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ABSTRACT

The backward-facing step is frequently employed in the study of turbulent reat-
tachment for its geometrical simplicity. However, in spite of the large amount of
experimental work, the physics of the reattachment is not fully understood. A
contributing reason is the scarcity of data in the recirculation and reattachment
regions. The objective of this study is to conduct a direct numerical simulation of
turbulent backward-facing step flow and to provide data in the form of Reynolds
stress budgets for Reynolds averaged modeling. Basic statistical data were calcu-
lated and compared with experimental data, specifically the concurrent experiment
of Jovic & Driver (1994).

Both 2-D and 3-D simulations were performed. In 2-D simulations, three dif-
ferent velocity profiles (parabolic, fully developed turbulent channel, and boundary
layer profiles) were applied at the step. The flow is steady at low Reynolds num-
bers. At high Reynolds number, the flow becomes unsteady and quasi periodic
eventhough no fluctuations were imposed at the inlet. The critical Reynolds num-
ber, Re., beyond which the flow becomes oscillatory varies with the profile shape:
a fuller profile (steep velocity gradient at separation) appears to have a lower Reg.
The oscillation can also be resulted from a poor grid resolution. Imposed inlet
velocity fluctuations result in periodic solutions. The fundamental frequency of os-
cillation is the same in all cases with different Reynolds numbers or inlet velocity
profiles. The Strouhal number based on the step height and maximum inlet velocity
is approximately 0.08. This frequency thus appears to be independent of the input
parameters.

The main 3-D simulation was conducted at a Reynolds number of 5100 based
on the step height ~ and inlet free-stream velocity, and an expansion ratio of 1.20.
Spanwise-averaged pressure fluctuation contours and reattachment lengths show ev-
idence of an approximate oscillatory behavior of the free shear layer with a Strouhal

number of 0.06. The instantaneous velocity fields indicate that the reattachment
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location varies in the spanwise direction, and oscillates about a mean of 6.2h. Sta-
tistical results show excellent agreement with experimental data by Jovic & Driver
(1994). Of interest are two observations not previously reported for the backward-
facing step flow: (a) at the relatively low Reynolds number considered, large neg-
ative skin friction is seen in the recirculation region; the peak |C'f| is about 2.5
times the value measured in experiments at high Reynolds numbers; (b) the veloc-
ity profiles in the recovery region fall below the universal log-law; the deviation of
the velocity profile from the log-law indicates that the turbulent boundary layer is
not fully recovered at 20 step heights behind the separation.

The budgets of all Reynolds stress components have been computed. The turbu-
lent kinetic energy budget in the recirculation region is similar to that of a turbulent
mixing layer. The turbulent transport term makes a significant contribution to the
budget and the peak dissipation is about 60% of the peak production. The velocity
pressure-gradient and viscous diffusion are negligible in the shear layer, but both are
significant in the near-wall region. This trend is seen throughout the recirculation
and reattachment region. In the recovery region, the budgets show that effects of
the free shear layer are still present.

A large database from this simulation has been archived. It contains up to

third-order statistics, and the budgets of the Reynolds stress tensor.
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A, B; ,Cj”

Cp,BC

C'1r>,min

NOMENCLATURE

Constant in Simpson’s (1983) empirical formula for backflow
velocity: U/ |Uy| = Aly/N — log(y/N) — 1] — 1.

Coefficients for viscous terms at vertical location j, using
central difference (u and w components).

Coefficients for Laplace operator at vertical location j, using
central difference.

Coefficients for viscous terms at vertical location j, using
central difference (v component only).

Constant in the log law of the wall: ut = 1y+ 4+ C.
Capacitance matrix (2-D).

Capacitance matrix for m** wave number (3-D).

Coefficient of friction, normalized by the inlet free-stream
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Coefficient of friction in the recirculation region, normalized
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» ~ Cpmin
Cp,BC — Cpmin
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1 - Cp’min ’

Normalized pressure coefficient: C;,‘ =

Normalized pressure coefficient: Cp =
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D;; Viscous diffusion term in the budget for component zj of the

Reynolds stress tensor.

Dy Viscous diffusion term in the budget of the turbulent kinetic
energy.
e Residue of a long-time average of the 7** mean momentum

equation: e; = |0U;/dt|.

€ij Residue of a long-time average of the transport equation for
the Reynolds stress component ij: e;; = lau:u; /0t

Eyy, Eyy, Eyw One-dimensional energy spectra for the streamwise, vertical

and spanwise velocity components, respectively.

B General notation for one-dimensional energy spectra: Ej; =
Eyy, Eog = Eyy, E33 = FEyy.

ER Expansion ratio, ER = Ly /(Ly — h).

f Frequency of oscillation.

G Clauser shape factor.

Gen Discrete Green'’s function at boundary node n due to a unit
source at £.

h Step height.

he Channel height.

H Shape factor, H = 6* /6.

i Imaginary number: i = /—1.

R Imaginary part of a complex expression.

k,, k, Wave numbers associated with y and z directions, respec-

tively (generation of inflow turbulent fluctuations).

ky, Modified wave numbers in z and z directions, respectively

(FFT method in solving the Poisson equation).

L, Domain length behind the step.
L; Length of the development section before the step.
XX
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Ly, Ly, L, Total dimension of the computational domain in the stream-
wise, vertical and spanwise directions, respectively.
L(u;) Linear (viscous) operator in the Navier-Stokes equations; ap-

plied to the i** velocity component.

L() Laplace operator on ¢.

™ Total mass flow rate.

M Time averaged mass flow rate.

' Fluctuating mass flow rate.

m, Mass flow rate computed at the exit plane.

n Notation for spatial direction normal to the domain bound-
aries.

N Location of peak mean reverse flow velocity, measured from
the bottom wall.

N, Total number of velocity points adjacent to the step corner
boundary.

Nz, Ny, N, Number of cells in the z, y and z directions, respectively.

N(u;) Non-linear (convective) operator in the Navier-Stokes equa-
tions; applied to the i** velocity component.

D Instantaneous pressure.

P Mean pressure.

P Fluctuating pressure.

pf Non-dimensionalized pressure, p' = p/(pU?).

P;; Production term in the budget for component 75 of the Rey-
nolds stress tensor.

Py Production term in the budget of the turbulent kinetic en-
ergy.

pt Pressure gradient parameter: Pt = 1 B—P

Repud Oz
Py Reference pressure.
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Qijk Right-hand side of the Poisson equation evaluated at cell
i,4,k (divergence of the intermediate velocity field at the 3™
substep).

Qz, jm Fourier coefficient of Q; ; x at vertical location j, after Fourier

transform in the 2 direction and Cosine transform in the z

direction.

Tj Scaling factor at vertical location j for the inlet turbulent
fluctuations.

R Real part of a complex expression.

Regs Displacement-thickness Reynolds number, Reg« = Upé* /v.

Re, Critical step-height Reynolds number, Upk/v, above which
the 2-D backward-facing step flow becomes unsteady.

Rey, Step-height Reynolds number, Rep, = Uph/v.

Rey, Channel-height Reynolds number, Re;, = Uph,./v.

Reg Momentum-thickness Reynolds number, Reg = Upf/v.

Ryy, Ry, Ryw Two-point correlations for the streamwise, vertical and span-

wise velocity components, respectively.

Ri; General notation for two-point correlations: Rj; = Ry,
Ra2 = Ryy, R3s = Ryw.

St Strouhal number, St = %}I}-

Sty Strouhal number based c?n the inlet segment period (FFT
method to generate turbulent inflow), St = Tol;

t Time.

¢t Non-dimensionalized time, tt = tUp /.

ty Time scale for the generation of inlet turbulence.

ts Time at start of statistics cummulation.

T Period of oscillation.

Iy Segment period for inflow turbulence generation.

xxii
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T,

U, v, w

Turbulence transport term in the budget for component ij
of the Reynolds stress tensor.

Turbulence transport term in the budget of the turbulent
kinetic energy.

Selected time interval during which a phase angle ¢ of the
Fourier coefficient is changing at most once (FFT method to
generate inflow turbulence).

Streamwise, vertical, and spanwise velocity components, re-
spectively.

General notation for velocity components; u; = u, u, = v,
and uz = w.

Fluctuating velocities.

Intermediate velocities at substep [ (not divergence-free).
Approximation of the divergence-free velocities at substep /.
Fourier coefficient of u} (FFT method to generate inflow tur-
bulence).

Complex conjugate of ;.

Velocity at time step n.

Non-dimensionalized velocities, u} = u,/Up.

Velocities in wall coordinates, u} = u;/u,.

Wall shear velocity.

Wall shear velocity at the inlet.

Convection velocity.

Boundary layer mean edge velocity.

Mean velocities.

Peak mean backflow velocity.

Maximum or free-stream mean inlet velocity (reference ve-

locity).

xxiit
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v, v Fluctuating velocities in principal coordinates (FFT method
to generate inflow turbulence).

z,Y, 2 Spatial coordinates in the streamwise, vertical and spanwise
directions, respectively (z measured from the step, y mea-

sured from the bottom wall).

z; General notation for spatial coordinates; z; = z, z, = y, and
T3 = 2.

zf Non-dimensionalized spatial coordinates, :rf = x;/h.

z} Wall coordinates, z] = zu,/v.

z* Streamwise distance normalized by the reattachment length,
z* = (z - X;)/ Xs.

Xr Reattachment length.

X, Y Principal coordinates in which the Reynolds shear stress com-

ponent is zero (FFT method to generate turbulent inflow).
g Uniform distribution of the vertical grid spacing, mapped
onto a non-uniform grid distribution y by a hyperbolic tan-

gent function.
Greek Symbols
ap, By, s ¢ Constants for Runge-Kutta substep .

¥ Parameter determining the steepness of the transform func-

tion y = f(§) (degree of grid compression near location of

interest).
L, T, Horizontal and vertical boundaries adjacent to the step cor-

ner.
6, bgg Boundary layer thickness.
o* Displacement thickness.

. - 0 U - Ue
&3 Velocity defect thickness: §3 = — dy.
0 Ur

At Time step for the advancement of the Navier-Stokes equa-

tions (varied according to the CFL limit).
xxiv
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Aty Time step used in the generation of inlet turbulence (con-

stant).
At Time interval between statistical samples.
ATyye Averaging time of turbulence statistics.
Az, Ay, Az Grid spacing in z, y, and z directions, respectively.
€;: Viscous dissipation term in the budget for component ij of

ij
the Reynolds stress tensor.

€ Viscous dissipation term in the budget of the turbulent ki-
netic energy.
K von Karman'’s constant.
[A|max Maximum CFL number.
v Dynamic viscosity.
wy Instantaneous spanwise vorticity.
wz Mean spanwise vorticity.
4 Fluctuating spanwise vorticity.

P Stream function.
Velocity pressure gradient term in the budget for component

zj of the Reynolds stress tensor.

II, Velocity pressure gradient term in the budget of the turbulent
kinetic energy.

w Frequency number associated with the inflow turbulent fluc-
tuations.

P Random phase angle associated with the Fourier coefficients

of the inlet turbulent fluctuations.
o) First-order approximation of the pressure (solution of the

Poisson equation).

é Fourier coefficients of ¢.
¢ Complex conjugate of §.
p Dynamic viscosity.

XXV
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Pe Source term placed at location £ on the step corner (capaci-
tance matrix method)

0 Momentum thickness.

6, Angle of rotation between the flow coordinates [, y] and the

principal coordinates [X,Y].

T Total shear stress.

Tw Wall total shear stress.
Abbreviations

APG Adverse pressure gradient.

CFL Courant-Friedrichs-Lewy number.

FFT Fast Fourier Transform.

LES Large-eddy simulation.

paf Probability density function.

rms Root-mean-square.

Subscript /Superscript

o Variable evaluated at time step n.
0O; Variable associated with velocity component 7 (z = 1,2, 3).
i Variable associated with Reynolds stress component ij (i =
1,2,3,  =1,2,3).
Oi ik Variable evaluated at node [1, 7, k].
xxvi
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Chapter 1
INTRODUCTION

1.1. Motivation

The separation and reattachment of turbulent flows occur in many practical
engineering applications, both in internal flow systems such as diffusers, combus-
tors and channels with sudden expansions, and in external flows like flows around
airfoils and buildings. In these situations, the flow experiences an adverse pressure
gradient, i.e., the pressure increases in the direction of the flow, which causes the
boundary layer to separate from the solid surface. The flow subsequently reattaches
downstream forming a recirculation bubble.

In some applications such as combustors, the presence of the recirculation and
turbulence due to separation can help enhance the mixing of fuel and air. On the
other hand, separation in pipe and duct flows causes loss of available energy. Thus,
understanding the flow separation and reattachment phenomena is important in
engineering design. Among the flow geometries used for the studies of separated
flows, the most frequently selected is the backward-facing step. Considerable work
has been carried out on the flow over a backward-facing step due to its geometrical
simplicity. The separation point is fixed at the step; thus one can avoid the difficulty
resulting from the oscillation of the separation point. Furthermore, unlike flow over
an obstacle, the backward-facing step produces only one separation bubble; and
the streamlines approaching the step are nearly parallel to the wall. Finally, from
the computational view point, the rectangular domain of the backward-facing step
allows for simple grid structuring.

In spite of the large amount of experimental work on the backward-facing step
flows, the physics of the reattachment is still not fully understood. The reason,
as pointed out by Eaton & Johnston (1981), lies partially on the inadequacy of

cross-wire hot-wire probes in highly turbulent flows used in early studies. Even
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Chapter 1 INTRODUCTION

with the advent of the laser anemometer and the pulsed-wire anemometer, velocity
measurements, particularly in the separated flow region where instantaneous flow
reversal occurs, may still be subject to errors caused by velocity bias (Adams &
Eaton, 1988).

In general, predictions of separated flows using the Reynolds average equations
have not been particularly successful. A comprehensive data base on the budgets
of the Reynolds stress tensor is of considerable value for improvement of turbulence
models. Generation of such a database is the main motivation for the present work.

Most applications of direct simulations of fully developed turbulent flows have
been limited to flows with periodic boundary conditions in the streamwise direc-
tion such as channel flow. A new methodology is necessary to incorporate the
time-dependent inflow and outflow conditions to simulation techniques. This is a

secondary motivation for the current research.

1.2. Survey of Previous Work

Since Bradshaw & Wong (1972) reviewed the experimental data for reattaching
flows, there have been many new studies in this area. Eaton & Johnston in 1981
provided an extensive review of available data for turbulent flows over backward-
facing steps up to 1980. The following discussion will not repeat their summary, but
highlights the findings from some of these studies that are the focus of the present
research.

An early study of Abbott & Kline (1961) measured the velocity profiles of
both single and double-sided expansion flows for the Reynolds number range of
approximately 2 x 10* < Re < 5 x 10* based on the inlet channel height. By
varying the step height, they established that the reattachment length increased
with the expansion ratio. Turbulence intensities were also measured using hot-film
anemometers.

The reattachment length variation at low step-height Reynolds numbers (100 <
Rey, < 480) was also studied by Goldstein et al. (1970). They concluded that, in this
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Reynolds number range, the reattachment length increased linearly with Reynolds
number.

Bradshaw & Wong (1972) studied the redeveloping boundary layer behind the
reattachment and found that the velocity profile did not follow the log-law and still
was not fully recovered even at 52 step heights downstream of the separation. The
velocity profiles showed a dip below the low-law of the wall. They concluded that
the law of the wall and law of the wake were inapplicable behind the turbulent
reattachment.

The study by Kim et al. (1978, 1980) was an extensive investigation of static
pressure distribution, mean velocities, turbulence intensities, Reynolds stresses, and
intermittency in the backward-facing step flow. Using a “zonal method,” they
also developed a computational model for predicting the reattachment point, shape
factor, etc.

Eaton & Johnston (1980) used thermal tufts to measure the reattachment length
and the pulsed-wall probe for velocity measurement. They provided the first mea-
surements of skin friction in the reattachment region and found that the peak neg-
ative skin friction in the recirculation region was large (Cy &~ —1 x 107%). Low-
frequency motions of the shear layer were detected in their study for all Reynolds
numbers, but the parameters controlling these motions were not determined. They
also observed that the shear layer near the step behaved very much like a plane-
mixing layer.

Since the summary by Eaton & Johnston (1981), more experiments using ad-
vanced measurement techniques have been performed. In addition, a number of
numerical simulations have been conducted. The discussion below summarizes re-

cent findings.

In 1980, Kuehn studied the effect of expansion ratio (ER) on the reattach-
ment length (X;) of the backward-facing step flow and suggested that X, increased
linearly with expansion ratio. Ra & Chang (1990) varied the streamwise pressure

gradient by deflecting the upper wall and showed that an increase in the streamwise
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pressure gradient or ER leads to a longer reattachment length. Durst & Tropea
(1981) showed that, although X, increased with ER, the dependency was not lin-
ear. The steepest change occurred when 1.0 < ER < 1.3. They also found a
strong Reynolds number dependence for Reynolds number up to 6000 which was

also confirmed by Sinha et al. (1981).
Armaly et al. (1983) studied in details the effect of Reynolds number on the

reattachment length. Using a fixed expansion ratio of 2.0, the experiments covered
a Reynolds number range of 70 < Re < 8000. They found that the reattach-
ment length increased monotonically with Reynolds number up to Re = 1200; then
decreased in the transitional range 1200 < Re < 6600; and remained relatively
constant when the flow becomes fully turbulent at Re > 6600 which agreed well
with findings by Durst & Tropea (1981) and Sinha et al. (1981). Their study
also included two-dimensional numerical simulations which predicted the reattach-
ment length. However, the simulations underpredicted the reattachment length for
Re > 400. The discrepancy was attributed to the three-dimensionality observed at
Re > 400.

In a recent experiment, Otiigen (1990) investigated the effects of expansion ratio
on reattachment length and turbulence intensities. The reattachment length was
found to decrease with an increase in expansion ratio which contradicted previous
findings. The Reynolds number in this study was, however, kept constant based on
the inlet channel height, not on the step height. Thus, Re;, varied as well as the
expansion ratio.

Durst & Schmitt (1985) used laser Doppler anemometry to measure the mean
velocities and turbulence intensities of a high Reynolds number flow over a two-
dimensional backward-facing step. The Reynolds number range was 2 x 10° <
Rey, < 5x10°. They found no significant differences in mean velocity and turbulence
intensities in this range.

Adams et al. (1984) studied the effects of expansion ratio ER and the upstream
boundary layer §/h. They found that the initial boundary layer state (laminar or
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turbulent) as well as its thickness influenced the reattachment length. The reat-
tachment lengths for the cases with an upstream turbulent boundary layer profile
were 30% larger than those associated with an upstream laminar boundary layer
profile (Adams & Johnston, 1988). The mean friction coefficient Cy was also sen-
sitive to the §/h (Adams & Johnston, 1985). They also investigated the near-wall
flow structure beneath the separation bubble. They concluded that the reverse flow
mean velocity profile is similar to a laminar boundary layer but with high level of

imposed unsteady fluctuations.

