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Abstract

A numerical investigation of laminar flow
over a backward-facing step is presented
within the transient context. The analysis is
concerned with the step geometry and flow
conditions reported by Armaly et al.!. The
present transient analysis increases our
understanding of the complex interaction of
the end-wall-induced vortices and the
mainstréam flow. This helps to reveal the
mechanism responsible for the increasing
penetration of the three-dimensional flow
structure into a region near the midplane of
the channel, at which the flow is essentially
two-dimensional.
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1. Introduction

Flow separation has a considerable
impact on the flow structure and has been

the subject of intensive study for many years.

Owing to the geometrical simplexity and the

availability of experimental data’, there is:

considerable incentive to study the flow in a
sudden expansion channel. Experimental
investigations into the backward-facing step

problem by Armaly et al.' have shed light on -

some major flow features. An attempt to
increase our understanding of the process by

which the flow proceeds to time-dependency
has prompted researchers to resort to
numerical simulation of this problem. Much
previous effort has focused on two-
dimensional study due to insufficient
computer power. It is only in the last few
years that significant progress has been
made and analyses based on the
computational fluid dynamics technique
developed to the point where three-
dimensional calculations have become
feasible and affordable for many research
institutes’®. The present study is a
continuation of our previous investigation
into steady flows over a backward-facing
step®®. Our attention has focused on
transient issues that have been much less
explored.

2. Working equations and discretization
method

Investigation into the unsteady nature of a
flow requires the solution of a set of
nonlinear partial differential equations that
express mass and momentum conservation.,
For incompressible flow, the continuity
equation must not only preserve mass
conservation but also enforce a constraint on
the velocity field. Thus, the pressure in the
following primitive-variable equations has
an implicit
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In the above elliptic-parabolic mixed type
differential equations, we normalize all
variables to make future application an
easier task. In the normalization, we chose



the mean velocity at the inlet plane
Upew(=1) and pUZ,_ as the reference
quantities for the working variables » and p,

respectively. The independent variables x
and ¢t are made dimensionless by the

upstream  channel height #(=1) and
h{U,, ., respectively. This leads to the
Reynolds number Re* (= PU peon ) shown

in equation (1). The Reynolds number
definition involves the fluid viscosity, u,

and the fluid density, p. It is worth noting
that the definition of the Reynolds number

Re* differs from Re(= —ﬂ&) used
by Armaly et al.'. This implies that Re =
2Re*. For comparison purposes, throughout
this paper, we adopt the notation of Armaly
et al.' for the Reynolds number Re.

. Working equations (1-2) are integrated in
their respective finite volume, each of which
are associated with a particular primitive
variable and is placed on the centroid of the
finite volume. A serious problem, which has
been  encountered when simulating
incompressible Navier-Stokes equations, is
checkerboard pressure oscillations. To
overcome this difficulty, field variables are
stored at staggered grids. Numerical
simulation of incompressible Navier-Stokes
equations entails another instability, which
is evident from the oscillatory velocities,
when dominated advective terms are
discretized using centered schemes, The loss
of convective stability is particularly
pronounced in multi-dimensional flow
simulations. To fix this problem, we have
modified the QUICK scheme of Leonard’
and implemented it in non-uniform grids to
resolve this instability problem and aveid
the false diffusion error. Discretization of

other derivatives is performed using the .

centered- scheme for revealing their elliptic
characters.

In solving the finite volume discretized
equations for (1-2), we abandon the coupled
approach due to the need for much more
disk storage space compared to the space

needed when solving these equations
separately by the SIMPLE-C solution
algorithm (Van Doormaal and Raithby®).
Use of this algorithm has been found to
produce accurate results with a good rate of
convergence. The pressure field is solved
using the pressure correction method. In the
staggered meshes, there are no storage
points for the pressure at the domain
boundary.  Specification of pressure
boundary conditions is not needed. In this
study, the Euler implicit method is
employed to approximate the time
derivative term.

3. Problem description and boundary
condition

The channel, as configured in Fig. 1, is
characterized as having a backward-facing
step, across which a three-dimensional
channel flow develops into a wider channel
with an expansion ratio of H/h = 1,9423.
Analyses were considered under conditions
reported by Armaly et al'. Direct
comparisons with the physical experiments
have thus been made to achieve the
validation of the numerical results. Using
the step geometry S = (.9423 and the flow
conditions of Armaly et al.!, our analysis
was carried out on the basis of the Reynolds
numbers Re = 100, 389, and 1000.

