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Abstract

The present study is aimed to investigate flow characteristics of two-dimensional backward-fac-
ing step by numerical approach. A convection conservative difference scheme based upon SOLA
algorithm is used for the solution of the two-dimensional incompressible Navier-Stokes equations
to simulate the laminar, transitional and turbulent flow conditions at which the experimental data
can be available for the backward-facing step. The twenty kinds of Reynolds number are used for
the calculations. In an effort to demonstrate that the reported solutions are dependent on the
mesh refinement, computations are performed on seven different meshes of uniformly increasing
refinement. Also to investigate the result of inflow dependence, two kinds of the inflow profile are
chosen for the laminar flow. Irregular grid system is adopted to minimize the errors on the satis-
faction of the discretized continuity. As criterion of benchmarking, the result of numerical simula-
tion, reattachment length is used for the selected Reynolds numbers. The results of the present
study prove the fact that the numerical predictions agree well with the experimental data and the
flow characteristics are shown at the backward-facing step.

1. INTRODUCTION backward ~ facing step is one of the simplest
but very important separate flows which is fre-
The laminar or the turbulent flow over a quently used as a benchmark problem to test
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the computational fluid dynamics method.

The importance of such a flow can be found
in engineering equipment in which sudden
expansions of section geometries cause the flow
separation and reattachment.

A number of experimental and numerical
studies have been made for this problem to
investigate the phenomena of separation and
reattachment of shear flows including the vari-
ation of flow structure with Reynolds number,
the section geometry or the step height, and
the momentum thickness of the oncoming flow
to the step. The experimental and computation-
al investigation of Armaly et al. could be the
most directly related and widely known works
published. The thorough review and analysis of
experimental data by Eaton and Johnston” and
the experimental study of Kim et al.*' could be
representative works in the literature. The
workshop' held by KSME showed various
results as per the numerical algorithms used.

The purpose of the present works is to carry
out a numerical investigation into separating
laminar, transitional and turbulent flows over a
backward —facing step using a convection con-
servative difference scheme based upon SOLA
algorithm for the solution of the two — dimen-
sional incompressible Navier — Stokes equations.

Comparisons are made with the measure-
ments of Armaly et al. to aid in evaluating the

present numerical method.

2. NUMERICAL METHOD

Navier - Stokes equations are governing
equations in the form of partial differential
equation, which describe the motion of fluid
particles around a point of continuum flow. In
the Cartesian coordinates(x,y), with x mea-
sured from the step and y normal to the bottom

wall, the equations governing the incompress-

(10)

ible, unsteady, viscous, two — dimensional flow
can be written in the conservation form with
dimensionless variables as:

B LA W
dx dy

dJu Jdu-v dv-u  dp

Dt ox oy | ox &
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Re \ dx* dy?

dv Jdu-v 8v-v=_8p+gy
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where (u,v) and (gx, gy) are, respectively, the
velocity and gravitational acceleration compo-
nents in the (x,y) directions, ¢ is time, p is pres-
sure, and Re is the Reynolds number UgH/v (U,
is the reference velocity at the step, H the ref-
erence height beyond the step and v the kine-
matic viscosity of the fluid). All quantities in
the above equations are non — dimensionalized
using Uy, H and density p.

A convection conservative difference scheme
based upon SOLA algorithm is used for the
solution of the two-dimensional viscous incom-
pressible unsteady Navier-Stokes equations

The central and partial donor convective dif-
ference scheme of conservation form satisfying
the 2nd spatial accuracy on the regular grid in
the original SOLA method® was revised on
irregular staggered grids. The simple interior
division principle in algebraic mathematics
was adopted to correct irregular grid spacing
to preserve the conservation forms as shown
in Fig.1. Its artificial viscosity was reported
from Hirt’ s stability analysis method®. The
governing equations are given in terms of two-
dimensional viscous incompressible unsteady

flows.
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Fig. 1 Distribution of Physical Variables on Irreg-
ular Grid
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Fig. 2 Schematic of Calculation Domain

The viscous and pressure gradient terms are
also corrected for irregular grid distribution to
preserve the 2nd - order accuracy. The weight-
ing factor, a, of partial donor terms is 0.2 for all
the cases of computation. Time marching is
explicitly Eulerian and the cycle convergence
criterion is 0.002, maximum divergence at all
grids. Dimensionless time(T) for data sampling
interval is 1 and calculation is terminated at
T=300.

Fig.2 is the schematic description of back-
ward - facing step flow field in which two -
dimensional poiseulle flow is adopted as lami-
nar flow and it is assumed that steady velocity
profiles which are average velocity 1 in the
internal flow field and velocity 0 on the wall
are selected for the transitional and turbulent
flow. The twenty kinds of Reynolds number at

11
Table 1 Computational Conditions
Item Computational Conditions
Channel Height H 1
Step Height s 0.49
10 15x10¢ | 3.0x 1(?
3.89x10° | 45x1¢* | 5.0x10?
6.0x10* | 65x10* | 7.0x1(?
Reynolds Re 8.0x 10° 10° 1.2x10°
Number 2.0x10° | 3.0x10° | 4.0x 107
5.0x10° | 6.0x10° | 6.6Xx10°
7.0%10° 1.76 x 10°
Grid Number | MXxNY 250 x40
Maximum
1 2
Grid Size SH 0
Minimum
/67 .01
Grid Size H 0.015
Boundary .
Condition No Slip
In Flow 3 y ¥
Condition Uin U= 2 V[ ! ( a ) ]
Out Flow Ju v
=0, —=0, P=0
Condition Uout ox ox
Finishing Time T 300

(11)

which the experimental data can be available
for the backward-facing step are used for the
calculations.