Experiments of Westphal et al. (1984) were similar to those of Adams et al.
(1984), but in addition to the normal backward-facing step configuration, effects
of upstream vortex generator and downstream duct angle were also studied. The
mean and fluctuating velocity components, and skin friction were measured with a
new pulsed-wall probe (Westphal et al., 1981). Similar to measurements by Eaton
& Johnston (1980) and Adams et al. (1984), the recirculation region showed a high

level of negative skin friction.

Vogel & Eaton (1985) included heat transfer in their backward-facing step flow.
They provided temperature and velocity profiles and observed that while the bound-
ary layer profile remained disturbed for a long distance downstream of the step, the

Stanton number returned quickly to a flat-plate profile.

Driver & Seegmiller (1982, 1985) studied the effect of streamwise adverse pres-
sure gradient on the reattaching shear layer by deflecting the wall opposite the step.
Their experiment was the first to use the oil-flow laser interferometer to measure
skin friction. They also measured the turbulent triple products. They compared
their results with the prediction of two k-e¢ models. The k-e¢ models were shown to
overpredict the dissipation in the shear layer. From the same measurements, Driver
et al. (1983, 1987) investigated the unsteadiness of the reattaching turbulent shear
layer. Two types of fluctuations were identified: a random flapping motion of the

shear layer, and a periodic vortical motion.
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The backward-facing step experiments of Isomoto & Honami (1989) concen-
trated on the effect of the inlet turbulence intensity on the reattachment process.
They found that the reattachment length decreased with an increase in the maxi-
mum turbulence intensity near the wall at separation. Furthermore, the turbulence
in the region immediately downstream of the step was important in determining

the reattachment length.

Recently, Kasagi et al. (1992) used a three-dimensional particle tracking ve-
locimeter to measure instantaneous velocity components in the flow over a back-
ward-facing step. The step-height Reynolds number and expansion ratio were 5540
and 1.50, respectively. They established a database of the turbulence statistics
which covered a region —2 < 2 /h < 12. Their measurements indicate that, near the
reattachment point, the spanwise component of turbulence intensity is the largest
of the three normal stresses. This conclusion is not supported by the present com-

putations.

Numerical simulations of the backward-facing step flow have been largely con-
fined to two-dimensional calculations. Armaly et al. (1983) and Durst & Pereira
(1988) both used the conservative finite volume approach to discretize the Navier-
Stokes equations. Their calculated results were compared with experimental results.
Their 2-D computations showed that the reattachment lengths were underpredicted

for Reynolds numbers larger than 650.

Kaiktsis et al. (1991) applied a spectral-element method to both two and three-
dimensional simulations of flow over a backward-facing step. Their 2-D study
showed that the flow sustained unsteadiness at relatively low Reynolds number; the
oscillatory response occurred at Re > 500 (Reynolds number based on upstream
channel height and mean inlet velocity). However, there was no grid refinement
study to assure that the oscillations were not due to numerical resolution effects.
In their 3-D simulations, an initial perturbation was imposed in the streamwise

direction and the flow response was subsequently measured in time. They found

sustained unsteady response at Re > 700.
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Friedrich & Arnal (1990) performed a large eddy simulation (LES) of a single-
sided backward-facing step flow at Rep = 1.65x10°% and ER = 2.0. An LES of a fully
developed channel flow was first performed; and the velocities in a selected vertical
plane was used as inflow conditions for the backward-facing step flow. Their results
were compared with the experimental data of Durst & Schmitt (1985). Good overall
agreement was obtained for statistical quantities but the calculated reattachment
length was underpredicted. They also observed a low-frequency temporal oscillation

of the shear layer next to the step (Arnal & Friedrich, 1993).

1.3. Objectives

The present research project was conducted with two main objectives:

1. To develop a methodology for direct numerical simulation of turbulent
flows which allows for “turbulent” inflow and outflow conditions. The
method will be applicable to flow in complex geometries.

2. To generate a well documented database for the backward-facing step
flow which can be used for turbulence modeling. The database contains
up to third-order statistics at all locations in the flow field, and contains
a comprehensive verification of the simulation results by comparison

with the experimental data.
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Chapter 2
NUMERICAL METHOD

The time-dependent Navier-Stokes equations for an incompressible fluid were
solved on a staggered grid. This chapter describes the numerical method used in the
two-dimensional (2-D) and three-dimensional (3-D) simulations of the backward-
facing step flow. Sections 2.1 and 2.2 describe the non-dimensional governing equa-
tions and the flow configuration. The spatial-discretization and time-advancement
schemes are presented in Sections 2.3 and 2.4, respectively. The initial conditions
are discussed in Section 2.5, and boundary conditions in Section 2.6. Section 2.7
describes the method for solving the Poisson equation on a non-rectangular flow

domain.

2.1. Governing Equations

The Navier-Stokes and continuity equations for incompressible viscous flows are:

0 0 9° 10

BT Tt g i T P 1)
7]
ug =0, (2.2)
Oz, k

where u;’s are the velocity components, p the pressure, v the kinematic viscosity, and
p the density. The subscripts ¢, j, k take on values of 1,2,3 to denote the streamwise
(z), vertical (y) and spanwise (z) directions, respectively. All variables are non-
dimensionalized by the maximum mean inlet free stream velocity Up and the step

height h as follows:

tU, U; z;
0 f ;I.'— L pt-—- p (2.3)

The Reynolds number, Re;, is the step-height Reynolds number, Re, = Uph/v. Un-
less otherwise indicated, the superscript t will be dropped from subsequent analyses

for simplicity.
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2.2. Flow Configuration

A single-sided-expansion duct is used for all simulations. A schematic view of a

3-D flow domain is shown in F'ig. 2.1. The computational domain for 3-D simulations

Rep, = Uoh/l/

Figure 2.1. Backward-facing step flow configuration.

consists of a streamwise length L., including an inlet section L; prior to the sudden
expansion, vertical height L, and spanwise width L, all of which are normalized to
the step height h. The coordinate system is placed at the lower step corner as shown
in Fig. 2.1. The mean inflow velocity profile, U(y), imposed at the left boundary
z = —Lj, is either a parabolic profile, a fully-developed turbulent channel profile
(Kim et al., 1987), or a flat-plate turbulent boundary layer profile (Spalart, 1988),
with Up being the maximum mean inlet velocity. In the cases of parabolic and
turbulent channel flow profiles, the top boundary is a solid wall (no-slip). However,
if a boundary layer is used as the inlet profile, a no-stress wall (§2.6) is placed
at y = Ly. A convective condition is applied at the domain exit, ¢ = L, — L;
(§2.6.2). Two important parameters used for comparison with other studies are the

step-height Reynolds number, Rej,, and the expansion ratio, ER = Ly/(Ly — k).
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2.3. Spatial Discretization

All spatial derivatives are approximated with second-order central differences.
The grid selection and spatial discretization of Navier-Stokes equations are described

below.

2.3.1. Computational Grid

A staggered grid (Harlow & Welch, 1965) is employed in the computations. The
computational cell [z, j] for a 2-D domain is illustrated in Fig. 2.2 where the pressure

is defined at the center of the cell and the velocity components on the cell surfaces.

Figure 2.2. Two-dimensional rectangular cell on a staggered grid. x u
locations; o v locations; &8 p location.

Kim & Moin (1985) successfully applied the staggered grid in their 2-D simula-
tions of flows over a backward-facing step. A 3-D cell is shown in Fig. 2.3. Here the
indices ¢, j, k denote the nodal location of the cell center in the discretized domain;
i=1,...,Ng, j=1,...,Ny, k=1,...,N;, where Nz, Ny and N, are the number

of cells in the z-, y- and z-directions, respectively.

10
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T Vit bk

X ™ Ytk

Figure 2.3. Three-dimensional cell on a staggered grid. x u locations; o v
locations; & w locations; o p location.

2.3.2. Grid Spacing

Uniform grid spacings are selected for the streamwise and spanwise directions.
For a domain size of Ly x Ly X L., the corresponding cell dimensions are Az =
L;/N;,and Az = L,/N,, where N; and N, are the number of cells in the streamwise
and spanwise directions, respectively. The uniform mesh in these directions allows
for the application of Fast Fourier Transform (FFT') to the solution of the Poisson
equation.

In the vertical direction, strong flow gradients are expected near the wall and in
the free-shear layer, and grid clustering is desired at these locations. A coordinate
transform function y = f(§) is needed to map a uniform grid distribution  onto its
non-uniform counterpart, y. This study employs a modified version of the hyperbolic
tangent function used by Pauley et al. (1988). Presented below is a simple form of
#(@): ~

y=£[1—tin%——7£y)] 0< g,y < Ly (2.4)
In this formula, 7 is the curvature of the function determining the degree of grid
compression near the wall. The function has an inflection point at § = £. The value

of £ can be selected between Ly/2 and L,. The grid size will be finest at y = § = 0,

11
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and largest at y = §j = {. If £ = L, /2, the mesh is symmetric about the midpoint,
providing fine grids at both y = 0 and y = L,; this is applicable to flows with
bottom and top no-slip walls. On the other hand, by selecting £ = Ly, a one-sided
grid compression is obtained near the lower wall.

Equation (2.4) is applicable to a channel flow (¢ = L,/2) or a flow over a flat
plate (§ = Ly). For the current backward-facing step simulation, a more complex
coordinate transform function is necessary to provide additional grid compression
at the step (y = h). Two hyperbolic tangent functions similar to Eq. (2.4) are
combined: y; = f(§) for 0 <y < h, and y, = f,(§) for h < y < L. In addition to
the constraints at the bottom and top boundaries, f; and f, must be selected such
that the first derivative dy/d{§ is continuous at the interface of the two functions.
Appendix A presents the detailed development of the grid distribution function used
in this study.

The selection of the parameters v and £ as well as number of computational cells
in each direction will be based on the low domain and the Reynolds number for
each case studied. In §3.3, a study of the sensitivity to grid refinement is presented

using 2-D simulations.

2.3.3. Evaluation of Spatial Derivatives

Since different velocity components are defined on different cell boundaries,
the Navier-Stokes equation for each flow component is applied at the correspond-
ing locations. The Navier-Stokes equation for the streamwise velocity component,
for example, is applied at the left-right surfaces of the cell; and equations for y
and z components are applied at top-bottom and front-back surfaces, respectively
(Fig. 2.3).

Shown below are examples of the finite difference approximations to the first

and second derivatives at node [i+1, j] of u with respect to the streamwise direction:

bu Uiy, T %
- 1)
bz i+ Az
12
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. — LU, . .
Sul Mg T Mgty
2 - 2 ’

where §/6z and 6?/6z° are the finite difference operators. If the values of u are
required at points where they are not defined, e.g., at the cell center, linear interpo-
lation of values at two adjacent points will be taken. The same procedure is applied
in the y- and z-directions. A weighted average is used in the y-direction to account
for the non-uniform grid spacing.

The finite difference approximations to each term in the Navier-Stokes equations

as well as the Poisson equation are presented in Appendix B.

2.4. Time Advancement

The governing equations are time-advanced using a semi-implicit method. The
advancement scheme for the velocity components u; is a compact-storage three-
substep third-order Runge-Kutta scheme (Spalart, 1987 and Spalart et al., 1991)
which has an explicit treatment for the convective terms and implicit for the vis-
cous term. The three-substep Runge-Kutta scheme is combined with the fractional
step procedure (Kim & Moin, 1985): the method of Le & Moin (1991) is used
which allows for the advancement of the velocity field through the substeps with-
out satisfying the continuity equation at each Runge-Kutta substep. The velocities
are projected onto the divergence-free field only at the last substep. The convective
terms were modified so that the order of accuracy of the scheme remains unaffected.
Presented below are the resulting algorithm.

() (-1 (11
e e (i) - g () g (a0 - )
— N (u;’("”) —GN (u;‘("z)) . i=1,2,3, (2.5)

4 5¢n
u;-'(l) = 1'251) — At Z (@ + Brm) T
m=1 i

In Eq. (2.5), #; represents the intermediate velocity components (not satisfying

the continuity equation); u} is the modified velocity in the convective terms to
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maintain the order of accuracy of the scheme; the superscript | = 1,2, 3 identifies
the Runge-Kutta substeps; L(u;) and N(u;) represent second-order finite difference

approximations to the viscous and convective terms, respectively:

1 & )
L(u) = Ten 52,60, N(w) = B, Uk (2.6)

The coefficients a;, ), v, and ¢; are constants selected such that the total time
advancement between t® and t"*+! is third-order accurate for the convective terms

and second-order for the viscous terms (Spalart, 1987). These coefficients are:

m =8/15, 7o = 5/12, 75 = 3/4,
¢, =0, ¢y = ~17/60, (, = -5/12,
3 3
Sl +a) =Y (m+S)=1.
=1 =1

At the first substep (I = 1), @(~?) is ignored and 1'2'(1_1) = ﬁgo) = u?. The diver-
gence-free velocity components at time step n + 1 can be obtained from

W) = g - pe38 2.7)

Z;

where ¢ is the first-order approximation to the pressure and satisfies the Poisson

equation,
8¢ 1 6ad)
bz bz, At bz,
The time step At is determined by the Courant-Friedrichs-Lewy (C F'L) number:

(2.8)

At = ﬂ, (2.9)
A lmax
where [A|,, is
3
|l
[Alpax = ( -—= . (2.10)
- i=1 Az max

The maximum CFL limit for stability is /3 for the third-order Runge-Kutta

method. A CFL number of 1.15 was used in the 3-D simulations presented in

14
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Chapter 2 NUMERICAL METHOD

this report. At every time step, At is adjusted according to Eq. (2.9) except when
flow statistics were being accumulated at which time At¢ was kept constant (see

Chapter 5).

2.5. Initial Condition

For 2-D computations, the desired mean velocity profile U(y) is prescribed at the
inlet, and also distributed uniformly in the upper portion of the domain along the
streamwise direction. The streamwise velocity was prescribed to be zero in the lower
portion (between the lower wall and the step). The vertical velocity component is
set to zero over the entire domain. This initial condition, though not physical, does
satisfy the global continuity requirement. A minimum of two “fow-through” times
(2(Lg ~— Li)/ U, where U, is the mean convection speed) is usually used to remove
the initial transients.

For 3-D simulations, the initial flow field is generated by first establishing a cor-
responding 2-D field following the preceding method. The 2-D velocity components
are then duplicated for all N, vertical planes in the computational domain and a
random velocity perturbation is added to the initial flow. In cases where a grid
refinement is desired for an existing 3-D flow field, all variables are interpolated and
the simulation proceeds from the new field. In either case, a transient period must

pass through the domain before any flow statistics can be collected.

2.6. Boundary Conditions

At the upper boundary of the computational domain, either a no-slip or no-
stress wall is considered. When a parabolic profile or a fully developed turbulent
channel mean profile (Kim et al., 1987) is imposed at the inlet, no-slip boundary
condition is applied at y = L, with u = v = w = 0. A no-stress wall is used with
a flat-plate boundary layer mean profile (Spalart, 1988) at the inlet. The velocities

at the no-stress wall are:

ou Ow

v =0, — = —=0. 2.11
o - By (2.11)
15
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In all 3-D computations, the flow is assumed to be statistically homogeneous in
the spanwise direction where periodic boundary conditions are used.

Described below is a method of generating inflow “turbulent” fluctuations, u/,
v’ and w'. The application of the convective outflow boundary condition will also

be described.

2.6.1. Inflow Condition

The time-dependent velocities prescribed at the inlet consist of the mean, U(y),
and fluctuations, ul(y, z,t). Three different mean velocity profiles are considered:
parabolic profile, fully developed channel profile from Kim et al. (1987), and bound-
ary layer profile from Spalart (1988). In 2-D simulations, these mean profiles are
imposed at the step; in 3-D, the inflow conditions are at a distance upstream from
the step. Turbulent fluctuations, u', v' and w', are also added to the channel
and boundary layer inlet profiles in 3-D simulations. Lee et al. (1992) described
a method of generating these inflow fluctuations at the inlet plane, £ = 0. Their

method is modified here for wall-bounded incompressible flows.

2.6.1.1. Method

For simplicity, the forgoing development only considers the calculations of the
streamwise velocity fluctuations u'. The algorithm of Lee et al. (1992) is first sum-
marized below.

At the domain inlet (z = 0), the energy spectrum E,, of the signal v/(y, z,1)
is prescribed in terms of frequency w and two transverse wave numbers k, and k,:
Eyu(ky, k;,w). The Fourier coefficients i(k,, k,,w,t) of u' is related to Ey, by the
equation

@ (yy by 0,8) = [Bua (kyy by )] exp [ip (kyo b 0,8)] (2.12)
where i = +/—1 and ¢ is the phase angle. The steps in generating u'(y, z,t) are

(a) Given an energy spectrum Ey,, calculate the magnitude of the Fourier
coefficient [i(ky, k,,w)| = [Buu(ky, k,ow)]2.

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2 NUMERICAL METHOD

(b) Compute the Fourier coefficient @ in Eq. (2.12) using a random phase
angle ¢ at each frequency w and wave number [k,, k,]. The phase angle
is varied with time by an amount Ay only once over a selected time
interval T;. Both Ay and the time within 7} at which ¢ is changed are
determined randomly. Furthermore, |A¢p| is bounded by a prescribed
value.

(c) The signal u'(y, 2,t) is finally computed by inverse Fourier transforms
in y- and z-directions, followed by an inverse Fourier transform from

the frequency domain w.

The inverse Fourier transform from the frequency (w) to time domain requires
a prescribed segment period Ty. Therefore, a zero random phase change (A = 0)
will result in a periodic fluctuation signal with a period Tf. On the other hand,
a large Ay destroys the periodicity but causes further deviation from the target
spectrum.

The above procedure is not readily applicable to the generation of inlet tur-
bulence for the backward-facing step flow because of the inhomogeneity in the
y-direction. Presented below are modifications made to apply this method to a
wall-bounded flow.

For channel or boundary layer flow at the inlet, the fluctuation signals u', v/ and
w' are generated to conform to the corresponding prescribed turbulence intensities,
u'2, v2, w2, and the Reynolds shear stress, u'v'. At a specific discrete j node in the
vertical direction, the prescribed streamwise turbulence intensity is -1;52-; whereas the

calculated value, (u?), over a period T is

Nz—l Nt"’l
] ~ ~ .
(ué“) = Z Z u’j,m,lu;,m,h j=1,... ,Ny, (2.13)
m=0 [=0
where:
Ty is the period of the fluctuation signal;

N;, N; are the number of discrete points in spanwise direction and in time

period T}, respectively;

17
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a, a* are the Fourier coefficient of u' and its complex conjugate, respec-

tively.