Throughout our analysis, inlets of the
physical domain were mainly chosen at the
step plane. We prescribe at the step plane a
fully developed velocity profile given by
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In equations (4) and (6), B is known as the
span of the channel. In the channel far

- enough downstream of the step plane, the

flow will again be parabolic.
For practical reasons, it is desirable to



truncate the analysis domain downstream of
the step plane with a distance of 504
Truncating the analysis at the synthetic
outlet is desirable; otherwise, computer time
and storage requirements will greatly exceed
the limits of today's computers. Thanks to
the experimental confirmation of the flow
symmetry about y = 0, it is only necessary
to seek a solution in a half channel ( y > 0).
The symmetric boundary condition is
prescribed on the midplane of the channel.
On the rest of boundaries, where the no-slip
wall assumption holds, we prescribe zero
velocities on the roof, floor, step plane, and
the vertical end wall.

4, Results and discussion

Before moving on to a discussion of the
transient results, it is appropriate to justify
our steady-state calculations. Figure 2 plots
the results of streamwise velocity profiles at
the symmetry plane for Re = 100, 389, and
1000. Figures 2 shows that there is generally
good agreement between the present results
and experimental data of Armaly et al.! and
excellent agreement with two-dimensional
numerical results for Re = 100 and 389. It
can be inferred from these results that the
channel width B = 354 is sufficiently wide
to ignore the end wall boundary layer effect
on the channel flow in the immediate
vicinity of the midplane, y = 0, for Reynolds
numbers less that 400. This is not the case
as Re was increased further up to a value of
approximately 1000. For the case of Re =
1000, disagreement is pronounced in the
range of 104 <x<25h. We find that the
worst agreement is where the roof eddy (2-D
case) shows its presence. This raises the
question of how the roof eddy can alter the
flow through a channel expansion. It is our
objective to determine whether the vertical

end wall will affect the flow development

into the wider straight channel.
To gain a better understanding of this
phenomenon, we conducted a transient

simulation of the backward facing problem

for Re = 1000. In this study, we adopted
Grid-C in our three-dimensional steady flow

analysis and a coarser grid, namely Grid-D,
in the transient analysis. For details of the
grid sizes and time increments used in this
study, see Table 1, The time-evolution of the
streamwise velocity profiles and the time
history of x1, x4, and x5 are plotted on the
symmetry-plane y = 0, in Fig. 3 and Fig. 4
respectively. It can be concluded from Figs.
3 and 4 that at a time ¢ < 100, the flow
development in the channel is primarily
attributable to the step geometry. The shear
stresses exerted on the end-wall are too
weak to lead to a strong three-dimensional
flow. In our three-dimensional transient
analysis the streamwise velocity profiles at
the plane of symmetry are not appreciably
different from those of the two-dimensional
results for Re = 1000 at a time ¢ < 100 (Fig.
3). This observation is consistent with the x|,
x4, and xs plots against time (Fig. 4). At ¢ <
100, the lengths of separation and
reattachment do not differ between the two-
and three-dimensional analyses. When the
time reaches ¢ = 100, the primary
reattachment length starts to differ for the
two analyses. The difference in the x; value
sheds light on the influence of the end-wall
on the subsequent flow development. As
Figs. 3 shows, the three-dimensional
streamwise velocity profiles on the
symmetry plane no longer follow the
two-dimensional profiles. This implies that
at a time subsequent to ¢ = 100, the end-wall
effect has an increasingly important effect
on the vortical flow development into the
expansion channel. One can clearly see from
Fig. 4 a marked change in the time histories
of x), x4, and xs. This explains why the
two-dimensional nature of the flow evolves
in the expansion flow development.
Revealed by Fig. 4 is the disappearance of
the roof eddy on the channel midplane at a
time, which is approximately equal to 700.

“Subsequent to ¢ = 1000, the flow gradually

reaches the periodically steady state in the
sense that the oscillating amplitude of the
primary reattachment length, x;, takes on
171000 of its mean velocity. The time
periodicity is around 200 (Fig. 4). Such a
fluctuation has a tendency to decay as ¢



keeps increasing and, finally, the flow
approaches a truly steady state.