The no-slip condition is selected as the
boundary condition to the walls. At the outlet
of flow field, The Neumann condition is adopt-
ed for the velocity and The Dirichlet condition
is used for the pressure. The above computa-
tional conditions are shown in Table 1 briefly.

In an effort to demonstrate that the report-
ed solutions are dependent on the mesh
refinement, computations are performed on
seven different meshes of uniformly increas-
ing refinement. Fig.3 shows dependence of
reattachment length on the mesh number.
However, though the mesh number of grid 46
X 46 is smaller than that of grid 250 x 20, the
reattachment length result in contrary ten-
dency. This fact means that the result of
numerical calculation is influenced by the

aspect ratio of grid size.
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Also in order to investigate the result of
inflow dependence, two kinds of the inflow pro-
file are chosen for the laminar flow as shown in
Table2. The selected two inflow profiles are
both parabolic in shape but the result of calcu-
lation shows large difference of reattachment
length.

An adopted grid distribution method is the

13,
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Fig.3 Grid Dependence of Reattachment Length

Table 2 Inflow Profile Dependence

) 3 : H
Equation | Ug)=—5-V[1-(L] ]| Un=20/(-5-»)
Re 10° 10°
Grid size 250 % 40 250X 40
X1/s 11.78 12.02

algebraic and irregular grid system which
shows that the grid size of step corner and
walls are relatively more dense than that of
inlet and outlet of the flow field in order to
show flow phenomena in detail as shown in
Fig.4. Irregular grid number is 250 x40 and its
minimum size is about 1/67 of the channel
height(H) and its maximum is about 1/5H. The
step height is 1/2.06H which was adopted to
match the dimension with a experimental
apparatus of Armaly et al..

The one-dimensional stretching function
which is an algebraic and irregular grid gener-
ation technique to minimize the errors on the
satisfaction of the discretized continuity is used
for distributing points irregularly along a par-
ticular boundary so that specific regions of the
domain can be resolved accurately.

The stretching function is defined as follows:

tanh[Q(1 - *)]

s:Pn*+(l_P)(1_——tanhQ ) (4)

where, an appropriate normalized indepen-
dent variable would be

n-na

nNE—-1nA
sothat na<n<nras 0<n*<1

*
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Fig. 4 Computational Grid
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na and ng are the start and end point. P and
Q@ are parameters to provide grid point control.
P effectively provides the slope of the distribu-
tion, s=Pn*, close to n*=0. @ is called a
damping factor and controls the departure
from the linear s versus n* behavior. Typical
distributions of points on EA, for various val-
ues of P and @, are shown in Fig.5. The value
of @ in this study is 2.0 which was determined
by appropriate correction.

To determine the P value, two conditions are
considered : 1) the first grid lengths from the
step corner in the directions of the upstream
and downstream region are equal ; 2) the grid
density upstream and downstream from the
step corner is interpolated easily.

The equation (5) is derived from the equation
(4) to satisfy the conditions of selecting P value.

x — tanh(Qterm)
—,11 — tanh(Qterm)

(5)

and Qterm is defined as,

tanh[Q(1 - —-)]
tanh@

Qterm=1

where x is the first grid length from the step
corner and n is end point location.
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Fig. 5 Grid Distribution Using Equation(5)
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3. RESULT AND DISCUSSION

The present study carried out calculations for
twenty kinds of Reynolds number to examine
the change of reattachment length downstream
from backward step.

For the comparison of calculated results,
available experimental data of Armaly et al.
are used through laminar to turbulent flow
region.

Fig.6 indicates comparison of experimental
and theoretical results for the reattachment
length up to Re=8.0x10? for the ten kinds of
Reynolds number.

The numerical predictions presented in this
paper confirmed that SOLA based computer
code for flow predictions can be successfully
employed to compute backward - facing step
flows, with results in close agreement with
experiments, at least up to the Reynolds num-
ber of approximately Re=4.0 x 102

Fig.7 shows measurements of reattachment
length of first recirculation region as a function
of Reynolds number. According to the experi-
mental result of Armaly et al'", the laminar
flow range is characterized by a reattachment
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P redicied(Kim & Moin}
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Fig. 6 Comparison of Experimental and Theoreti-

cal Flow Results
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Fig. 7 Variation of Reattachment Locations with
Reynolds Number

length that increases with Reynolds numbers
up to Re=1.2x 10°. From the part of first sharp
decrease in the reattachment length x; to a
minimum value at a Reynolds number of
approximately 5.5 x 10°, then an increase to a
constant level, which are classified into transi-
tional flow region. The turbulent flow range is
characterized by a constant reattachment
length at approximately above Re=6.6 x 107,

However, present numerical results show a
sharp decrease of reattachment —length from
the Re=1x 10° and recovery of the length after
Re=1.2x10% then a meeting point at Re=3 X
10% It is assumed that differences of reattach-
ment length between the experimental and
numerical results are attributed to the inlet
velocity profile selected. A parabolic velocity pro-
file which was used in this study for the laminar
inlet velocity profile up to Re=1x 10° has good
results of reattachment length in comparison
with experimental results. But there are dis-
agreement of reattachment length above Re=
1.2 X 10° to Re=6.6 x 10°, then the reattachment
length is recovered nearly to the experimental
result at the turbulent flow region.