Thus to enforce Eq. (2.13) at each vertical location j, the velocity fluctuations at
inlet are scaled by a factor , /77 where

u'?

J
ri=—l_ = — (2.14)
’ (u_,yz) 2m=0 ZI:O uj,m,lu;,m,l

This in effect leads to a deviation from the target spectrum Eyyu(k,,ky,w) in the

w2
U

vertical direction.

The same procedure is repeated to compute v' and w'. However, since ', »' and
w' are computed independently, the results will be a set of uncorrelated signals, i.e.,
u'v' = 0. Thus, the calculated fluctuations conform to the turbulence intensities,
u'2, v2 and W, but not to the Reynolds shear stress, uv’. The remedy is to
rotate the flow coordinates [z,y] to coincide with the principal coordinates [X, Y]
where the corresponding velocities U’ and V' are uncorrelated, i.e., UV’ = 0. The
fluctuation signals are thus calculated in the [X,Y] coordinates, then are rotated
back to the flow coordinates. This method is described below.

The velocities in the two coordinate systems are related through the angle of

rotation Gp as follows:

u' = U'cosb, + V'sing, (2.15a)
v' = —U'sinb, + V' cos b, (2.15b)

Multiplying Egs. (2.15a) and (2.15b), then averaging gives:
77 = (77 - 77) S2%) | o (00 6
uv—( - )—2—+ cos(2p) (2.16)

By setting U'V' = 0, for U’ and V' are in the principal coordinates, Eq. (2.16)
becomes
—_ f—= —\ Sin (20 )
Iyl = (V2 —[J12 P 92
u'v (V U ) ) (2.17)

18
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Equations (2.15a) and (2.15b) also provide a relationship among the turbulence

intensities:
u'? = U2 cos? b, + V2 sin? Oy,
v'2 = U sin? b, + V2 cos? by,
or,
7% 0052 . — o sin?
77 - u'? cos® 6, — v.’zzsm Gp, (2.182)
cos? 0,, —sin Gp
P T 2
T v' cos’ §, — u.’zzsm 6, (2.18b)
cos? §, — sin 6,
The angle 6, is found by combining Eqs. (2.17) and (2.18):
1, ;| 2

Given a set of u'Z, v and u/v/, the angle 6, can be determined; the corresponding
set of U”? and V*2 are then calculated from Eq. (2.18).
The steps in generating inflow turbulence for a given set of turbulence intensities
and Reynolds shear stress are summarized below.
One-time calculations:
(A) At every j location, calculate the angle of rotation 6, using Eq. (2.19).
(B) Obtain U_J'2 and K—/J'—Z- in principal coordinates using Eq. (2.18).
(C) Calculate the magnitude of the Fourier coefficients |d,, ,, ;| from the
energy spectrum Euu(ky, k,,w).
Calculations at every time step:
(D) At a randomly assigned instant, change the phase angle g, by a
random amount Ay, ;1 and apply to |ﬁn,m’,] to obtain 4, . ;.
(E) Inverse Fourier transform in the vertical direction to obtain @ m
(F) Calculate 32,3, %; , i1} 1 1» and the mean-square ratio r;:
i3
"

— J
7 EI Em ﬂj,m,l’&;,m,l

19
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(G) Inverse Fourier transform in k, direction and sum over all frequencies
to obtain U}, (t). Scale U ,(t) with ,/7; to match /U’ from step
(B).

(H) Repeat steps (D) through (G) for V}i(t) and w] (2).

(I)  Rotate U], () and V] (t) back to u; () and v} ,(¢) in the flow coor-
dinates using Eq. (2.15).

The procedure described above gives a set of stochastic signals that satisfy
a prescribed set of second-order statistics at the inlet. The use of Lee ef al’s
(1992) procedure ensures that the resulting signals do not contain excessive small
scale motions which would have resulted if simply random numbers were used to
generate v/, v’ and w’. An example of a signal u/(t) generated by this method

at a selected inlet location is shown in Fig. 2.4. The Reynolds shear stress and

0.3 T T ]

02 4

20 30 40 50 60
tUo/h

Figure 2.4. Inlet turbulent signal u'(2).

turbulence intensity profiles from the channel simulation of Kim et al. (1987) were

used in this case. The segment period is Ty = 6.4h/Up (Strouhal number based on

20
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h and Up is Sty = h/(UpTy) = 0.156) using N; = 128 discrete intervals per period
(time step Aty = 0.05h/Up). At any spectral location, the random phase change is
allowed only once over an interval Tr = 10Ats = 0.5h/Up with —0.27 < Ap < 0.27.
These prescribed parameters, which ensure an aperiodic signal as shown in Fig. 2.4,
will be used in subsequent 2-D and 3-D simulations (Chapters 3, 4 and 5).

When the turbulent signals are imposed at the inlet plane, the compatibility
condition required for the solution of the Poisson equation must also be considered.
This condition for a Poisson equation with Neumann boundary conditions (§2.7) is

equivalent to a global mass conservation:

m= //inlet u(y,z) dzdy = //exit u (y, 2) dzdy. (2.20)

Two methods are considered to maintain a global mass conservation. In one
method, the mass flux at the inlet plane is kept constant, equal to the mean flow
rate, M, from the mean velocity profile U(y). This implies that the net mass inflow
resulting from the streamwise fluctuations must be zero. This is accomplished in
step (D) above, setting to zero the value of the Fourier coefficients at k, = 0 wave
number: i(k,,0,w) = 0.

The total mass inflow can also be allowed to fluctuate in time, m = M + m/,

where the mass flow fluctuation is

m = '/y/zlu' (y,2) dzdy. (2.21)

The global continuity condition is then satisfied by adjusting the exit velocities, at
every time step. Calculations of exit velocities are discussed in §2.6.2.

Simulations with a variable mass flow rate indicated that the fluctuation ' is
less than 0.1% of the mean flow rate. As a result, negligible differences are observed
in the statistical quantities calculated from these two methods. All 3-D simulations

in this study maintain a constant mass flow rate.

2.6.1.2. Validation

The above method of generating inflow turbulence was used to simulate spatially

evolving plain channel flow. The inlet mean velocity, Reynolds shear stress and

21
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turbulence intensity profiles were obtained from the channel simulation of Kim et
al. (1987). The Reynolds number was 6600 based on the peak inlet velocity Uy
and channel height, k.. The first and second order statistics were collected at all
points along the channel. The comparison between the calculated Reynolds stress

components at the inlet and the target profiles is presented in Fig. 2.5.

0.15 ree) T i | i

2
0

[Us, ©'v'|U,

V2 [Us, VP [Us, VP

Figure 2.5. Validation of inflow turbulence. u'2: computed ;
o target. Vv'%: ---- computed; & target. Vw™?: - computed;
o target. u'v' x 10: —-— computed; o target.

As expected, the turbulence intensities and Reynolds shear stress are recovered
at the inlet. However, the flow quickly loses its statistical characteristics within the
first few channel heights from the inlet. Figure 2.6 shows the mean velocity profiles,
U, for the distance z/h, < 3.0 in wall coordinates. The profile follows the log-law
at the inlet, but deviates upward from the log-law downstream. The rise above the
log-law indicates a drop in the wall shear velocity, u,. The evolution of the friction
coefficient Cy with the streamwise distance is plotted in Fig. 2.7. From the inlet

value of 6 x 1073, the friction coefficient loses approximately 33% of its channel flow

22
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Figure 2.6. Near-wall mean velocity profiles; turbulent channel flow.

---- wt =y¥ —— vt = jlogyt +5.5; ¢ z/h, =0 (inlet); o z/h, = 1.0;

o z/h, =20; 2 z/h, =3.0.

0.007 T T T T T T T

0.006

0.004

0 25 5 75 10 12.5 15 176 20

z/h
Figure 2.7. Development of mean friction coefficient; turbulent channel
flow. —— computed Cy; ---- target Cy.
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value within the first 32,. This initial transition and apparent laminarization is due
to the unphysical inlet turbulence which is a result of the randomized phase angles.
The turbulent characteristics are, however, recovered slowly downstream and the
Cy stays within 5% of the target value as ¢ > 14h,.

The domain size used in the above test was 20k, x h, x 5h, in z-, y- and
z-directions, respectively. The corresponding grid was 256 x 40 x 64. To assure
that the observed behavior is not a result of grid resolution or domain size, several
simulations with varying streamwise and spanwise dimensions as well as grid spacing
were performed. The results indicate that, although the recovering distance is
somewhat reduced (< 10%) with higher resolution, a substantial transition length
is unavoidable.

The channel simulations demonstrate that, although the turbulent signal gen-
erated by the present method has the correct first and second order flow statistics,
its turbulent structures are missing. The test also provides information on the nec-
essary development length to recover the target flow. In the 3-D simulations of the
backward-facing step flow, a transition distance of 10k is used. This inlet section
length with a fine streamwise grid spacing brings the flow statistics to less than 6%

of the target values after approximately 7 step heights (Chapter 5).

2.6.2. Outflow Condition

Several exit boundary conditions applied to an unsteady separated boundary
layer were tested by Pauley et al. (1988). For unsteady problems, the convective
boundary condition was best suited for moving structures out of the computational
domain. The convective boundary condition was used by Lowery & Reynolds (1986)
in numerical simulations of spatially evolving mixing layers. The time-dependent

condition of any velocity component u; at the exit plane (z = L;) is taken as

3u,~ au,- _
W + Uc'a—a: =0, (2.22)

where U, is the convection velocity. Pauley et al. (1988) showed that the inclusion of

one or more viscous terms in Eq. (2.22) leads to instability. In this work, Eq. (2.22)
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is used, but tests were conducted to determine the proper selection of the convection
velocity U,.
Application of Eq. (2.22) to the streamwise velocity at the exit (see Fig. 2.8)

leads to

n+1 At

N _ar n _an
uNz-}-%,j,k = U'N,+%,j,k AzUc (uNz"I'%yJ.,k uN,,-—%,j,k) ’ (2-23)

where, a first-order backward difference approximation of d/39z is employed.

thx]'{'%

Figure 2.8. Cells adjacent to the flow exit.

Han et al. (1983) proposed a similar boundary condition for laminar wakes
using the instantaneous local speed as the convection speed. In their formation,
the velocity U, was the streamwise exit velocity at the current time step which
varies with y. This formulation may violate the compatibility condition (Eq. (2.20))
discussed in §2.6.1. A U. which is a function of space does not guarantee the
balance between the mass inflow and outflow at each time step. This difficulty can
be avoided, for example, by multiplying the streamwise exit velocities by the mass

ratio 1 /mh,, where the exit mass flow rate is

Ny Nz
S — n+1 .
me = Z;kZuNﬁ%,j,kAszf’
i=1k=1
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and rn is the inlet mass flow rate. This approach works well if |rh — .| is small.
Tests showed that the mass flow imbalance may grow unbounded, and leads to nu-
merical instability if the convective speed becomes negative; this was also observed
by Han et al. (1983). Thus, if the instantaneous velocity u’;’z ik is negative,
the convective speed is set to zero. The mass flow difference, | — .|, with this
approach is maintained within 0.02%.

A simpler method to maintain a global mass conservation is to use a constant
mean exit velocity as the convection speed. Tests with both variable and constant
U, showed negligible differences in the statistical results. This will be shown in
the preliminary 3-D simulations (§4.2). A constant U, was used in all simulations
presented in this report.

Besides satisfying the global conservation of mass, the upstream influence of
the convective boundary condition was also studied in 2-D simulations of unsteady
flows. These simulations are reported in Chapter 3. The exit boundary condition
causes some distortion of structures convecting out of the computational domain;
but the most severe distortion is contained within one step height upstream from
the exit.

Numerical errors due to the convective boundary condition are also apparent in
2-D steady flows (Pauley et al., 1988), or in time-averaged flow fields of unsteady
flows (2-D or 3-D). In such cases, the time derivative, 8/0t, vanishes. Equation
(2.22), applied to the time-averaged streamwise velocity U, becomes

ou

—_— =0.
Oz Nz’*‘%;j

It follows from the continuity equation that dV/dy is also zero, which implies,
VN:,j-i-%:VNz,% =0 for a-llj=1,-..,Ny.

This is shown in Fig. 2.9 for 3-D simulations where the time-averaged velocity
component V is forced to zero at all vertical exit locations although small vertical
motions are still expected (Chapter 5). Examining all statistical quantities from 3-

D simulations indicate that the exit convective boundary condition can have some
26
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Figure 2.9. Time-averaged velocity V as a function of streamwise distance.
y/h =0.1; ~-—- y/h = 1.0; ---e--- y/h = 1.5.

adverse effect on the results at locations several step heights upstream, but the most
severe effects are within one step height from the exit.

In 2-D backward-facing step simulations, this condition forced the exit stream-
lines to be parallel to the z-axis. This is seen in the streamlines of steady flows with
parabolic profiles at the entrance in the Reynolds number range 500 < Rep < 2000
(see §3.1), where a top-wall separation bubble is located near or at the exit. All
streamlines are parallel to the horizontal axis even though streamline curvatures are
expected near the bubble. The convective boundary condition therefore must be
applied sufficiently far from any location with streamline curvatures, e.g., separation

bubbles.
2.7. Solution to Poisson Equation

2.7.1. Formulation of Equation and Boundary Condition
The discrete Poisson equation (Eq. (2.8)) applied to an interior cell [3, 7, k] is

6_2.+£f_+i2_ ¢. —_1_ _6_" 6" 6"
622 T Gy T 622 ) THIE T At \ 6z +5yv+3-;w

bl
i,k
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= Qijks (2.24)
i=1,-..,Nz, j=1,.-.,Ny, k=1,...,Nz-

Kim & Moin (1985) showed that the set of equations arising from enforcing the
continuity equation in the fractional step method is equivalent to a Poisson equation
with Neumann boundary conditions. The compatibility condition, or solvability, of

the Neumann problem is

_[5
/Qdedydz—/rb.n dr, (2.25)

where Q and I' denote the domain volume and its boundary surface, respectively;
and §/én is the gradient normal to I'. The compatibility condition is satisfied only
if the global continuity is preserved, i.e. a zero net mass flux.

The boundary condition on é¢/én at each individual boundary node can be
selected arbitrarily as along as the global continuity is maintained. In the current
study, 6¢/én is selected to be zero at both z and y boundaries. It should be
noted here that, by selecting §¢/én = 0, the no-slip condition also requires a zero
boundary condition on @ and 9, i.e., 5 = 0 at the lower wall, and 4 = 0 at the step

vertical wall (z/h =0, 0 < y/h < 1.0).
2.7.2. Solution on a Rectangular Domain Using Fourier Transform

A Fourier method for the solution of the Poisson equation was developed by
Hockney (1965) and Door (1970) to solve Eq. (2.24) directly on a rectangular do-
main. Door (1973) also introduced a direct algorithm specifically for the solution
of the Poisson equation with Neumann conditions on a staggered grid. The basic
solution scheme used in the current simulations was developed by Kim & Moin
(1985) which is a modification of an algorithm by Schumann & Sweet (1988). This
method combines discrete Fourier transform (Hockney, 1965) with the staggered
grid (Door, 1973). A brief summary is presented here.

The central-difference approximation of the Laplace operator in Eq. (2.24) using
a 3-point stencil produces an (N; NyN,) x (N;NyN,) block tridiagonal matrix. The
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Fourier method uncouples the streamwise and spanwise directions and reduces this
matrix to a set of NV, independent tridiagonal matrices of size Ny x Ny. A full
Fourier transform is applicable in the z-direction for its periodic boundary condition
and uniform grid spacing. In the z-direction, a half-range Fourier expansion using
only cosine functions is suitable. The orthogonal property of cosine and exponential
functions in the Fourier expansion reduces Eq. (2.24) to a set of Helmholtz equations
in Fourier space:

(5—2 — k- k;n) $rjm=Qujm  1=0,...,Nz=1, m= —J—;ri-n,...,&,

&y? 2
2.26)

~~

k) and k], are the modified wave numbers defined as:

g2 [ al 2.9
k= AL [1 cos (Nz , (2.27a)
' 2 2mm
- _ , 2.27b
km v [1 cos ( o )] (2.27Db)

Qz,j,m is the Fourier coefficient of @; j x at wave number [I,m] defined as:

Nz N.
A 1 5 id) 2mm
P E:E . . y 1 -3 — 1 2.
Ql,g,m Nth pact k=1Q'y1,k cos [Nz(z 7)] exp [ 1 Nz (k '2)] ’ ( 28)
N, N
l=0,...,Ng;—1, m=-—?z+1,...,32-,

where i is v/—1. The Fourier coefficient of the solution, J’I, j,m 18 similarly defined.
Equation (2.26) becomes a linear system of equations in y for each set of wave
number (I, m],

Ne o N

Ml,méz’m = Qz,m, l=0,...,N;—1, m=-—- 3 +1,... 5 (2.29)
M, , is an Ny x Ny tridiagonal matrix of the form
M, = [ A§,¢), B}"‘) -, c}*‘”] , (2.30)

where .A;fﬁ), B J(-¢) and CJ(-¢) are the coefficients derived for the Laplace operator 62 /6y?

at the pressure node point j (see Appendix B). The solution vector ‘i’l,m is solved at
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each wave number [/, m] by inversion of M, and the final solution ¢, ; ; obtained
by inverse Fourier transforms. A special treatment of Eq. (2.29) is necessary when

ki = ky, = 0, because M, is singular.
2.7.3. Solution on a 2-D L-Shape Domain

In this section, the direct solution method for the Poisson equation with Neu-
mann boundary conditions in the backward-facing step geometry is described. Sev-
eral methods have been proposed for the solution of the Poisson and Helmholtz
equations in domains consisting of connected rectangles. Hockney (1970), Buzbee et
al. (1970, 1971), and Dryja (1978) all presented different variations of a two-iteration
technique called the capacitance matriz method. These algorithms, however, were
derived primarily for problems with Dirichlet boundary conditions. Proskurowski
& Widlund (1976), and later, Schumann & Benner (1982) applied the capacitance
matrix method to Neumann problems. The capacitance matrix method presented
in this section follows that of Schumann & Benner (1982), but is tailored to the
specific configuration and boundary conditions of the backward-facing step. Also

for simplicity, the derivation below focuses on a 2-D domain with the governing
equation,
’

(5_2.+_§_2__ ¢-—_.1_ ia.l.i"
§z2 © by2) "W T At \ bz Jyv i
=Qi’j, i=1,...,Nz, j=1,...,Ny. (2.31)

2.7.3.1. Concept

Figure 2.10 shows a rectangular domain ) that covers both the flow field and
the step corner. The boundary of this region is Q. The flow region and the solid
corner () share the common boundary I' which consists of a vertical section I',
and a horizontal section I'y. The Poisson equation (2.31) is only solved on the
entire rectangular domain, Q. Difficulties arise when the no-slip velocity condition
is enforced at the step boundary T, i.e., v =0 on I, and u = 0 on T,. This is

shown by examining the cells adjacent to I in Fig. 2.11. Since the treatment of the
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Figure 2.10. Flow domain with solid corner.

