, there is also a line, which delimits the starting point 
for the re-circulation zone before the step. This line will be referred as the xu-line or 
separation line, and its distribution along the span-wise direction is presented in fig. 3 
for the three different study cases. A symmetry behavior for the xu-line respect to the 
span-wise direction is observed for the three cases. The flow separation occurs in an 
earlier position as the Reynolds number is increased, as can be observed in fig. 3. 
According to Schlichting and Gersten (2000) the separation is governed by the 
pressure gradient and the friction along the wall. In this sense, it can be considerer 
that the pressure drop and the friction along the wall are larger for higher Reynolds. 
Figure 3 also reveals that near to the sidewalls the lowest x/s values for the xu-line are 

J.G. BARBOSA-SALDANA, F. SANCHEZ-SILVA, L.A. MORENO-PACHECO, I. CARVAJAL-MARISCAL100

Copyright © 2006 Asociación Argentina de Mecánica Computacional http://www.amcaonline.org.ar



found. This behavior could be explained due to the presence of the sidewalls and the 
no slip condition imposed for the numerical simulation. 
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Figure 3: Separation line before the step and adjacent to the bottom wall (xu-line) 

 
According to White (1999) the flow passing the step edge is separated and 
somewhere downstream it will be reattached. This phenomenon was observed in the 
numerical simulation and the results for Re=200, Re=400 and Re=800 are presented 
in figures 4a), 4b) and 4c) respectively. As can be appreciated in these figures, the 
amplitude of this zone in the main flow direction (x-coordinate direction or stream-
wise direction/coordinate) is on the order of few centimeters and the trend for the re-
circulation zone is similar for the three study cases. 
In the three cases, two re-circulation zones can be clearly identified. One before the 
step (x<0.2) and the other over the stepped wall (x>0.2). The largest re-circulation 
zone corresponds to the higher Reynolds (fig. 4c) while the smallest re-circulation 
zone belongs to Re=200 (fig. 4a). Figure 4 shows that the starting of the re-circulation 
zone over the step is almost a straight line. The reason of this particular behavior is 
associated with the fact that the abrupt change in the geometry that produces the 
separation is located at the same position for all the span-wise direction (the step 
edge). However, at the end of this re-circulation zone the line along the span-wise 
direction delimiting the re-circulation zone presents a no-regular line. This could be 
associated with the development of zones of high tri-dimensional flow after the step 
edge and mainly inside the re-circulation zone that is developing in this zone. As can 
be appreciated, the delimiting re-circulation zone for Re=800 (fig. 4c) has more 
irregularities than the other two cases as results of higher tree-dimensional behavior 
of the flow in this zone. For Re=800 and Re=400 it can be appreciated a small zone 
of positive values for the u-velocity component before the step. This particular 
behavior is not presented at Re=200. Hence it can be said that for Re=800 and 
Re=400 the primary re-circulation zone before the step does not finish at the step 
edge but it finish earlier. 
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Figure 4: Re-circulation in a horizontal plane adjacent to the stepped wall a) Re=200, b) Re=400  

c) Re=800 
 

In order to have a detailed understanding of this phenomenon the wall shear stress 
averaged (τ) over the span-wise direction is plotted along the main flow direction (x) 
in fig. 5. As can be appreciated the wall shear stress presents a similar behavior for 
the three studies cases. At the channel inlet the flow was considerer as a fully 
developed flow and therefore the horizontal line in the plot. However at the proximity 
of the step (x/L=0.33) the lines present negative values for (τ) associated with the 
presence of the primary re-circulation zone. At the step edge the τ-lines present a 
discontinuity due to the abrupt change in the geometry. After the step edge, the values 
for the shear stress present high values (redeveloping zone) and then the values have 
a tendency towards an asymptotically value at the channel’s exit. 
A zoom for the zone at the vicinity of the step is also presented in fig. 5. Here it can 
be appreciated fluctuations from positive to negative values for Re=800. This 
behavior is not too apparent for Re=400 and definitely it does not appear for Re=200. 
The fluctuations just mentioned for Re=800 are associated with the presence of zones 
with positive values for the u-velocity component before the step as discussed earlier. 
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Figure 5: Average wall shear stress averaged over the span-wise direction 