Given that flow separation is of
fundamental importance in many processing
industries, it is instructive to identify its
presence. This is followed by a rigorous
determination of its extension into the
channel of the present interest. Our desire to
depict the separation bubble prompted us to
adopt the theoretically rigorous theory of
topology, we plot limiting streamlines on the
channel roof and floor in Figs. 5 and 6. At
the very beginning of the flow evolution, the
secondary bubble does appear on the roof of
the channel. This roof eddy is situated in
between the lines of separation and
reattachment. These initially parallel critical
lines are found to extend all the way to the
midplane (Fig. 5(a)). This suggests that the
end-wall effect exists only in the limited
range near the end wall, As time evolves, a
counter-clockwise eddy is present at the
intersection between the end wall and the
line of separation. This eddy is intensified
through flow entrainment and convects
downstream with the primary flow. The
critical point, classified as a node in the
nomenclature  of topological theory,
becomes clearly visible at ¢+ = 400. The
curved separation line in turn has an effect
on the adjacent pair of lines of reattachment.
The line of separation curves in the
downstream direction. The distortion of
downstream  velocity is  particularly
pronounced near the singular node. In
contrast, the line of reattachment curves
towards the upstream side. The distortion is
severe, in particular, in the span location
where the separation line x4 has its largest
curvature near the location at x = x4. As a
result, the distance between the x; and x;
lines reaches a minimum at the critical node.
This distance continues to decrease with

time; finally, at time ¢ > 700, the roof eddy is -

only visible on the roof in the immediate
vicinity of the end wall This plot
corresponds to Fig. 4, which shows that x4

and x5 cease to appear on the midplane at 7= -

700.
On the channel floor, we can clearly see

the line of reattachment for the primary
separation bubble from the computed
limiting streamlines shown in Fig. 6.
Revealed by this figure is a slight overshoot
in the separation line x; at time ¢ ~ 400. At
the intersection of the step plane and the
channel floor, one can aobserve overshoots.
This critical point is by definition a
separation saddle, from which streamlines
repeal. This wall-oriented critical point
moves towards the midplane as time
increases. When ¢ > 700, this critical point
no longer varies in the y direction.

5. Conclusion

In this paper, we have focused on a
three-dimensional flow in a channel with
sudden expansion since there have been
relatively very few computational studies.
Results show that there is generally good
agreement between the three-dimensional
results and the experimental data for Re <
400. Also, the agreement of three- and
two-dimensional computed results is rather
promising. The results reveal that as the
Reynolds number increases, longitudinal
vortices can evolve to the extent that the
two-dimensional character of the flow is
largely destroyed. Immediately away from
the end wall, the x;-curve on the midplane
has a marked variation with the coordinate y.
As to the secondary separation bubble on
the roof of the channel, it is only visible near
the end wall. We have also plotted the
secondary flow patterns to provide evidence
of the complex interaction of the
end-wall-induced spiraling vortices with the
flow through the three-dimensional channel
expansion. This transient analysis has
revealed the time-evolving penetration of
the three-dimensional flow structure into a
region of essentially two-dimensional flow
near the midplane of the channel,
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Table 1. Grid and time sizes employed in the present study.

Grid- N-dx N-dy N-dz dx(min, max)  dy(min, max)  dz(min, max)
C 100 85 40 (0.03, 1.0) {0.03, 0.25) (0.03, 0.06)
D 90 25 22 (0.10, 0.6) (0.03, 2.00) (0.03, 0.16)

The time step df = 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, and 2.0 for the transient time, ¢, range in the
interval: [0.0, 0.1], [0.1, 1.0], [1.0, 2.0], [2.0, 4.0], [4.0, 10.0], [10.0, 300.0], [300.0, 2000.0].

Fig. 1 Geometry of the backward-facin_g step channel flow under investigation.
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Fig. 2 Computed streamwise velocity profiles on the symmetry-plane of the channel. (a) Re =
100; (b) Re = 389; (c) Re = 1000.
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Fig.3 Time history of streamwise velocity profiles on the symmetry-plane for the case of Re
= 1000. (a) £ = 10; (b} + = 20; (c) £ = 30; (d) t=40; () £ = 50; (f) 7 = 100; (g) ¢ = 200; (h) ¢ =
300, (i) £ = 400, (j) £ = 500; (k) £ = 1000; () £ = 2000.
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Fig. 4 Time history of x;, x4, and x5 lengths, computed at the symmetry-plane of the channel,
for the case of Re = 1000.
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Fig. 5 Time history of limiting streamlines plotted on the roof of the channel for the case

with Re = 1000. (a) £ = 100; (b) = 200; (c) £ = 300; (d} = 400; (¢) ¢ = 500; (f) ¢ = 600; (g) ¢ =
700; (h) £ = 800; (i) £ = 1000; (j) £ = 2000.
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Fig. 6 Time history of limiting streamlines plotted on the floor of the channel for the case
with Re = 1000, (a) t = 100; (b) £ = 200; (c) £ = 300; (d) t = 400; (e) 1 = 500; (f) t = 600; (g) t =
700; (h) £ = 800; (i) £ = 1000; (j) ¢ = 2000,
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