Figure 2.11. Cells adjacent to step boundary.

velocities is the same for v on I} as for u on Iy, the following common nomenclature

is used in the subsequent development.

9 Velocity component on the step boundary I': 9 =uon T, andd =v
on IY.
n Spatial coordinates normaltoI': n=zon I, andp=yonT)).

6¢/6n Gradient of ¢ normal to I': 8¢/én = 64/6z on I, and §4/6n =
6¢/éy on T,.

N, Total numbers of ¥ points on T'.
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¢+, £~ Index denoting cells adjacent to I' at location £ (£ = 1,...,N;). £*
designates cells in the flow region; £~ designates cells in the solid

corner.

The velocity at the step boundary is

VKL
19( — 19[ 677 Z = 1, “ee ,Nc. (2.32)
55, £=1,...,N,, are set to zero which are the # and ¥ boundary conditions in

the intermediate fractional steps (see §2.7.1). The solution ¢, obtained by solving
the Poisson equation over the entire domain 2, does not guarantee zero gradients

across I' (0¢/0n # 0). Therefore

9, = —At £=1,...,N.. (2.33)

which violates the no-slip condltlon onT.

In the capacitance matriz method, the Poisson equation is solved twice. The
final solution is the superposition of the solutions from these two passes. This
superposition method takes advantage of the linear property of the Laplace operator:
if ¢ and 4D are solutions of Eq. (2.31), then ¢f8d = ¢(@) 4 $(ID is also a solution.
The two-pass procedure is shown schematically in Fig. 2.12 and outlined below.

(I) In the first pass, Eq. (2.31) is solved with 1'951) (¢ =1,...,N;) pre-

scribed to be zero (boundary conditions on % and #, §2.7.1). Non-zero
gradients 6¢9) /6n across I are obtained, and the no-slip condition on

T" will not be satisfied,

6
P = 6¢ ;é 0, £=1,...,N,. (2.34)

(II) In the second pass, a new set of nomn-zero 5511) ¢ =1,...,N,) is
calculated. The Poisson equation is then solved with only 1§$H) placed
on I' and zero elsewhere. The non-zero set 1‘5211) is obtained such that,
the superposition of the first and second pass velocities results in a

zero wall velocity:

o =l 490 =0, £=1,..., N
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Figure 2.12. Superposition of two Poisson solutions. (a) First pass (I)
with 9, = 0. (b) Second pass (II) with J, # 0. (c) Final solution.

Section 2.7.3.2 discusses the procedure to obtain 591) for the second

pass based on the error in Eq. (2.34).

2.7.3.2. Capacitance Matrix

It is desired to calculate the set of non-zero 15511) for the second pass, given the

error on 199) obtained from the first pass (Eq. (2.34)). This section describes the
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so-called capacitance matriz which relates Q%H) to 1951) . The velocities calculated

from the two passes are

M
9 = —At i ¢=1,...,N, (2.352)
on .
. (I
’99{) - ,9511) — At f‘z—n- , £=1,...,N. (2.35b)
£

A superposition of the two solutions in Egs. (2.35a) and (2.35b) gives

@ ~ an
ol = 9 1 oD = _ap SO 4 50 _ A 90 (2.36)
& . én ‘
To satisfy the no-slip condition, the right-hand side of Eq. (2.36) is set to zero,

a . (I

VL + 9™ — At 671 o (2.37)
én |, 6n |,
Equation (2.37) is rearranged and discretized to yield
()]

Agim — Ant = —Agd, (2.38)

where A¢, = ¢,y —$,- and An, is the distance across I between the two cell centers
(see Fig. 2.11).

A(ﬁgm in Eq. (2.38) is the solution of the Poisson equation with @EH) (£ =
1,...,N¢) on T, and zero elsewhere. Using the Green’s function, G(I"), for the
Neumann problem (Hildebrand, 1976 and Proskurowski & Widlund, 1976), AglD

can be expressed in terms of §);
2D = / @ (D) M r,
r

or, in finite difference form:

N,
I 3
A0 =36, 8, e=1,...,N. (2.39)
n=1
The discrete Green’s functions Gg'n, n=1,...,N,, is the Poisson solution, A¢, at

location n on I' if a value § = 1 is placed at location £ only, and zero elsewhere.

The detailed procedure to calculate Gy, for all £’s is presented in Appendix C.
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Substituting Eq. (2.39) into Eq. (2.38) yields a matrix equation:

Gt = (G + d] e = 480, (240)

where:

A®W s the error vector of length N: A¢£I), £=1,...,N, calculated
from the first pass;

r() is the desired solution vector 1§£H) AL £=1,...,Ng;

d is an N, x N, diagonal matrix with elements —An,, £=1,...,N;

G 1s an N; x N, matrix, elements of which are the discrete Green’s
functions Gl,n’ Ln=1,...,N,.
The combined N, x N, matrix C = G + d is called the capacitance

matriz.

Since the capacitance matrix requires solving the Poisson equation N, times, the
computational cost of C is substantial with a large N,. However, C only needs to
be calculated and stored once because elements of C depend only on the geometry

and mesh spacing of the domain.
2.7.4. Solution on a 3-D L-Shape Domain

In 3-D simulations, the computational cost to calculate C is greatly reduced by
taking advantage of the Fourier transform method. The Poisson equation (2.24) is
first Fourier transformed in the z-direction leading to a Helmholtz equation in the

z-y plane,

2 &\, A
522 T 52~ Fm ) Gijm =@ijim, (2.41)

oy?
. . N,
i=1,....,Ny; j=1,...,Ny, m=o,...,7’,

where m is the Fourier wave number. The system now has a set of N,;/2 + 1
independent capacitance matrices, Cr,, each corresponding to one wave number.
At each wave number m the formulation of Cy, is that of a 2-D problem presented

in §2.7.3. Each C,, is an N, X N, matrix with real elements. In a 2-D domain, the
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capacitance matrix is always singular due to the Neumann boundary condition. In
a 3-D domain, Cy, is non-singular if m # 0. At the zeroeth wave number, k], = 0,

the Helmholtz equation (2.41) becomes a 2-D Poisson equation, and Cj is a singular

matrix.
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Although 3-D simulation of a turbulent flow over a backward-facing step is
the focus of the current research, 2-D computations can provide some insight into
the characteristics of the flow reattachment, and establish grid-selection guidelines
for the 3-D simulations. The flow response to steady inlet velocity profiles are
discussed in §3.1. The flow response to an inlet velocity profile with superimposed
fluctuations are reported in §3.2. Studies of flow sensitivity to grid refinement are
described in §3.3. The 2-D simulations were also used to study the effect of the
convective boundary condition at the exit; the results of which are presented in
§3.4. Finally, the mechanics of the unsteady reattachment are discussed in §3.5. In
the 2-D simulations presented, the inflow boundary was located at the step, and an
expansion ratio of 2.0 was used. The Reynolds number is based on the step height A
and the maximum mean inlet velocity Us. The boundary conditions were either no-
slip (parabolic and channel inlet profiles) or no-stress (boundary layer inlet profile)

at the top wall, and convective at the exit.

3.1. Two-Dimensional Simulations with Steady Inflow

The behavior of the reattachment length as a function of Reynolds number
was established using a series of 2-D simulations. Both steady and unsteady flow

responses are observed.
3.1.1. Low Reynolds Numbers: Steady Flow Responses

At low Reynolds numbers, an unperturbed inlet velocity profile results in a
steady flow response. A series of simulations were conducted using flow conditions
from Armaly et al. (1983): parabolic velocity profile at the inlet and expansion
ratio ER = 2.0. The reattachment length, X, as a function of Reynolds number, is

compared to the data of Armaly et al. (1983) in Fig. 3.1. (It should be noted that
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Armaly et al. (1983) used a Reynolds number based on 2k and the averaged inlet
velocity, %Uo which corresponds to %Reh. Their data was rescaled for this plot.)

20

17.5

15

12.5

10

7.5

0 ] |
0 500 1000 1500 2000

Rey, = Uph/v

Figure 3.1. Reattachment length as a function of Reynolds number with
laminar inlet flow: comparison between Armaly et al. (1983) and 2-D sim-
ulations. 4 Armaly et al. (1983); o 2-D computation.

As expected the computational results are identical to those of Kim & Moin
(1985). The calculated X,’s in Fig. 3.1 are in good agreement with experimental
data only up to Re; ~ 400. Beyond this point, the calculated reattachment lengths
deviate from the experimental values. As in the study of Kim & Moin (1985),
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varying the streamwise domain length, C FL number for time advancement, or grid
spacing did not reduce this difference.
Typical streamlines of the steady flows are shown in Fig. 3.2. Table 3.1 lists

computational parameters for all simulations with an inlet parabolic velocity profile.

(a) ==
h \

0 20h

o ———————
h —_—
0 20h

|
((@

() ====———=—
h

e —————— )

|

0 20h

Figure 3.2, Streamline contours of steady backward-facing step flows,
parabolic inlet profile. (a) Rep = 100; (b) Rep = 500; (c) Rep, = 1000.

At Rep =~ 300, a separation bubble at the no-step wall is observed. This bubble
grows in length and moves downstream as Rep and the corresponding step-side
reattachment length increase (Fig. 3.2(b) and 3.2(c)); this observation was also
reported by Armaly et al. (1983) and Kim & Moin (1985). As the Reynolds number
increases to about 1000, a small secondary vortex at the step corner becomes visible.
These well known secondary corner bubbles are perhaps too small (= 0.2k) to

measure and were not observed by Armaly et al. (1983).

Above Rep, =~ 600, the top wall separation bubble moves across the exit plane
(Fig. 3.2(c)) creating reverse flow at the exit. Furthermore, as discussed in §2.6.2,
the convective outflow boundary condition is not applicable near a separation bub-

ble. Thus, the validity of the results in this region is questionable, particularly
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Table 3.1. 2-D simulations at low Reynolds number with parabolic inlet

profile
Case Rey, Grid L, X:
1 100 128 x 64 20h 3.98h
2 200 128 x 64 20h 6.60h
3 300 128 x 64 20h 8.69h
4 400 128 x 64 20h 10.16A
5 500 192 x 96 20h 11.05A
6 600 192 x 96 20h 12.02A
7 700 192 x 96 20h 12.85h
8 800 192 x 96 20A 13.69h
9 900 192 x 96 20h 14.40h
10 1000 256 x 128 20h 15.18h
11 1250 384 x 128 20h 16.42h
12 1500 400 x 128 20h 17.37h
13 2000 766 x 192 30h 18.76R

in cases where the reattachment location is only a few step heights from the exit
(Rep, > 1250). Case 12 with Rej, = 1500 was recomputed with a longer streamwise
domain (L; = 40k). The resulting reattachment length was increased to 18.42h.
However, at z/h = 40, there is still a small amount of reverse flow very close to the

top wall.

Another simulation at Rej, = 1500 was also conducted with an inlet section of

10k whereas the post-expansion length remains at 20h. The reattachment length
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in this case is 18.63h which indicates that the inlet section has some influence on
the down stream development.

For comparison, 2-D simulations were carried out with the inlet mean velocity
profile of fully-developed turbulent channel of Kim et al. (1987). This profile was
a result of their channel flow simulation at Re = 3300 based on the channel half-
height. Table 3.2 shows the parameters of these simulations. The dependency

Table 3.2. 2-D simulations at low Reynolds number with mean channel
profile at inlet

Case Rey, Grid L, Xr
1 300 128 x 64 20h 7.38h
2 600 192 x 96 20h 10.05R
3 900 192 x 96 20h 11.60A
4 1500 400 x 128 20h 14.41h

of X; on Rey is similar to that of parabolic profiles. However, at comparable
Reynolds numbers, flows with a mean turbulent profile at inlet consistently possess
shorter reattachment lengths than with the parabolic profile. On the other hand,
the secondary corner vortex is larger (0.54h for Re; = 1500). Kaiktsis et al. (1991)

also found that a fuller inlet profile results in a shorter reattachment length.

3.1.2. High Reynolds Numbers: Unsteady Flow Responses

When the Reynolds number is sufficiently high, the flow becomes unsteady
and oscillatory even if the inlet velocity profile remains unperturbed. The criti-
cal Reynolds number, Re., at which the flow over a backward-facing step begins
exhibiting this unsteady behavior depends on the inlet profile. Tests using both
parabolic and fully-developed turbulent channel profiles (Kim et al., 1987) show

that a steeper velocity gradient at separation causes the flow to become oscillatory

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3 TWO-DIMENSIONAL SIMULATIONS

at a lower Re;. For the mean turbulent channel profile at the inlet, Re. is found to
be close to 2000, whereas the flow remains steady with a parabolic profile at this
Reynolds number (Table 3.1).

The focus of this section is not to identify a specific Re. for each profile, but
to investigate the oscillatory nature of the flow once it becomes unsteady. The 2-D
simulation conducted for this purpose was at Re, = 3000 using a fully-developed
turbulent channel profile at the inlet. The time history of the streamwise velocity
component at a point near the bottom wall (x/h = 5.0, y/h = 0.01) for this case is
shown in Fig. 3.3. A quasi-periodic response of the flow is clearly discernible with

a period of approximately T = 12h/Uj.

u(t)/Uo

300 320 340 360 380 400
tUo/h

Figure 3.3. Time history of streamwise velocity component at z/h = 5.0,
y/h = 0.01; Rep = 3000, steady turbulent channel inlet profile.

However, the time oscillation of the flow response could be an artifact of insuffi-
cient spatial resolution. This is illustrated by simulations at Rep = 1500 using two
different grid resolutions: 128 x 32 and 400 x 128. With 400 x 128 computational
cells, the flow at Rej = 1500 has a steady response. When the grid is reduced to
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128 x 32, the flow does exhibit an oscillatory behavior. This is shown in a time
history plot of the streamwise velocity at z/h = 5.0, y/h = 0.01 in Fig. 3.4. The
periodicity is not sharply defined, but a dominant frequency similar to that seen
in Fig. 3.3 is discernible. Recent work by Gresho et al. (1993) have independently
shown that insufficient resolution will result in an unsteady numerical solutions in

backward-facing step simulations.

0.3 T T i I
0.2 - i
01 -
S
=
et -
5 ]
1
0.1
0.2 |- .
] 1 ! .
1700 1720 1740 1760 1780 1800

tUs/h

Figure 3.4. Time history of streamwise velocity component at z/h = 5.0,
y/h = 0.01; Rej, = 1500, steady turbulent channel inlet profile with coarse
grid (128 x 32).

To ensure that the oscillatory behavior in Fig. 3.3 was not induced by a coarse
resolution, several simulations were performed for the case of Re;, = 3000 with
increasing grid points in both directions. These simulations are tabulated in Ta-
ble 3.3. Figure 3.5 compares the time history plots of the streamwise velocity at the
same location for 320 x 128 and 640 x 192 grids. Although there are shifts in the
numerical results among these simulations (possibly due to the presence of small

superimposed chaotic behavior), the periodic (two-torus) behavior, especially the
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Table 3.3. Sensitivity of oscillation to grid refinement: Re;, = 3000, steady
turbulent channel inlet profile.

Case Grid Az/h AYmin/h
1 320 x 128 0.06250 0.006674
2 320 x 256 0.06250 0.003282
3 640 x 128 0.03125 0.006674
4 640 x 192 0.03125 0.004401

~
-

L YR

===
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-
’
=
-

-

u(t)/Us

-

-
-,

300 320 340 360 380 400
tUo/h

Figure 3.5. Time history of streamwise velocity component at z/h = 5.0,
y/h = 0.01; Rey = 3000, steady turbulent channel inlet profile. ,
640 x 192; ---- 320 x 128.

frequency, is essentially unchanged implying that the unsteadiness is not a result of
grid resolution. However, the slight increase of regularity in the higher resolution
calculation may be an indication of periodic (or even fixed point) behavior with

further refinements. Thus, additional grid refinements may prove to be instructive.
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The quasi-periodic response is a result of vortex shedding at the separation
point. The instantaneous streamline contours for the Rep = 3000 case are shown
in Fig. 3.6 illustrating the movement of the vortices, both at the bottom and at the
top walls. The mechanics of this vortex shedding and how it affects the unsteady

reattachment will be discussed in detail in §3.5.

Figure 3.6. Streamline contours, Re, = 3000, steady turbulent channel
inlet profile.

3.2. Two-Dimensional Simulations with Unsteady Inflow

In all 2-D simulations presented in §3.1, only an unperturbed mean velocity pro-
file is prescribed at the inlet. The effects of inlet “turbulence” is now investigated
by superimposing fluctuating components u'(y,t) and v'(y,t) onto the mean profile
following the method outlined in §2.6.1. For this purpose, the fully-developed tur-
bulent channel velocity profile of Kim et al. (1987) is used. The selected Reynolds
number in this study is 1500 where the flow is known to be steady if there are
no inlet fluctuations (§3.1.1). The simulation was conducted with a steady inflow
until a steady state was reached; the computations were then continued with veloc-
ity fluctuations imposed at the inlet. The streamlines of the flow with steady and
unsteady inlet profiles are compared in Fig. 3.7. In both cases the streamwise box
length is 20h. The mean reattachment length in the unsteady case is approximately
3.6h compared to 17.4h in the steady case.

Figure 3.8 shows the corresponding time history of the streamwise velocity com-
ponent at point z/h = 5.0, y/h = 0.01. A quasi-periodic response is discernible
which is similar to the response in the case with a steady inlet profile at high

Reynolds number (Fig. 3.3). It is also interesting to note that, although the velocity
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ﬁ-§\/—/\ / O S &
SOSIONE o X &

0 20h

Figure 3.7. Streamline contours. Re; = 1500, turbulent channel inlet
profile. (a) Mean profile at inlet; (b) Mean profile with imposed fluctuations
at inlet.

fluctuations at the inlet are generated from a prescribed broad-band energy spec-
trum, the flow appears to select the same frequency observed in the high Reynolds

number case (Fig. 3.3). Further discussion of the flow oscillation frequencies will be

presented in §3.5 and §5.7.1.
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Figure 3.8. Time history of spanwise velocity component at z/h = 5.0,
y/h = 0.01. Re; = 1500, unsteady turbulent channel inlet profile.
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3.3. Effect of Grid Refinement on Unsteady Flow Structures

The objective of the 2-D simulations in this section is to establish, for the range
of Reynolds numbers considered, an acceptable grid spacing in the streamwise and
vertical directions. The Reynolds number for this study was set at 4000, and the
inlet velocity profile was that of a flat plate boundary layer (Spalart, 1988) with
a relatively thin boundary layer thickness, § = 0.20h. In all of the following 2-
D simulations, a no-stress boundary condition was applied at the top, and a grid
clustering at the bottom wall. The simulations were performed with five different

grid sizes. The five cases studied are summarized in Table 3.4 in which the grid 256 x

Table 3.4. Grid refinement study: 2-D simulations at Rep = 4000, steady
boundary layer inlet profile.