 
Figure 6 presents the stream traces along the central plane in the span-wise direction 
(z/W=0.5) for Re=200. Figure 6a) presents a zoom augmentation to detail the flow 
structures at the edge of the forward-facing step, while fig. 6b) details the corner at 
the bottom wall and the step. In both figures the re-circulation zone on the stepped 
wall and the re-circulation zone on the bottom wall are perfectly defined respectively, 
while fig 6c) is used to represent the flow structures at the upper wall and at the step 
corner and is also used to present the pressure contours in this zone. 
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Figure 6: Stream traces and pressure contours for Re=200 at the central plane in the span-wise 

direction (z/W=0.5) a) step edge, b) step corner at the bottom wall, c) step edge and top wall, d) stream 
traces 
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The pressure contours (p) in the figure before mentioned manifest the adverse 
pressure gradient at the vicinity of the step-edge and then the flow separation in this 
zone. In fig. 6d) is observed that once the flow is reattached to the stepped wall it 
continues developing towards the channel exit. 
Figure 7 presents the same flow structures as fig. 6 but the Reynolds parameter is 
Re=800. The flow structures for Re=800 not only present a more complicated 
vortexes inside of the re-circulation zones, but also reveals a larger size of these zones 
in the x as well as in the y coordinate direction (transverse direction/coordinate) . In 
fig. 7b) the existence of two vortexes inside the re-circulation zone adjacent to the 
bottom wall and step is found (x<0.2m). As mentioned earlier, the presence of 
adverse pressure gradients in the vicinity of the step becomes more evident here for 
Re=800 than for Re=200. The zone of low pressure at the edge of the step is 
associated with the flow separation at the stepped wall as presented in Fig. 7c). 
Figure 7b) shows very clear the formation of the re-circulation zone adjacent to the 
step edge. A difference from fig. 6b), it is observed that for Re=800 the separation 
flow occurs closer to the step edge than for Re=200. In similar way, for Re=800 the 
re-circulation zone over the step is perfectly defined in fig 7c) and this effect is less 
well-defined for Re=200 in fig 6c). 
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Figure 7: Stream traces and pressure contours for Re=800 at the central plane in the span-wise 

direction (z/W=0.5) a) step edge, b) step corner at the bottom wall, c) step edge and top wall, d) stream 
traces 
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The stream traces presented in figs. 6d) and 7d) for Re=200 and Re=800 respectively, 
shows that in both cases the flow structures experienced a kind of hydraulic jump 
after the step. This behavior is a particular feature for the flow passing an obstacle 
(forward-facing step). After this point, the stream traces show that the flow continues 
developing towards the channel exit to its three-dimensional fully developed 
conditions. The case for Re=400 is not presented in this work for question of space. 
Finally to give more information of the flow structures some plots for the u-velocity 
at constant z- and x-planes are discussed. 
In fig. 8, the u-velocity profile at the central plane in the span-wise for two different 
x-constant planes before the step are presented. The negative values for the u-velocity 
component is evidence about all discussed before referring to the re-circulation zone 
adjacent to the bottom wall before the step (Fig. 8a). In order to have more 
information a different plane is presented in fig 8b. Here the vertical axis of the figure 
is shortened and only the values near to the bottom wall are plotted. Close to the 
bottom wall for Re=800 a zone of positive values for the u-component is found. This 
particularity indicates that the re-circulation zone for Re=800 does not finish at this 
point but some point before, as mentioned earlier. Another implication is that the v-
velocity component at this zone must have positive values in order to satisfy 
continuity. On the other hand, for Re=200 and Re=400 the trend for the u-velocity 
component is similar to that for Re=800.  
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Figure 8: u-velocity profile at the central span-wise z/W=0.5 plane a) x/s=19.6 re-circulation zone  

b) x/s=19.9 before the step 
 

Figure 9 shows the u-velocity profile for the central plane in the span-wise direction 
for a constant x-plane just passing the step edge. The u-component negative values 
for Re=800 and Re=400 indicate that the flow separation along the stepped wall start 
earlier than for Re=200. This effect was discussed before. 
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The u-velocity profile at the channel exit for the middle plane in the span-wise 
direction is presented in fig. 10. Here is evident that the channel is long enough to 
accommodate fully develop flow for Re=200 and Re=400. However for Re=800 there 
are slight differences from the fully developed flow conditions. 
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Figure 9: u-velocity profile at the central span-wise plane and x/s=20.1 
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Figure 10: u-velocity profile at the central span-wise plane (z/W=0.5) and channel exit (x/L=1) 

 
4. CONCLUSIONS 

The numerical results for simulating airflow through a horizontal channel with a 
forward-facing step were presented for three different Reynolds parameters.  
The flow structures showed that the flow is separated and reattached in two different 
regions. One before the step adjacent to the bottom wall and the other is developed 
adjacent to the stepped wall after the step edge. The size and location of these re-
circulation zones depend on the Reynolds parameter. As Reynolds is increased, the 
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re-circulation zones before and after the step increases their size. It is also observed 
that as Reynolds is increased the separation flow occurs at earlier positions in the 
main flow direction. 
It was found that as the Reynolds is increased, more complex flow structures are 
found and then the flow is a strongly three-dimensional. 
Even some results in this geometry were presented; it is necessary to continue a 
methodic study in order to characterize this important phenomenon. 
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