Fig.8 and Fig.9 depict the lengths of separa-

tion points and reattachment points of sec-

(14)
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ondary recirculation region at the upper wall
and the numerical results are very close approx-
imation to the available experimental data.

Fig.10 represents instantaneous flow charac-
teristics which is generated beyond the back-
ward ~ step at Re=1x10°

Velocity vectors are shown in the entire flow
field and five kinds of Dimensionless time(T=
5, 30, 100, 200 and 300) are selected to simu-
late instantaneous flow.

At T=35, there is the first recirculation region
which is developing beyond the backward -
step as well as a secondary recirculation region

in the upper wall.
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Fig. 10 Instantaneous Velocity Vectors (Re=10%)

The secondary vortex in the first recircula-
tion region gradually disappears and the reat-
tachment length of the region becomes longer
at T=30.

At T=100 and T=200, The two recirculation
region in the bottom and upper wall are still
developing and instantaneous velocity vectors
downstream of the step are almost symmetric.

At T=300 the flow pattern of entire flow
field and the reattachment length of first recir-
culation region are similar to Fig.10d(T=200).
Therefore, it is assumed that the flow at T=
300 is fully developed.

Fig.11 indicates time mean flow characteris-
tics of velocity vectors, pressure distribution,
vorticity contours, contours of u and v direction
fluid speed and contours of kinetic energy at

10 20 30 40 50 60
(d) Contours of u-direction Fluid Speed

10 20 30 40 50 60
(e) Contours of v-direction Fluid Speed

0.0

00 10 20 30 40 50 60
(f) Contours of Kinetic Energy

Fig. 11 Time - Mean Flow Characteristics at Re=
8x10* (T=200 - 300)
Re=8x10%(T=200 - 300).

The inlet velocity profile is parabolic and the
first and second recirculation regions are
shown in Fig.11(a). Fig.11(b) and Fig.11(c) show
the numerical results of pressure distribution
and vorticity contours.

Fig.11(d) and Fig.11(e) depict the contours of
u and v direction fluid speed, which shows the
recirculation regions in the bottom and upper
walls. The speed directions and high intensity
area can be found easily. Contours of kinetic
energy are uniform to the streamwise direction
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(c) Re=1.76x 10°

Fig. 12 Instantaneous Pressure Distribution (T=
300)

as shown in Fig.11(f).

Fig.12 shows the instantaneous pressure dis-
tribution at dimensionless time T=300 for
each Reynolds numbers. As Reynolds number
is increased, the pressure fluctuation gets grad-
ually higher.

The distribution of kinetic energy varies as
Reynolds number is altered as shown in Fig.13.
Also as Reynolds number is increased, we can
see the appearance of a kinetic energy region

(16)

(c) Re=1.76 x 10°

Fig. 13 Instantaneous Contours of Kinetic Energy
(T =300)

behind the step corner in Fig.13(b) and
Fig.13(c). Therefore, it is postulated that the
distribution of kinetic energy is dependent on
Reynolds number.

Fig.14 depicts time —mean flow characteris-
tics of backward - facing step on each properties
in the flow field at a relatively high Reynolds
number Re=1.76 x 10°. Pressure is graduallies
recovered as flow runs to the downstream area
as shown in Fig.14(a). And Fig.14(b) shows that
high vorticity region is located around the step

corner and the lowest part of vorticity is in the
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Vartieity

(e) Contours of Kinetic Energy

Fig. 14 Time - Mean Distribution (Re=1.76 x 10%, T=200 - 300)

center area of the upstream over the step.
Fig.14(c) and Fig.14(d) indicate the distribution
of fluid speed to the both streamwise and nor-
mal directions and also express the magnitude
of fluid speed. The high kinetic energy area is
the same as the high speed area.

a7

4. CONCLUSION

Numerical calculations are carried out for
the laminar, transitional and turbulent flows
over a backward - facing step using a convec-
tion conservative difference scheme based upon
SOLA algorithm and comparisons are made

with available experimental results.
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For the selected Reynolds numbers, the com-
putation results obtained by the present meth-
ods show reasonably good agreement with the
experimental data and especially the reattach-
ment length is predicted in close agreement
with the experimental values of the previous
result. However, Some differences are found at
the transitional region and more detailed stud-
ies are requested to have proper transitional
inflow profile.

The flow over a backward facing step has not
been fully understood yet because of its com-
plex flow characteristics. So further computa-
tional and experimental studies are necessary

to understand the flow phenomena.
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