Case Grid Az/h Aymin/h
1 256 x 128 1 0.0781 0.004506
2 256 x 256 T | 0.0781 0.002241
3 512 x 128 1 0.0391 0.004506
4 512x 256t | 0.0391 0.002241
5 576 x 256 ¥ | 0.0260 0.002241

t Streamwise domain L, = 20A

! Streamwise domain L, = 15h

128 is the base case. All five simulations were started from an identical initial flow
field and run through the same non-dimensional time period. The spanwise vorticity
contours at one instant in time were obtained for all five cases and compared in
Fig. 3.9.

It is clear from Fig. 3.9 that some improvement is observed when the number of
vertical cells were doubled from 128 to 256 (the minimum Ay/h at the wall changes

from 0.0045 to 0.0022). However, doubling the resolution in the streamwise direction
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0 7.5h

Figure 3.9. Grid refinement study: spanwise vorticity contours, steady
boundary layer inlet profile, Re, = 4000. (a) 256 x 128; (b) 256 x 256;
(c) 512 x 128; (d) 512 x 256.
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0 7.5k

Figure 3.9. (Cont.) Grid refinement study: spanwise vorticity contours,
steady boundary layer inlet profile, Rep = 4000. (e) 576 x 256, L, = 15h.

results in a substantial improvement (Fig. 3.9(c)). Fig. 3.9(d) shows the vorticity
contours when the number of cells are doubled in both directions (512 x 256) from
the base case; a further 33% reduction in the streamwise grid size only gives a
modest change in the vorticity contours (Fig. 3.9(e)). Therefore, at Re;, = 4000, the
recommended grid and domain sizes should follow the following guidelines: Az <
0.039% and Ayyay < 0.0022h. These correspond to Azt ~ 8.5 and Ay} ~ 0.48
using an inlet friction velocity of urg = 5.4 x 1072Up (Spalart, 1988). This is the
basis for the preliminary grid selections for computations reported in Chapters 4

and 5.

3.4. Effect of Convective Boundary Condition

The convective boundary condition at the exit was discussed in §2.6.2. Pauley
et al. (1988) documented the extent of the upstream influence of this boundary
condition. In this section the effect of the downstream boundary condition on
the flow structures is examined in the backward-facing step geometry. The base
simulation is case 4 in Table 3.4 in which the streamwise domain length was L3 =
20h with the grid of 512 x256. The domain length was then reduced to L3 = 15hin
the second simulation but maintaining the same grid resolution; hence the number
of cells in the second simulation was 384 x 256. The flow structures as well as
numerical results near z/h = 15 are compared to their respective values in the base

simulation.
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The spanwise vorticity contours at the same instant for these two simulations
are compared in Fig. 3.10. As previously reported by Pauley et al. (1988), the con-
vective boundary condition does allow vortical structures to exit the shorter domain
(Fig. 3.10(b)) smoothly with a slight distortion compared to the same location in
the longer domain (Fig. 3.10(a)). Visual inspection of Fig. 3.10, however, does not
convey accurately the extent of the region affected by the convective boundary con-
dition. Using the results of the base case (Lz;1 = 20h) as a benchmark, the errors
in velocity components, as the domain is shortened to 15h, are plotted in Fig. 3.11.
Three vertical locations are selected for the comparison: y/h = 0.0079, 0.9946, and
1.9013. Compared to the results from the base simulation, the error in u drops
below 1% for z/h < 13 (2h from the exit boundary). For the vertical component,
large relative errors are observed up to 5k from the exit boundary. The error in v
appears to be very large at many locations because the corresponding values of v in
the base simulation are very close to zero. Nevertheless, the existing vortex struc-
ture in Fig. 3.10(b) remains unaffected since v is negligible in this region compared

to u.
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Figure 3.11. Error in velocities (in %) for L, = 15 due to effect of
convective outflow condition. (a) u(z); (b) v(z). —— y/h = 0.0079;
~=== y/h = 0.9946; - y/h =1.9013.
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3.5. Mechanics of Unsteady Reattachment

The variation of the backward-facing step flow reattachment length as a function
of Reynolds number was documented in details by Armaly et al. (1983). Figure 3.12
reproduces their X, measurements for Rep, up to 5500. From this curve, the laminar
regime is identified as Re;, < 900 where the reattachment length increases mono-
tonically up to 17.5h. The reattachment length drops sharply in the transitional
regime (900 < Rep < 4900), and remains relatively constant at approximately 8h
for Rep > 5000.

20 T T T T T

15 F 1
-3
= 10} i
bl

5} -

0 | ] | ! |

0 1000 2000 3000 4000 5000

Rey = Ugh/v

Figure 3.12. Reattachment length as a function of Reynolds number,
Armaly et al. (1983).

Although the shorter reattachment length in the turbulent regime compared to
those observed at lower Reynolds numbers has been confirmed by many studies, e.g.,
Durst & Tropea (1981), there has not been an explanation for this phenomenon.
Some insight into the unsteady reattachment process can be gained by examining

the quasi-periodic shedding of the vortices at the step in a two-dimensional unsteady
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flow. Figure 3.13 presents a time sequence of spanwise vorticity shed from the
step corner. For this case, a steady mean boundary layer velocity profile (Spalart,
1988) is imposed at the inlet at a Reynolds number of 4000. In Fig. 3.13(a), a
clockwise vortex (negative vorticity) is shedding at the step and grows as it travels
downstream. As this first vortex interacts with the lower wall, the no-slip wall
condition induces a counter-clockwise rotating vortex (positive vorticity) traveling
upstream (Fig. 3.13b); this vortex encounters a second negative vortex that is shed
from the step. The interaction between the two counter-rotating vortices shown in
Fig. 3.13(c) induces strong motion toward the step corner. This induced motion
periodically brings down the free shear layer and is probably responsible for the

shortening of the mean reattachment location.

The unsteady 2-D backward-facing step flows studied are: (a) Re, = 4000,
steady inlet boundary layer profile (hereinafter referred to as BL4000s), (b) Rej, =
3000, steady inlet turbulent channel profile (CH3000s), and (c) Rep, = 1500, un-
steady inlet channel profile (CH1500u). All of these flows exhibit a quasi-periodic
oscillatory behavior. Furthermore, the surprisingly similar period of oscillation of
all flows suggests a correspondence to a natural frequency independent of the inlet
profile. This same period of oscillation is also observed in the low Reynolds number
flow with coarse grid (CH1500c). Power spectra are computed for the streamwise
velocity signal at point z/h = 5.0, y/h = 0.01 in all four cases and shown in
Fig. 3.14. Distinct frequencies are presented in the form of Strouhal number based
on Up and h, St = fh/Uy, in Table 3.5. The most energetic frequency (fundamen-
tal) in all cases is at St ~ 0.08, corresponding to an oscillation period of 12.5U/h.
The five lowest frequencies in BL4000s are within 5% of those in CH3000s. When
the inlet fluctuations are prescribed, only the two lowest peaks are distinctly visible
(Fig. 3.14(c)). The two lowest frequencies are again excited in the simulation with
coarse grid (Fig. 3.14(d)), but some additional modes have also been excited. Other
points in the flow field also present similar results. Comparison of the dominant

frequencies in Table 3.5 indicates that these are the natural frequencies of the flow,
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Figure 3.13. Spanwise unsteady vortex shedding, steady inlet boundary
layer profile, Re;, = 4000. (a) t = 20h/Up; (b) t = 21k/Up; (c) t = 22h/U,.

negative vorticity; ---- positive vorticity.
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Chapter 3 TWO-DIMENSIONAL SIMULATIONS
and they are not directly associated with Reynolds numbers or inlet profiles. In-
troducing turbulent fluctuations at the inlet appears to mask the higher modes,
but reduces the power density amplitude. The study also establishes that the os-
cillation frequency is independent of the inlet segment frequency of the turbulent
fluctuations (see §2.6.1) in CH1500t.

Table 3.5. Comparison of frequencies with different inlet conditions

BL4000s | CH3000s | CH1500t | CH1500c
Fih/Us 0.080 0.081 0.086 0.079
fah/Us 0.160 0.168 0.165 0.162
fah/Us 0.240 0.250 - -
Fah/Us 0.320 0.330 - -
Fsh/Uo 0.400 0.412 - -

Although the dominant frequencies appear to be independent of Reynolds num-
ber and inlet boundary condition, the flow characteristics do depend on these pa-
rameters. For example, the time-average statistics show that the mean reattachment
lengths are different for different inlet profiles. Case BL4000s has a mean reattach-
ment length of 2.68%, whereas X; = 3.62h in case CH3000s. This is consistent
with earlier findings showing a decrease in reattachment length with an increase in

velocity gradient at separation.
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PRELIMINARY 3-D SIMULATIONS

A series of preliminary 3-D simulations were conducted with various grid res-
olutions, domain lengths, Reynolds numbers, inlet velocity profiles and expansion
ratios. The parameters for the final simulation were selected based on the informa-
tion gained from the preliminary studies. This chapter describes the preliminary
simulations and their results.

The preliminary simulations were carried out only long enough to obtain a rea-
sonably steady mean velocity profile (approximately two “flow through” times).
These simulations are divided into two categories according to the inlet velocity
profiles — fully developed turbulent channel or turbulent boundary layer profile.
It should be noted that in the course of the simulations, several modifications of
the computer program were incorporated to accomplish the desired change in pa-
rameters; e.g., the inclusion of the inlet section prior to the step. Therefore, the
grouping of the simulations into these two categories here is for convenience only,
and the simulations presented are not necessarily in chronological order. Simula-
tions with turbulent channel and boundary layer velocity profiles are described in
§84.1 and 4.2, respectively. Section 4.3 summarizes what has been learned from the

preliminary simulations.

4.1. Simulations With Fully Developed Turbulent Channel Profile

The fully developed channel velocity profile from Kim et al. (1987) (hereinafter
referred to as KKM) was used in category CH. Table 4.1 summarizes the simulations
in this category. In Table 4.1, ER is the expansion ratio and X is the reattachment
length. CH1 did not have an inlet section whereas the remaining cases had an entry
section length of 10~. The spanwise and post-expansion lengths for all cases are 4h

and 20h, respectively. In addition, CH4 had a refined mesh at the step.
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Table 4.1. Simulations with fully developed turbulent channel inflow

Case Rey, ER Inlet section Post-expansion X /h
CH1 5000 2.00 - 256 x 80 x 64 6.5
CH2 5000 2.00 128 x 40 x 64 256 x 80 x 64 1 9.2
CH3 6600 2.00 128 x 40 x 64 256 x 80 x 64 9.7
CH4 6600 2.00 128 x 40 x 64 256 x 80 x 64 ¥ 9.3

t Refined mesh at the bottom and top walls.
! Refined mesh at the bottom and top walls and at the step.

The lower wall skin friction coefficient, Cy, is selected for comparison among

the CH cases and is shown in Fig. 4.1. First, the effect of the entry section can be

0.01 T T T T T

0.005

-0.005 '

Figure 4.1. Step-wall skin-friction coefficient, channel profile at inlet.
~--- case CHI; -eeeee case CH2; —-— case CH3; case CH4. z/h =0
is the step location.
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evaluated by comparing CH1 and CH2. Without the entry section, CH1 shows a
very high |Cy| in the recirculation region (the peak negative Cy is ~ 4.5 x 1073;
this is about 4 times larger than values reported by previous experiments, e.g.
Westphal et al., 1984 and Adams et al,, 1984). This can be explained in part
by inadequate turbulence characteristics due to the random phase generation at
the step (see §2.6.1). For cases with a leading section, the flow quickly loses its
prescribed statistical characteristics within a few grid points from the inlet; and
the wall shear stress in the leading section reduces to that of a laminar flow before
recovering. The magnitude of the recirculation Cy in CH1 is comparable to the 2-D
simulation results in Chapter 3 where no turbulent fluctuations are imposed. With
the addition of the development section in CH2, the flow develops its structure as
it approaches the separation; the wall skin friction returns to the level imposed at
the inlet (the dotted line in Fig. 4.1). The result is a reduction in the peak backflow
C; by approximately 40%. The recirculation zone, measured by the reattachment
length X, is also expanded from 6.5A to 9.2h.

The peak negative C'y in CH2, however, remains high compared to earlier exper-
imental results. It was conjectured at this point that this high C peak was a result
of the incorrect application of Rej, = 5000 to the KKM velocity profile. The KKM
profile is of a channel flow with Re = 3300 based on the channel half-height; thus
for the expansion ratio ER = 2 considered here, the correct step-height Reynolds
number should be Rej = 6600. The result is a higher Cy value at the inlet for the
same velocity profile (KKM: Cy = 6.04 x 10~%; CH1 and CH2: Cy = 7.97 x 1073).
Therefore CH3 was conducted with Re;, = 6600 to provide the correct inlet Cf.
Nevertheless, a comparison of the C plots shows that the skin friction is the same
in the recirculation zone for both CH2 and CH3 as the flow develops near the

separation.

Since a no-slip top wall was used in all CH simulations, the mean flow through
the inlet channel was expected to be symmetrical. However, in CH2 and CH3, Cy

symmetry was not observed between the bottom and top walls (y = h and 2h) in
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the development channel, a likely result of an uneven mesh distribution between
the two walls. This was the reason for a fourth simulation, CH4, where a fine mesh
was distributed at all horizontal walls. An improvement in the skin friction in the
inlet section can be seen by the solid line in Fig. 4.1. Nevertheless, corrections in
the inlet Cy and vertical mesh refinement have no significant impact on the skin
friction after the expansion.

In all three cases with an entry section, the Cy plots show a sharp spike at
the separation (z/h = 0) which is a singular point in the back-step computations.
Simulations in §4.2 and in Chapter 5 indicate that this is due to an insufficient
streamwise grid refinement near the step.

Another quantity of interest is the mean streamwise velocity profile, U, in the
recovery region. Plotted in Fig. 4.2 are the velocities at z/h = 19.0 for all four cases

in Table 4.1, normalized by the local shear velocity u,. The near-wall profiles of all

25 1 1 i I

- | ) | |

1071 10° 101 10? 108

Figure 4.2. Mean streamwise velocity profiles in wall coordinates at z/h =

19.0, channel profile at inlet. ---- u* = y*; —— ut = ;lzlogy™ + 5.0;

-------- case CH1; —-— case CH2; —~.- case CH3; case CH4.
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CH cases are well below the universal log-law, ut = %logy’*' + C, where k£ = 0.41
and C = 5.0. All profiles appear to have the correct slope, 1/, but a lower value of
the intercept (C' < 3). Similar to the Cy plots, this behavior in the recovery region
is not significantly affected by the different conditions among the four CH cases.

4.2. Simulations With Turbulent Boundary Layer Profile

In the second category, BL, the inlet velocity profile is that of a turbulent bound-
ary layer (Spalart, 1988). The BL simulations are listed in Table 4.2. Not listed in

Table 4.2. Simulations with turbulent boundary layer inflow

Case Reyp, ER Grid 6/h X, /h

BL1 4000 2.00 512 x 128 x 64 1 0.20 7.44

BL2 4000 2.00 512 x 128 x 128 1 0.20 7.52

BL3 4000 1.54 512 x 160 x 64 T 0.20 6.74

BL4 5000 1.33 512 x 160 x 64 T 1.00 7.30

BL5 5100 1.20 480 x 128 x 32 + * 1.20 6.89

t Refined mesh at the bottom wall.
i Refined mesh at the step and bottom wall.
* Inlet section: 160 x 78 x 32, post-expansion section: 320 x 128 x 32

Table 4.2 is the final simulation, BL6, which will be analyzed in detail in Chapter 5.
The nomenclature in Table 4.2 is the same as Table 4.1 with the addition of §, the
inlet boundary layer thickness (8gg). All cases had spanwise and post-expansion
lengths of 4k and 20k, respectively. Only BL5 had an inlet section of 10A. The first
two cases, BL1 and BL2, in this category investigated the effect of resolution in

the spanwise direction; BL3 and BL4 provided different expansion ratios and inlet
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boundary layer thicknesses; case BL5 had an entry section and the same flow con-
dition as that of the final simulation, but with lower resolution. All BL simulations
except BL5 were conducted before an algorithm was developed for the inclusion of
an entry section. Thus the backflow |Cy| is expected to be high as in cases CH1
and CH2 of §4.1. Furthermore, as in CH1 and CH2, Spalart’s (1988) profile was
not correctly applied in conjunction with the Reynolds number Re;, and boundary
layer thickness § for BL1 through BL4. In the first four BL cases, Spalart’s (1988)
profile with Res+ = 500 was used, where §* is the displacement thickness. The cor-
rect Reynolds number corresponding to this profile and §/h = 0.2 is approximately
Rej, = 13500. Another profile with Reg« = 1000 was applied to BL5 and the final
simulation, BL6. Only in BL5 and BL6 were the parameters Rej and 6/h selected
to correctly match Spalart’s (1988) profile. Despite these deficiencies, useful infor-
mation was learned from the BL simulations. The bottom-wall skin friction and
the mean streamwise velocity profiles are again used to compare the results of the

BL preliminary simulations in Figs. 4.3 and 4.4.

The only difference between BL1 and BL2 is the spanwise resolution; Az = 12
in BL1 and Azt = 6 in BL2 based on the inlet u,. The dashed and dotted lines
in Fig. 4.3 indicate that, in the recirculation region, there is no change in the skin
friction by doubling the spanwise resolution from 64 to 128. It was also initially
believed that the spanwise resolution might have been responsible for the deviation
from the standard log-law of U in the recovery region. However, the near-wall
profiles do not appear to be affected by the change in resolution (the dotted and
chain-dot-dot lines in Fig. 4.4). The calculated reattachment length also varies less

than 1.5%.

Not presented in Table 4.2 is a repeat of case BL1 (referred to as BL1x) with
a modified exit boundary condition. As discussed in §2.6.2, the convective outflow
condition can be applied with an instantaneous convective speed U, if the global
mass conservation is preserved. This method would result in a fluctuation of the

total mass flow rate. Case BL1x was used as a test of this modified boundary
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Figure 4.3. Step-wall skin-friction coefficient, boundary layer profile at
inlet. ---- case BL1; -------- case BL2; —— case BL3; case BL5.
25 1 | 1 I
20 |-
15 |-
+
=
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0 e | | { )
107 10° 10 102 108
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Figure 4.4. Mean streamwise velocity profiles in wall coordinates at z/h =
19.0, boundary layer profile at inlet. ---- ut = y*; —— ut = gl logyt +
5.0 «-eeeeee case BL1l; —-— case BL2; —~- case BL3; —— case BL5.
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condition. The simulation shows that the mass flow fluctuation is less that 2% of
the mean flow; and there is negligible change in the statistical results as compared
to BL1 with a constant U, (<0.1%).

In BL3, the expansion ratio was reduced to 1.54 from 2.0 in BL1 and BL2 by
extending the top boundary. All other parameters remained the same as of BL1.
Again, neither the bottom-wall Cy, nor the near-wall U/u, in the recovery region
is significantly affected by the difference in ER. However, the reattachment length,
X, is reduced from 7.44h in BL1 to 6.74h in BL3. This concurs with previous
experimental studies (Kuehn, 1980) stipulating that, for the low Reynolds number
range considered, X, decreases with decreasing ER.

Asides from the above observations, the BL simulations also test the applica-
bility of the no-stress boundary condition at the top wall. Plots of the turbulence
intensity VU near the exit (z/h = 19.0) are presented in Fig. 4.5. In BL1 and

4 .

3 I N
S 2 :

L |

. . ( .

0 0.02 0.04 0.06 0.08 0.1 0.12
1 /u’2/U0

Figure 4.5. Effect of no-stress wall on streamwise turbulence intensity

(Vu?/Uy) at z/h = 19.0. ---~ ER = 2 (BL1); -~ ER = 1.54 (BL3);
— ER=1.33 (BL4).
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BL3, the turbulence intensity decreases toward the outer edge of the free shear
layer, but increases again near the top wall. The unphysical behavior of \/ﬁ near
the no-stress upper wall in BL1 and BL3 indicates that the width of the free shear
layer has spread to the no-stress boundary. The no-stress boundary condition (see
§2.6) appears to be a reasonable approximation for cases with sufficiently low ex-
pansion ratio where the upper boundary does not interfere with the flow near the
step wall. Case BL4 was thus conducted with a further reduced expansion ratio
(ER = 1.33) by raising the domain height to Ly/h = 4. At y/h > 3.5, the no-
stress boundary appears sufficiently far from the free shear layer (Fig. 4.5) to allow
the turbulence intensity to monotonically decrease to nearly a constant value. The
Reynolds number and inlet boundary layer thickness were also altered in BL4.
Finally, case BL5 was conducted as the first coordinated effort between nu-
merical simulations and the concurrent experiment by Jovic & Driver (1994) using
the same flow condition. The flow parameters for BL5 (Table 4.2) were selected
to satisfy constraints in both experimental apparatus and computational resources.
Spalart’s (1988) profile with Res» = 1000 was used in this simulation. A relatively
coarse grid in all three directions were employed. Unlike previous simulations, BL5
was carried out to more than five “flow through” times. Selected results of BL5 will
be compared to the final simulation, BL6, in Chapter 5, which had identical initial

conditions but with higher resolution.

4.3. Conclusions From The Preliminary 3-D Simulations

In summary, the preliminary simulations CH and BL led to the following ob-

servations:

(a) The turbulent inflow conditions, with random phase generation, im-
posed at the step result in a large skin friction coefficient in the recir-
culation region. An entry section is thus essential for the development
of turbulence prior to the step. The addition of the entry section also

increases the computed reattachment length.
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(b) The near-wall mean velocity profile in the recovery region falls be-
low the universal log-law. This behavior is not a result of resolution,
boundary or initial conditions.

(c) Despite the inclusion of the inlet section, the backflow |Cy| remains
high compared to previous experimental results.

(d) The vertical grid refinement is necessary at the step (y = h). This is
essential for the correct development of the near-wall turbulence in the
entry section.

(e) The spanwise resolution of 64 cells (Az* & 12 based on the inlet u,)
appears to be sufficient for the Reynolds numbers considered. Doubling
the spanwise grid points did not improve the first order statistics, e.g.
U, Cy.

(f) There is no change in statistical results if an instantaneous convective
velocity profile is used in the convective outflow condition.

(g) For the Reynolds number range considered, the reattachment length
decreases with decreasing expansion ratio which is in agreement with
a conclusion by Kuehn (1980).

(h) To apply the no-stress condition at the top wall, the expansion ratio
must be sufficiently low (ER < 1.33) such that the upper boundary

does not interfere with the turbulent free shear layer.
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Chapter 5
THREE-DIMENSIONAL SIMULATION ~RESULTS

This chapter discusses the results of the main three-dimensional simulation with
an inlet turbulent boundary layer profile, referred to as BL6. BL6 is the key simula-
tion in this work and is central to all flow analyses presented in this report. The flow
conditions of BL6 are the same as BL5 (see §4.2) but with higher grid resolution in
all three directions. Table 5.1 compares the conditions of BL5 and BL6.

Table 5.1. 3-D simulations at Re, = 5100

Case | Rey ER Grid §/b | Li/h | X./h

BL5 5100 1.20 480 x 128 x 32 1.20 10h 6.89

BL6 5100 1.20 768 x 192 x 64 1.20 10h 6.28

These conditions were selected to match, as closely as possible, those of a concur-
rent experiment by Jovic & Driver (1994) at NASA Ames Research Center (here-
inafter referred to as “JD” experiment). Long time statistical averages were ob-
tained for both BL5 and BL6 and compared with JD data. Although this chapter
focuses on the analyses of the BL6 results, selected statistical quantities are also
compared with BL5 to present the effect of grid resolution.

The selection of parameters for BL6, e.g., entry section, expansion ratio, bound-
ary layer thickness, etc., is discussed in §5.1. Sections 5.2 and 5.3 describes the
performance of the computer program and the statistics calculations, respectively.
The configuration of the JD experiment is also described briefly in §5.4. Section 5.5
discusses the energy spectra and two-point correlations. In §5.6, the instantaneous
velocity fields and oscillatory behavior of the flow are presented. Statistical re-
sults are compared with the JD experiment and discussed in §5.7 which includes:

reattachment length (§5.7.1), coefficient of friction (§5.7.2), pressure distribution
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(85.7.3), velocity profiles (§5.7.4), and turbulence intensities (§5.7.5). Section 5.8
presents the budgets of the momentum equations. Finally, the Reynolds stress and

turbulent kinetic energy budgets are presented in §5.9.

5.1. Flow Parameters for Computations

The flow conditions and parameters were selected based on information learned
from the preliminary 2-D and 3-D simulations (Chapters 3 and 4). Also taken into
consideration were the limitations of computational resources, and experimental
constraints in velocity and skin friction measurements at low Reynolds numbers.

Discussed below are the flow conditions selected for both BL6 and JD experiment.

5.1.1. Inlet Velocity Profiles

The mean inlet velocity profile for case BL6 was obtained from Spalart’s (1988)
boundary layer simulation at Rey = 670 (Res» = 1000), where 8 and 6* are the
momentum and displacement thicknesses, respectively. For this particular profile,
the boundary layer thickness is § ~ 6.16* (Spalart, 1988). The boundary layer
thickness here is 899, and was selected to be 1.2h. This was also the égg used in
the JD experiment. Thus, the step-height Reynolds number corresponding to this

Rej, = Rege (6%) (%) ~ 5100.

The inlet fluctuations were generated such that, after long time averaging, the

profile is

Reynolds stress components of the Spalart’s (1988) profile are recovered (see §2.6.1).
The turbulence intensity and Reynolds shear stress profiles at the inlet (z/h = —10)
after an averaging time AT,y =~ 109h/Up are compared to the target profiles in
Fig. 5.1.

5.1.2. Computational Domain and Grid Spacing

An inlet section length of 10k was selected for BL6. According to the method
validation discussed in §2.6.1, the inlet section should ideally be approximately
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Figure 5.1. Inlet turbulence intensity and Reynolds shear stress profiles,
normalized to mean free-stream velocity Up. o target vV u'?; calculated

Vu'?; & target Vv'?;---- calculated V v'?; o target Vw'2; oo calculated

Vw'; o target —u'v’ x 10; —— calculated —u'v’ x 10.

20h. However, with the computer resource restrictions, 10k was the affordable
length of the development section. This section is % of the total domain length.
The numerical results show that, after an adjustment period, the inlet velocity
profile and the friction coefficient are recovered in a distance &~ 7h from the inlet
boundary. Figure 5.2 compares the velocity profiles at z/h = —10, z/h = -1.5,
and at z/h = —3. The streamwise distribution of the friction coefficient in the
development section is shown in Fig. 5.3. The rapid departure from the inlet C
value (4.8 x 1073) is due to unphysical random phase distributions (see §2.6.1.2).
Note also in Fig. 5.3 that, compared to the Cy data in §4.1, the high resolution in
BL6 greatly reduces the sharp spike in C near the singular point (z/h = 0).

The post-expansion channel length is 20h. The number of grid points selected

in the section behind the step was 512. Thus including the development section,
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Figure 5.2. Near-wall velocity profiles in entry section. ---- u* = yt;
—— ut = Flog(y™) + 5.0; z/h = —10 (inlet); —— z/h =
—T.5; weeenes , z/h = =3.
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z/h (step at z/h = 0)
Figure 5.3. Coefficient of friction in entry section, target Cy = 4.8 x 1072,
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768 computational cells were selected for the z-direction. Based on the inlet wall
shear velocity u-0 = 4.9 x 10720y, where Uy is the mean inlet free stream velocity,
the grid spacing in the streamwise direction is Azt = 10 in wall units.

In the vertical direction, an expansion ratio of 1.20 was chosen which corre-
sponds to the domain height Ly/h = 6. A non-uniform mesh distribution was used
with fine grid spacing near the lower wall and at the location of the step (see Ap-
pendix A). The spacing at these two locations is Ay;i'lin ~ 0.3; and the maximum
grid spacing is at the no-stress wall (y = Ly), Ayf,, =~ 31; both are normalized by
the inlet shear velocity u-9. The total number of computational cells in the vertical
direction is 192, of which 70 are placed within the step (y < h).

In the spanwise direction, the size of the computational box is L;/h = 4 with
64 cells. This gives a spanwise grid spacing Az ~ 15 in wall units (normalized
by uro at the inlet). Kim et al.’s (1987) direct simulations of channel flow were
performed with Azt ~ 7. However, to improve the spanwise resolution in this
study, an increase in number of computational cells or a reduction in L, is required,
neither of which was feasible. As discussed below, even a dimension of 44 in the 2-
direction is inadequate to assure uncorrelated turbulent fluctuations at a separation
of L;/2. Thus, it would be highly desirable to increase the number of grid points
in the z-direction by at least a factor of 2.

The total number of grid points used in this study was 8,290,304.

5.2. Performance of Computer Program

The computer program was first run on the CRAY Y-MP, and later on the
CRAY C-90 at NASA Ames Research Center. On the CRAY C-90, approximately
450 time steps were taken in each 4-hour batch job. The velocity and pressure fields
were saved at the end of each batch job and used as the restart fields for the next run.
Although the CFL limit for the third-order Runge-Kutta scheme is v/3, CFL = 1.15
was selected for BL6. In the early batch runs, the time step, At, was allowed to
vary according to this CFL limit, and fluctuated around 0.002h/Up. In later runs
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when the flow has approached statistical equilibrium and instantaneous motions

were recorded for animation purposes, the time step was fixed at At = 0.0018h/Uj.

The program required approximately 13 mega-words of memory. Each time
step used 22 CPU seconds (CRAY C-90), about 10 seconds of which was devoted
to solving the Poisson equation. The efficiency rating of the program was approx-
imately 450 mega-flops on the CRAY C-90. The size of the velocity and pressure

fields saved at the conclusion of each batch job is approximately 364 mega-bytes.

5.3. Statistical Calculations

Statistical quantities are averaged over the spanwise direction and time. On a
staggered grid, the pressure is defined at the cell center whereas velocities are at the
cell surfaces. However, all variables are interpolated to the cell centers for statistical
calculations. Statistical data are sampled at equal time intervals, At, = 0.018h /Uy,
apart, or every 10 time steps.

The total simulation time for BL6 is tepqg = 382h/Up. The initial time, £, =
273h/Up, or approximately 11 “flow-through” times, was discarded to allow for
the passage of initial transients. The “flow-through” time here is defined as the
convection time through the post-expansion section of 20h at the mean convective
speed, U; = 0.8Up. The necessity of using a large initial transient period is due to the
large residence time of fluid particles in the recirculation zone. The statistical data
set accumulated over the remaining time, ATyye = tend —%s = 109k /Uy, was carefully
examined to determine the convergence of turbulence statistics. The convergence
is monitored by the relative magnitude of the Navier-Stokes equations residues and
the Reynolds-stress equations residues.

The residues are the unsteady terms of the mean Navier-Stokes and Reynolds-

stress equations, denoted respectively by e; and €t

1,1
u'u]

2

e’-='-—— 4 Cos =
73
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The budget of the mean normal momentum equation is shown in Figs. 5.4 where
a negligible residue is evident. The residue of the streamwise momentum equation
is also negligible. The budget of the normal momentum equation was found to be

most sensitive to the statistical sample used.

0'02 | i i 1 i
0.015 [ .
8 oot ~ -
2 0005 | T NPT R i
§ 0 R A—— JBhL T PR |
s
g -0005f i
g :
> 001k S .
-0.015 | / .
-0.02 v L L ! ! !
0 0.5 1 15 2 2.5 3
y/h
Figure 5.4. Vertical momentum budget at z/h = 18.0, ATae = 109 /Up.
convection term; ---- Reynolds stress term; —-— viscous term;
-------- pressure gradient term; o balance of terms, e,. Terms are normalized
by UZ/h.

Figure 5.5 shows the v'v’ budget at z/h = 18.0, eventhough a good balance of the
equation was achieved after AT,y = 109h/U, large scale fluctuations still persist
in three terms (turbulence transport, velocity pressure-gradient, and convection
terms). The fluctuations are observed only in the free shear layer region (y* > 50).
These fluctuations are seen in all budgets, but are most pronounced in the v'v’
budget near the domain exit (Fig. 5.5). One possible cause of these fluctuations

is the limited number of samples as the start time of statistical calculations was
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0.00075 . . y T .
0.0005
© 0.00025
a=)
=}
L
Q‘a 0
-0.00025 fii
-0.0005

Figure 5.5. Vertical Reynolds-stress budgets at z/h = 18.0, ATuye =
109h/Up. ——-  convection; production; ---- turbulence transport;
-------- viscous diffusion; —-— viscous dissipation; —-— velocity pressure-
gradient; o balance of terms, ey,. Terms are normalized by U§ /.

delayed to ts = 273h/Uy. However, the reduction in the magnitude of fluctuations
was proven to be very slow with increasing averaging time.

Both the residues of the equations and fluctuations decrease, albeit extremely
slowly, as more samples are added to the ensemble average, although the overall
shape of all terms do not change. It is not economical to further continue the
simulation beyond tenq = 382h/Uj. Thus, largely for aesthetic reasons and for use
in turbulence modeling, in plots of budgets presented in this chapter, a piecewise
least-square method using the Savitzky-Golay filter (Press et al., 1992) is applied
to data points away from the wall. Figures 5.6 and 5.7 compare several budgets
with and without curve fitting. The least-square fit is not applied to plots of first
and second-order statistics, nor to any budget terms near the wall (y* < 50) or
at streamwise locations before the step (z/h < 0.0). In subsequent sections, plots

using least-square fit will be so indicated.
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5.4. Jovic & Driver’s Experiment

The JD experiment configuration is briefly discussed below. The reader is re-
ferred to Jovic & Driver (1994) for a more detailed description.

A low-speed wind tunnel at the NASA Ames Research Center was used. A
double-expansion channel was used to produce symmetry in the mean flow, which
was simulated by the no-stress upper wall in BL6. The step height, &, was 9.65mm;
and the expansion ratio was 1.20. The aspect ratio of the tunnel was L,/h = 11,
where L, is the spanwise dimension. The boundary layer was tripped at the end of
the wind tunnel contraction to promote transition. The distance from the trip to
the step location was 381mm. The mean inlet free stream velocity, Up, is 7.65m/sec,
measured at a reference point upstream of the step. The fully developed turbulent
boundary layer thickness, § = égg, at the reference point was 11.60mm which gives
6/h = 1.20. The inlet free stream velocity and the step height corresponded to a
Reynolds number, Rey, of approximately 5000.

A set of constant-temperature anemometers in conjunction with X-wire probes
were used to perform turbulence measurements. The skin friction was directly

measured with a laser interferometer.

5.5. Energy Spectra and Two-Point Correlations

Figures 5.8-5.10 examine the one-dimensional energy spectra in the spanwise
direction at four streamwise locations: z/h = —2.5 (before the step), 5.0 (recircu-
lation region), 10.0 (reattachment region), and 18.0 (recovery region). Shown in
Fig. 5.8 are the spectra for locations near the walls. The distance from the wall in
wall coordinates are y* = 9 (y/h = 1.04) before the step, and y+ ~ 4 (y/h = 0.017)
behind the step. The shear velocities, ur, used in y* are based on local values.
There is sufficient energy drop at high wavenumbers for E,, and Ey,, to indicate
adequate grid resolution. However, E,, shows that higher spanwise resolution is
needed near the walls to resolve the small-scale structures at y*+ < 10. The spectra

are presented for points in the free shear layer (y/h = 1) in Fig. 5.9, and at the edge
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Figure 5.8. One-dimensional spanwise energy spectra near the walls.
- wu; ===  Eyy; —— Eyuy. (a.) .’l:/h = —2.5, y/h = 1.04; (b)
z/h = 5.0, y/h = 0.017; (c) z/h = 10.0, y/h = 0.017; (d) z/h = 18.0,
y/h = 0.017.
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z/h =10.0; (d) z/h = 18.0.
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of the boundary layer (y/h = 2) in Fig. 5.10. Both figures indicate the adequacy of
the spanwise resolution for all points away from the wall.

The two-point correlations at the same locations are illustrated in Figs. 5.11-
5.13, and at y/h = 2.50 in Fig. 5.14. Again, the lack of resolution to resolve
the small-scale structures near the wall is evident in R,, plots in Fig. 5.11. The
correlations drop off to zero at large separations for all points near the wall. This is
not true, however, as one moves away from the wall. In Fiig. 5.12, the correlations
remain at 10% at the largest separations for points in the free shear layer. The
increased correlation lengths in the free shear layer may be attributed to the presence
of the spanwise rollers. The correlations at L,/2 increase to approximately 20% at
y/h =2.03 (Fig. 5.13). It appears that a larger domain size may be desirable.

The correlation lengths for all three velocity components grow even larger as
one moves well into the free stream (y/h = 2.50) where the turbulent fluctuations
are expectedly negligible (Fig. 5.14). The increasingly large correlations seen from
y/h = 1.03 to y/h = 2.50 could be the effect of irrotational fluctuations (see Brad-
shaw, 1967). To verify whether or not the flow in this region is dominated by
irrotational fluctuations, the spanwise vorticity fluctuations, \/Lj_?_ , at four stream-
wise locations are calculated and plotted in Fig. 5.15. Note that the origin of the
y-axis in the leading section is at y/h = 1. At y/kh = 2.03, 1/w? at all z-locations
is about 6% to 8% of its maximum value. At y/h = 2.50, the level of fluctuation
drops to less than 0.5% of \/w:’zzmax. The turbulent free shear layer extends beyond
y/h = 2.0, especially near the exit; but at y/h = 2.50, the large correlations appear

to be due to irrotational fluctuations.
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wh /U,

Figure 5.15. Spanwise vorticity fluctuations, 4/ wZh/Uy. , ¢/h =

~2.5; ---- , z/h = 5.0; -+ , z/h =10.0; —— , z/h = 18.0.

5.6. Instantaneous Flow Field

Presented in this section are characteristics of the instantaneous flow fields, in-
cluding the reverse flow region, velocity contours, and the flow three-dimensionality.

Of particular interest is the oscillatory behavior of the flow behind the step.

5.6.1. Instantaneous Coefficient of Friction

Figure 5.16 shows instantaneous contours of the friction coefficient Cy at the
bottom wall. For clarity, only contours of negative C (reverse flow) are plotted.
The heavy lines are the zero-friction lines separating the forward and backward
moving flows near the wall. The instantaneous reattachment boundaries are a set
of contorted lines. The lines of separation divide the flow domain near the wall
into four general regions with alternating Cj signs: forward flow region (positive
Cy, z/h > 7.0); reverse flow region (negative Cy, 2.5 < z/h < 5.0); secondary
bubble (positive C, 0.05 < z/h < 1.0); and very close to the step, a weak second
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reverse flow region extending to only about 0.05k (approximately one grid cell).
These boundaries, of course, are not sharp. For example, the variation in the size
of the main reverse flow region is clearly seen if Fig. 5.16. In fact these separation
lines have a cyclical behavior which will be discussed in details in §5.6.3. There are
patches of positive Cy even in the reverse flow region which were also observed by
Friedrich & Arnal (1990) in their LES results. Pockets of locally high Cf values are
seen in both positive and negative regions with magnitudes up to several times the

mean values.

5.6.2. Instantaneous Velocity

The instantaneous contours of the velocity components in a typical z-y plane
are shown in Fig. 5.17. All velocities are normalized by the inlet free-stream veloc-
ity Up. The negative contours are plotted with dotted lines and positive contours
with solid lines. The streamwise velocity contours indicate a shear layer emanating
from the step corner and reaching the bottom wall near z/h = 8.0 (Fig. 5.17(a)).
In Fig. 5.17(b), strong upward flow patches are concentrated within the shear layer
inside the recirculation zone. The flow is mostly downward behind the reattach-
ment, but alternating positive and negative v contours are observed indicating the
presence of spanwise vortices; the motion of spanwise vortices will be presented
in §5.6.3. High gradients are seen in both velocity components in the shear layer.
Note that F'ig. 5.17 is only representative of one vertical plane, and although con-
tours of extreme values are omitted from the plots, numerical results indicate that
the magnitudes of each velocity components can reach values much higher than
shown in Fig. 5.17: |umax| = 1.3U), and |[vmax| = 0.8U). The maxima of v occur
near reattachment, where the downward moving fluid interacts with the wall. The
streamwise velocity also reaches its maximum value near reattachment but in the

free shear layer.

Figure 5.18 shows the instantaneous velocity fluctuations. Again, contours of

extreme values are omitted. At the instant shown, |u'|, [v'| and |w'| can reach as
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Figure 5.17. Instantaneous velocity contours.
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high as 0.4V, 0.6Up and 1.0Up, respectively, near reattachment. It appears that
the fluctuations in the backflow region are relatively small (the maximum value of
velocity fluctuations in this region is approximately 0.08Up). However, considering
that the maximum mean streamwise velocity in this region is only Uy ~ 0.180,
the fluctuations can reach 40% of Uy, eventhough the mean flow is laminar-like
near the wall (see §5.7.4.3). This is in accordance with Westphal et al’s (1984)
suggestion that the reverse flow is lamilar-like but with high unsteadiness imposed
by the turbulent shear layer.

The locations of the maximum velocities from Figs. 5.17 and 5.18 indicate, as
expected, that the most turbulent activities occur near reattachment. A spanwise
cut through the flow at z/h = 4.0 (before the reattachment location) in Fig. 5.19
illustrates the high three-dimensionality of the flow with several imbedded stream-
wise vortices. The flow is virtually quiet above y/h = 2.

To examine the structural recovery to a normal turbulent boundary layer after
reattachment, Fig. 5.20 presents the streamwise velocity fluctuation (u') contours
in an z-z plane at y* ~ 5 (normalization for y* here uses the shear velocity u, =
0.038Up at the exit). Near the exit, elongated, alternating positive and negative
contour lines begin to appear. However, the wall streaks, characteristics of an
attached turbulent boundary layer, are not yet present indicating that the flow has

not fully recovered after 20 step heights.
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5.6.3. Large Scale Temporal Oscillations

In Chapter 3, a limit cycle behavior of the backward-facing step flow is clearly
observed in 2-D simulations at high Reynolds numbers. The motion of vortices
shedding from the step and how their interaction with the wall induces the oscilla-
tory motion of the reattachment length were elucidated with the spanwise vorticity
contours (see §3.5). However, in similar plots for 3-D simulations, large scale vorti-
cal structures are obscured by the high intensity small scale structures. Figure 5.21
shows the instantaneous spanwise vorticity contours at a selected z-y plane. Similar
to features seen in 2-D simulations (§3.5), there is an apparent large scale roll-up of
the shear layer extending to the reattachment region. However, this large structure
is not one large vortex but is composed of many small counter-rotating vortices.
From their LES results, Friedrich & Arnal (1990) observed that the free-shear layer
has a vertical motion causing the reattachment location to oscillate. A low frequency
“flapping” motion of the flow was also reported by Eaton & Johnston (1980), and
periodic vortical motions were observed by Driver et al. (1983, 1987). In the cur-
rent simulation, such oscillatory behavior can not be seen clearly with successive

snapshots of the spanwise vorticity contours.

One indicator of the oscillatory behavior is the motion of the reattachment loca-
tion(s). Figure 5.22 displays the temporal movement of the reattachment locations
which has a saw-tooth shape. Here, an instantaneous reattachment location is the
location of zero Cf of the spanwise-averaged flow field. A likely scenario for the
saw-tooth shape of the X, vs. ¢ plot is as follows. The shear layer rolls up form-
ing a large-scale structure behind the step. As the large-scale structure grows, the
reattachment location travels downstream at a constant speed, indicated by the
linear positive slopes in Fig. 5.22. The large scale structure then collapses, causing
a sudden drop of the reattachment location. At instances when the collapse of the
large scale structure occurs, e.g., t & 282h/Uj or t = 300k/Uy, a single reattach-
ment “point” is not well defined; rather, small fragments of forward and reverse

flow regions are scattered between x/h ~ 5.0 and z/h ~ 7.5. This cycle repeats

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



THREE-DIMENSIONAL SIMULATION - RESULTS

Chapter §

4/%00°'1

. *SINOJUO0D
{smojuod y /0 T— -t "$IN0JU0d (*m) A3101310A asimureds snourjueisul *1Z°Q danSLg

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



THREE-DIMENSIONAL SIMULATION - RESULTS

Chapter 5
8 o7 T T T T T
S o
[ [} o o ?
<§° ?0 % gm gg ) ‘g
Q om
o, BEE g fal®
o(g ® o 5830& [¢] §o°<!bo °
&
Koo @0 § &¢ %8
s | B FR G , sSap 29
8 Sonf S8 ude PR
o o
X 6lo of o0& (,‘59 oé? oy 8:9 & ‘gc@ y
<:’8°°Q8>OOo o o @6‘) 8 O§
& P e:’oo & 3 0
& °
s @ o
B ¢ ° 8
5 &é i
1 1 { { f 1
280 300 320 340 360 380
tUs/h

Figure 5.22. Motion of the spanwise-averaged reattachment locations.

itself with 5h < X; < 7.5h. The sudden decrease in X, following a slow increase
was also speculated by Eaton & Johnston (1980), but their data did not show this
behavior.

The periodic behavior of the flow can be better elucidated by studying pres-
sure fluctuations; low pressure regions have been shown to correspond to the center
of turbulent vortices. The pressure fluctuations p’ as a function of time at a lo-
cation near the reattachment, z/h = 6.0 and y/h = 0.055 is shown in Fig. 5.23.
Again, presented here are the spanwise averaged p' values. There is a very good
correspondence between the p' minima and the preaks in Fig. 5.22. Similar os-
cillatory responses are also detected at other points in the flow field and in both
vertical and streamwise velocity components (data analysis using BL6 results was
provided by Mr. C. Pierce). The power density of the p’ signal in Fig. 5.23 is shown
in Fig. 5.24. The Strouhal number corresponding to the dominant frequency is
St = fh/Up = 0.06, corresponding to period T ~ 17h/Uj. As discussed in Chap-

ter 2, there is a characteristic period associated with the method of generating
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Figure 5.23. Spanwise-averaged pressure fluctuations at z/h = 6.0, y/h

0.055.
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Figure 5.24. Power spectra of spanwise-averaged pressure fluctuations at

z/h = 6.0, y/h = 0.055.
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inflow turbulence. Although the imposed random phases destroy the periodicity of
the inflow (§2.6.1), one must be certain that there is no correlation between the
inflow frequency and the oscillation frequency. Studies of the flow oscillation in 2-D
simulations, with and without inflow turbulence, have established the independence
between the two frequencies (see §3.5). Nevertheless, in BL6, the flow oscillation pe-
riod of 17h /U is several times larger than the inflow segment period (T = 6.4k /U,
Sty = 0.15) indicating that it is not an artifact of the inflow condition. Compared
to the 2-D oscillation, the BL6 oscillation period is approximately 30% longer. The
difference is possibly due to a much lower expansion ratio in BL6. However, since
only five periods are examined (Fig. 5.23), the averaged period, 17h/Up, should
be considered as an approximation; more samples are needed to determine the ex-
act frequency. In their experiment, Eaton & Johnston (1980) measured the energy
spectra of the streamwise velocity fluctuations (u') at several locations and reported
that the spectral peak occurs in the Strouhal number range 0.066 < fh/Up < 0.08.

The motion of large scale vortices can be traced by the contour plots of the
spanwise averaged pressure fluctuations in Fig. 5.25. Only the negative values are
plotted for clarity. An animation of the 3-D constant-p’' surfaces and calculations
of the average speed of vortices (analysis was provided by Mr. C. Pierce) indicate
that the vortices are generated at the step at approximately twice the frequency
calculated above. These vortices slow down and either dissipate or merge near the
reattachment region. The resulting large vortex has a higher convection speed after

the reattachment. Evidence of this change in speed is seen in Fig. 5.25.
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Figure 5.25. Spanwise averaged pressure fluctuations as a function of time;
negative contours. (a) ¢t = 299Ug/h; (b) t = 303Uy/k; (c) t = 306U /k; (d)
t = 31004/ h; (e) t = 314Up/h.
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5.7. Statistical Results

5.7.1. Reattachment Length

Several methods were used to determine the mean reattachment location, X,:
by (a) the location at which the mean velocity U = 0 at the first grid point away
from the wall, (b) the location of zero wall-shear stress (7w = 0), and (c) the location
of the mean dividing streamline (3 = 0). A pdf method was also used in which the
mean reattachment point is indicated by the location of 50% forward flow fraction.
The pdf method was also used experimentally by Westphal et al. (1984) and Adams
et al. (1984). The results of the first three methods are within 0.1% of each other,
and about 2% from the pdf result. The mean reattachment length is 6.28h. (The
reattachment length was reported in Le et al, 1993, as X, = 6.0h. However,
the total simulation time at the time of that publication was only ¢ ~ 204h/Up.)
The X, measurements in the JD experiment vary between 6.0k and 6.1h (Jovic &
Driver, 1994). Thus, there is a variation between 2 and 3% among all measured

and computed X,’s. Figure 5.26 shows the average streamlines of the mean flow.

e —
L 1 1 1 J
xh=0 5.0 100 15.0 20.0

Figure 5.26. Contours of mean stream function ; reattachment length
X; = 6.28h.

A large secondary bubble is evident in the step corner, extending to 1.76A in
the z-direction, and 0.8k in the y-direction. The secondary bubble size seems long
compared to measurements (& 0.9h) by Durst & Schmitt (1985). However their

studies were conducted at a much higher Reynolds number (Re; = 1.13 x 10%) and
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expansion ratio (ER = 2). It is unclear how these factors affect the secondary
recirculation region. Friedrich & Arnal (1990) reported that the instantaneous
secondary recirculation regions are three-dimensional bubbles, located in the corner.
In the current computations, the secondary recirculation extends across the entire
span as seen in Fig. 5.16. Not seen in Fig. 5.26 is a third corner vortex (Moffatt,
1964) of 0.042% in size.

Experimental studies have shown that the reattachment length is influenced by

several parameters:

(a) Expansion ratio, ER. The reattachment length was demonstrated by
Kuehn (1980) to increase as the expansion ratio increase. Durst &
Tropea (1981) compiled data from a number of experiments to show
that, although the increase in X, is almost linear at high expansion
ratio (1.5 < ER < 2.0), the most dramatic change is in the range
1.10 < ER < 1.30 where X, varies from 5k to Th. The X,’s from BL6
and the JD experiment are in this range. The effect of ER on the reat-
tachment length was also verified in the preliminary 3-D simulations
(see §4.2).

(b) Reynolds number, Re;. Durst & Tropea (1981) and Armaly et al.
(1983) demonstrated that X, is strongly dependent on the Reynolds
number at low Re;, values (Rep < 4500). But in the Reynolds number
range of the JD experiment (Rep, = 5000), and current simulation
(Rep = 5100), X, only increases slightly with Rej,. This is consistent
with the results from the preliminary 3-D simulations.

(c) Inlet turbulence intensities Vu? /Us. The inlet turbulence is expected
to influence the reattachment length (Eaton & Johnston,1981). Iso-
moto & Honami (1989) found that an increase in inlet turbulence in-
tensities causes a decrease in X,. However, results of all 3-D simula-
tions are inconclusive because the inlet turbulence intensity was not

one of the parameters varied in the parametric study in Chapter 4.
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(d) Inlet boundary layer thickness, §/h. Adams et al. (1984) studied the
variation of X; due to both the thickness of the inlet é and its state
(laminar or turbulent). For the same Reynolds number, they found
X, to increase with §/h in laminar state. When §/h increases at a
fixed Reynolds number, the flow undergoes a transition from laminar
to turbulent, and X, increases. However, once the boundary layer
becomes turbulent, the reattachment length decreases slightly as 6/h
increases. Again, although 3-D simulations have been performed with
different boundary layer thicknesses, there is insufficient computational

data to either support or negate Adams et al.’s (1984) results.

5.7.2. Coeflicient of Friction
The wall skin friction coefficient is normalized by the inlet velocity as follows:

Tw

Cp=—2.
T 3003

Figure 5.27 compares the mean friction coefficient from BL5 and BL6. The reat-
tachment location is indicated by the point Cy = 0. Increasing the resolution shifts
the Cy curve to the left, hence a lower reattachment length. The higher resolution
also increases the skin friction in the recovery region by 8%. The computed Cy
(BLS) is plotted against the JD data in Fig. 5.28. Excellent agreement is obtained
between computational and experimental results.

A striking departure from previous measurements is the large peak negative
skin friction in the recirculation region (&~ —3 x 10~3), seen in both computation
and JD experiment. As shown Fig. 5.29, where Cy of BL6 and JD experiment are
compared with data from previous experiments, the peak negative Cy is about 3
times larger than previously reported. It was established in the preliminary 3-D
simulations (Chapter 4) that this high negative Cf is not a result of computational
resolution, boundary or initial conditions; it is now confirmed by JD data to be a

real characteristic of the flow.
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Figure 5.27. Effect of grid resolution on skin friction coefficient. case

BL6 (768 x 192 x 64); ---- case BL5 (480 x 128 x 32).
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Figure 5.28. Comparison between BL6 and JD step-wall skin friction
coefficient. case BL6; o Jovic & Driver (1994).
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Figure 5.29. Comparison of BL6 and JD coefficient of friction with pre-
vious experiments. case BL6; e Jovic & Driver (1994); o Driver &
Seegmiller (1985); 2 Adams et al. (1984); o Westphal et al. (1984) (CASE
A).

Jovic & Driver (1995) also measured the skin friction in the reverse flow region
for a wide range of Reynolds numbers. Their results show that the recirculation
Cy decreases with increasing Reynolds number. This is shown in Fig. 5.30. The
peak negative Cy reaches a value of approximately —1.0 x 1073 at Rej ~ 20000
which is the Reynolds number range used in many experiments. Thus the large
negative skin friction in the current study and in the JD experiment is due to low
Reynolds number effects. The low Reynolds number not only decreases the absolute
value of the skin friction in the recirculation region, but also increases Cy in the
recovery region as seen in Fig. 5.29. This high Cy in the recovery region results in a
shift in the universal log-law of the near-wall velocity profiles which was previously
observed in the preliminary 3-D results (§4.2). The discussion of the near-wall
velocity profiles will be presented in §5.7.4.2.
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Figure 5.30. Peak negative Cy in recirculation region. 4 Westphal et al.
(1984) (CASE A); o Driver & Seegmiller (1985); o Jovic & Driver (1995);
o Jovic & Driver (1994); ¢ BLS.

5.7.3. Pressure Distribution

The mean static pressure distribution along the step wall is shown in Fig. 5.31.
Also included in this figure is the pressure distribution from the coarse-grid case
(BL5). The pressure coefficient Cj is defined as

P-P

ST
where Py is the reference pressure taken at 2.5k before the step. The shift in Cp
in the recirculation zone in Fig. 5.31(a) is related to the difference in reattachment
lengths, X,. Roshko & Lau (1965) and Westphal et al. (1984) suggested a renormal-
ized streamwise coordinate to account for the difference in X;: z* = (z — X;)/X,.
Figure 5.31(b) shows that the Cp curves become much closer in this normalized
coordinate. It is evident from these figures that the grid resolution has very lit-

tle effect on the pressure rise through the reattachment. The total pressure rise
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Figure 5.31. Step-wall pressure coefficient, DNS results. case BL6
(768 x 192 x 64); ---- case BL5 (480 x 128 x 32). (a) Cp as a function of
z/h; (b) Cp as a function of z* = (z — X,)/X.
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between the point of minimum pressure, Ppin, at * = —0.60 (z/h = 2.52) and
z* =0.59 (z/h = 10) is AP = 0.26pU¢.
The pressure coefficient is compared with results of several experiments in

Fig. 5.32. Al curves have nearly the same characteristic rise in pressure across

0-4 I | U I 1 i

_0.1 ! | | 1 ! |
-1 -0.5 0 0.5 1 1.5 2 25

z* = (z - X;)/Xr

Figure 5.32. Step-wall pressure coefficient as a function of z*. case
BL6; o Driver and Seegmiller (1985); o Kim et al. (1978) (STEP1); & West-
phal et al. (1984) (CASE A).

the recirculation zone, but diverge in the recovery region due to the differences in
expansion ratio. As expected, the higher expansion ratios lead to a higher exit Cp
(Driver & Seegmiller (1985) had the lowest expansion ratio of 1.125, and Westphal
et al. (1984) had the highest, 1.67).

Several authors have suggested rescaling of Cp to collapse the pressure data

from various geometries and inflow condition. Roshko and Lau (1965) used

~  Cp—Cymi
¢ = Zp~ pmin
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for incompressible flows. Another scaling, used by Kim et al. (1978), normalizes
the pressure rise with the ideal pressure rise:
C* - Cp - Cp,min
P Cppc~Cpmin’
where Cj pc is the ideal Borda-Carnot pressure recovery based only on the expan-

sion ratio:

2 1
CrBC = TR (1“ ﬁ) :

Plots of Cj, using these two scalings are shown in Fig. 5.33. The ) scaling collapses
the data well near the step (Fig. 5.33(a)); and the Cj scaling works only in the
recovery region (Fig. 5.33(b)). Neither method successfully collapses the data near
and beyond the reattachment region.

Adams et ol. (1984) examined the effect of various parameters on the pressure
coefficient and concluded that the only upstream condition having significant effects
on the pressure rise at reattachment is the boundary layer thickness §/h. They also
suggested that, if 6/h < 0.8, the Cp curve will reach a peak value after the rise
through the reattachment region, then decrease slightly in the recovery zone (e.g.
data from Kim et al., 1978); for larger 6/h, Cp will monotonically increase. However,
this behavior does not hold for the data from Driver & Seegmiller (1985); although
6/h = 1.5, their Cy curve has a peak at z* =~ 0.4 (Fig. 5.33(b)).

In Fig. 5.34, the pressure coefficient of BL6 is compared to JD data. Since the
JD experiment has a double expansion configuration (see §5.4), Cp values at both
bottom and top walls are included in Fig. 5.34, showing symmetry in their experi-
ment. The reference pressure Py is at z/h = —5.0 for both BL6 and the JD data.
The agreement between computational and experimental results is excellent in the
recirculation as well as reattachment regions. It should be noted that this agreement
is achieved without relying on any normalization of data suggested earlier.

The rms wall pressure fluctuations is shown in Fig. 5.35. The wall pressure
fluctuations peak near the reattachment location and decreases downstream, an

observation made by Farabee & Casarella (1988). The deficiency of the convective
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Figure 5.33. Normalized step-wall pressure coefficient as a function of
z*. case BL6; o Driver and Seegmxller (1985); o K1m et al. (1978);
min Cp—Cp min
A Westphal et al, (1984 (a) Cp = TC’;Z;,; (b) C* = B BC — Cp min
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Figure 5.34. Comparison between BL6 and JD experiment step-wall pres-
sure coefficient. case BL6; o Jovic & Driver (1994) bottom wall;

a Jovic & Driver (1994), top wall.
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Figure 5.35. Root-mean-square pressure fluctuation at bottom wall.
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outflow condition is evident in the behavior of \/1% near the exit. Figure 5.35
indicates that F within one step height from the exit is affected by the boundary
condition.

The streamwise evolution and the contour plots of both the mean pressure and
root-mean-square (rms) pressure fluctuations are shown in Figs. 5.36 through 5.39.
The reference pressure Py is at #/h = —5.0 and y/h = 1.0 for both Figs. 5.36 and
5.37. Note that in the free stream (y/h > 2.0), the flow has a favorable pressure
gradient up to z/k ~ 2.5. Similar to the LES results of Friedrich & Arnal (1990),

the rms fluctuations are highest in the free-shear layer near the step.
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Figure 5.36. Mean pressure profiles, (P — Py)/pUZ. (a) Recirculation and
reattachment regions; (b) recovery region.
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Figure 5.37. Contours of mean pressure, (P — Py)/pUg.
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Figure 5.38. Profiles of rms pressure fluctuations. (a) Recirculation and
reattachment regions; (b) recovery region.
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Figure 5.39. Contours of rms pressure fluctuations, \/Eﬁ/ pU.
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5.7.4. Velocity Field

This section presents several aspects of the mean velocity field. Quantities of
interest are the mean streamwise velocity profiles and integral parameters, the near-
wall behavior of the mean velocity profile behind the reattachment point, and the

mean velocity in the recirculation region.

5.7.4.1. Mean and Defect Velocity Profiles

Figure 5.40 presents the comparison between BL6 results and JD experiment
for the streamwise velocity profiles. The comparison is made at four representative
locations in recirculation, reattachment and recovery regions. Excellent agreement

between computational and experimental results is obtained at all locations.

U/Up

Figure 5.40. Comparison of mean streamwise velocity profiles, BL6 and
JD experiment. case BL6; o Jovic & Driver (1994).

The mean streamwise velocity profiles at z-stations throughout the domain
behind the step are shown in Fig. 5.41; and Fig. 5.42 presents the mean velocity
contours. In the recovery region, the velocity at z/h = 19.0 has an inflection
point indicating that an equilibrium boundary layer profile is not yet recovered.

Bradshaw & Wong (1972) observed profiles with an inflection point at 50 step
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0.0

U/Uq

Figure 5.41. Mean streamwise velocity profiles. (a) Recirculation and
reattachment regions; (b) recovery region.

07
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x/h=0 5.0 10.0 15.0 20.0
Figure 5.42. Mean streamwise velocity contours, -« negative; pos-

itive; heavy line indicates contours of U = 0.0.
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heights downstream from the step. Farabee & Casarella (1988) also found that
even at 72h downstream of reattachment, the pressure field was not fully recovered.

The approach to equilibrium in the recovery region can be seen in Fig. 5.43,
where U is plotted in the defect coordinates (Kays & Crawford, 1980) at three
locations, z/h = 10.0, 15.0, and 19.0. The velocity defect coordinates are defined

— w —
(L), a=- [ T,
Ur 83 0 Ur

with U, being the boundary layer edge velocity. In these coordinates, the outer-

as:

region similarity is attained independently of the streamwise locations if the bound-

ary layer is in equilibrium. It is clear in Fig. 5.43 that the profiles are approaching

| {
-
]
=
=) ]
[
2
}
|
20 ! ] I ] ! ]
0 0.05 0.1 0.15 0.2 0.25 0.3
y/63
Figure 5.43. Velocity profiles in defect coordinates. z/h = 10.0;
---- z/h=15.0; —— z/h = 19.0.

but do not reach self-similarity at the exit. This is also the characteristic of bound-
ary layer profiles in an adverse pressure gradient (APG) (see for example, Schraub

& Kline, 1965, Kline et al., 1967). The equilibrium condition may be determined
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by the Clauser shape factor G, defined as:

o= [ () (%)

The streamwise variation of the Clauser shape factor G is shown in Fig. 5.44.

Also shown is the shape factor H = §*/6. The Clauser shape factor is co at the

reattachment point because u, = 0, and decreases to &~ 10 near the domain exit.
In a study of APG flows having pressure gradient parameters similar to the exit

conditions here, Andersen et al. (1972) measured values near G =~ 7.1.

30 . . . . . , ,
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20 |- .
. 15} .

10 |-

----------

See
-~
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-

z/h
Figure 5.44. Shape factors. Clauser shape factor G: —— BLG; e Jovic
& Driver (1994). H: ---- BL6; o Jovic & Driver (1994).
Finally, the displacement and momentum thicknesses from both BL6 and the

JD experiment are plotted in Fig. 5.45. The agreements with the JD experiment

are very good.
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Figure 5.45. Displacement ant momentum thicknesses. §*: —— BLG;
e Jovic & Driver (1994). 6: ---- BL6; o Jovic & Driver (1994).

5.7.4.2. Wall-Shear Velocity and the Law of the Wall

Figure 5.46 shows the progression of the near wall velocity profiles in the recov-
ery region. The profiles are below the universal log-law even at 20k downstream
of the step. Previous experimental studies reported a recovery of the log-law pro-
file even as early as 6 step heights after the reattachment, e.g., Westphal et al.
(1984), Kim et al. (1978), and Adams et al. (1984). The preliminary 3-D simula-
tions (Chapter 4) indicated that, in the range considered, the grid resolution as well
as the upstream conditions have no effect on the recovery profiles. The excellent
agreement between the BL6 and JD profiles at z/h = 19.0, shown in Fig. 5.47,
confirms that the deviation from the universal log-law is a real behavior in this
flow. The apparent discrepancy between the present near-wall profiles and previous
experiments is attributed to the method of obtaining the wall-shear velocity ur.
In previous experiments, the wall-shear velocity was calculated using the Clauser

chart with the inherent assumption that the log-law of the zero-pressure gradient
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y+
Figure 5.46. Progression of mean streamwise velocity profiles in wall co-
ordinates.
25 T ) I |
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+
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Figure 5.47. Mean streamwise velocity profiles in wall coordinates at
g/h=19.0. -==- ut =y —— vt = ;l-logyt +5.0; computation
(case BL6); ® Jovic & Driver (1994).
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turbulent boundary layer is applicable. The result was lower values of u,, hence
higher u* values. The JD data in Fig. 5.47 were based on Cj directly measured
by a laser interferometer, and not relying on the Clauser chart. Direct Cy mea-
surements using a pulsed wall probe by Westphal et ol. (1984) confirm that the
correct shear velocity in this flow region is indeed higher than that predicted by the
Clauser chart. In the present configuration, this discrepancy is as high as 17%, i.e.,
U:/ur, = 1.17, where the subscript ¢ denotes the value obtained using the Clauser
chart. Westphal et al.’s (1984) velocity profiles with their directly measured u, are
plotted in Fig. 5.48. Their profiles did fall below the log-law at z/h = 12.0 and
16.0 but recovered at z/h = 20.0. A much higher Reynolds number in Westphal et
al’s (1984) experiment (Rej, = 4.2 x 10%) appears to accelerate the recovery of the

log-law.
25 T T T rA g
ju}
A 0.4
sy
20 |- & gRe®
_/'/. [ 5] «
/"n ?
15 = "’D"u A -
+ 20, 2
P~ ‘,.’l:l A
7o oA
10 ”: nd -
B
40
5 [~ 'l/ -
0 b——— - : : '
1071 10° 10! 102 103
y+

Figure 5.48. Mean streamwise velocity profiles in wall coordinates, West-
phal et al. (1984). ---- wt =y+; —— vt = ;llogyt +5.0; 4 z/h = 12.0;
o z/h=16.0; ¢ z/h=20.0.
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The deviation of the velocity profile from the log-law appears to be resulted from
the strong streamwise adverse pressure gradient (APG) which is experienced by the
flow following the sudden expansion. Although the effect of APG on a boundary
layer has been studied by many authors, the universal log-law was still considered
applicable because of the use of Clauser chart as mentioned above. A re-evaluation
of the applicability of the log-law in non-zero pressure gradient flows was recently
conducted by Nagano et al. (1991). They concluded that the mean velocity profile
does indeed shift downward from the standard log-law in an APG. Figure 5.49 shows
the velocity profile from Nagano et al.’s (1991) data at P+ = 2.5 x 1072, where P*
is a non-dimensional pressure gradient parameter defined as:

pPt= u—’;%g.
The same deviation from the log-law is observed in Fig. 5.49. Studies by Driver

- (1991) of flows with adverse pressure gradient also support this finding,
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° /./"
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Figure 5.49. Mean streamwise velocity profiles subject to an APG in wall

coordinates. ~--- ut = y*; —— ut = ;l-logyt +5.0; » Nagano et al.

(1991), P+ =2.5 x 10~2.
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Compared to the pressure gradient parameter P* in Nagano et al.’s (1991) data,
the APG in the recovery region of JD experiment and of the current simulation is
much less severe (Pt decreases from 1 x 1072 to 5 x 1073 in the range 10.0 < z/k <
19.0). On the other hand, Westphal et al.’s (1984) experiment, with a pressure
gradient similar to BL6, shows a quicker recovery to the log-law. It should be noted
that P+, which represents the ratio of the axial pressure force to wall shear force,
is inversely proportional to u2 or C;/ 2. As shown in §5.7.2, the calculated Cf is
high due to low Reynolds number effects; this contributes to the low Pt values in
the current simulation and JD experiment compared to Nagano et al.’s (1991) data.
Recall that the velocity profiles in Westphal et al.’s (1984) experiment approach the
log-law more quickly (Fig. 5.48) for a similar pressure gradient. Therefore, adverse
pressure gradient alone does not fully account for the departure from the log-law,
but the low Reynolds number also appears to have an effect on the rate of approach

to recovery.

5.7.4.3. Recirculation Region

In the recirculation, the law of the wall for attached flows does not hold. The
back flow appears to behave more like a laminar flow (Adams et al., 1984). Simpson
(1983) and Simpson et al. (1990) provided scaling parameters that collapsed the
velocity profiles in a separated flow. Simpson (1983) proposed three layers for these
profiles. The scaling distance is N, the distance from the wall to the maximum mean
negative velocity Uy. The three layers are (a) the inner layer, y/N < 0.02, where
viscous effects are important and u™ = y* holds; (b) the outer layer, y/N > 1,
which has a linear profile; and (c) the overlap layer, 0.02 < y/N < 1. The proposed

empirical relation for the overlap layer is:

U _4[¥ y
T = A [N log (N) ~ 1] 1, (5.1)
where the constant A was selected to be 0.3 based on Simpson et al.’s (1990) data.
Adams et al. (1984) applied this relation to their backward-facing step data but

Eq. (5.1) did not provide a good representation of their data. Figure 5.50 presents
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' Figure 5.50. Normalized recirculation mean velocity profiles, U/Ux vs
y/N. o z/h=2.0;0 z/h =3.0; 5 z/h =4.0;0 z/h = 5.0; Simpson’s
(1983) model, Eq. (5.1) with 4 = 0.3.

the velocity profiles at three locations in the recirculation, plotted in the coordinates
suggested by Simpson et al. (1990). Also plotted for comparison is the relation in
Eq. (5.1). Simpson’s (1983) correlation with A = 0.3 deviate from the computed
profiles by as much as 45% in the overlap layer (0.02 < y/N < 1). An adequate
collapse is seen for locations in the range 3 < z/h < 5. The similarity does not
hold as one moves closer to the zero-velocity points (reattachment, z/h = 6.28, and
secondary bubble, z/h = 1.74).

Adams et al. (1984) attempted to establish a skin friction law of the form
Cs = F(U,N). Assuming a universal profile does exist in the backflow region,
i.e., U/Uy = f(y/N), then one would obtain:

Cruy = ];22) : (5.2)

where Cf,y7,, is the friction coefficient normalized by {pU%, and Rey is the Reynolds
number based on Uy and N. In other words, Cyy, o Re&1 which is typical for
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laminar boundary layers. Data from the current simulation are shown in Fig. 5.51.
The data do not quite follow the —1 slope (& —0.92) but are much closer to the
laminar relation than shown by Adams et al. (1984). They speculated that the slope
would be —3 instead of —1 based on their data. However, with high uncertainty
level in the backflow C; measurements, and too few available data points, clear
conclusion could not be reached. The Cfy, correlation from the computational

results is

Cruy =~ 4.5Re3 2. (5.3)

It should be noted in Fig. 5.51 that this relation also holds even for locations in the

secondary vortex.
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Figure 5.51. Skin friction in recirculation region as a function of wall-layer
Reynolds number. o primary vortex; e secondary vortex; — Cfu, =

4.5Rey™2.
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5.7.4.4. Vertical Velocity Profiles

The profiles of mean vertical component of the velocity, V, and its contours
are plotted in Figs. 5.52 and 5.53, respectively. Inside the recirculation region,
positive V (flow away from the wall) occurs in the region z/k < 4.0. The maximum
positive V is approximately 0.04Up. The flow experiences the strongest downward
turn just upstream of reattachment (z/h = 5.0). The maximum (negative) mean
vertical velocity at this point is V = —0.073Uy. After z/h = 15.0, most of the
mean vertical motion has diminished. At z/h = 19.0, there is still a very slight
downward motion (Vpax = —2.8 X 10~3Up). As mentioned in §5.6.2, although the
mean vertical velocity is small, its instantaneous values can be up to 60% of inlet

free stream velocity Uy occurring at 0.5 < y/h < 0.9 and 2.5 < z/h < 5.0.

5.7.5. Turbulence Intensities and Reynolds Shear Stresses

The rms profiles of the longitudinal and vertical velocity fluctuations (\/u_TZ,
\/v_Tz), and the Reynolds shear stress component (u'v’) are compared with JD results
at four streamwise locations in Figs. 5.54 and 5.55. The agreement between BL6
and JD results are excellent for all Reynolds stress components. Just after the
reattachment zone, the near wall peak in the JD streamwise turbulence intensity
appears to develop earlier than BL6 (z/h = 10.0).

The streamwise evolutions and contours of all four Reynolds stress components,
m, \/vz'-f, \/ﬁ and u'v' are displayed in Figs. 5.56-5.63. All rms values are
normalized to the inlet free-stream velocity Up, and u'v' to Ug . For z/h < 1.5, the
rms profiles in all three directions show a sharp increase at the step (Figs. 5.56—
5.60). It will be shown later that, although these locations are very close to the
step, the sharp rises are not a manifestation of the singular point at the step corner.
Inside the recirculation region, the longitudinal turbulence intensity (\/‘u?2 rises
from zero at the wall to a first small peak at y/h = 0.1 (Fig. 5.56(a), z/h = 2.5).
The distance from the wall to the first intensity peak is roughly the same distance
N from the wall to the maximum reverse flow velocity Uy (see §5.7.4.3). The small
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Figure 5.52. Mean vertical velocity profiles. (a) Recirculation and reat-
tachment regions; (b) recovery region.
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Figure 5.53. Mean vertical velocity contours, - negative; posi-

tive; heavy lines indicate contours of V' = 0.0.
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0.0
Vo /U

Figure 5.54. Comparison of BL6 and JD turbulence intensity profiles.
—— BL6; e Jovic & Driver (1994). (a) Vu'2/Uy; (b) Vv'2/U,.
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Figure 5.55. Comparison of BL6 and JD Reynolds shear stress profiles.
—— BL6; e Jovic & Driver (1994).

peak near the wall, is dominated by the much larger peak in the free shear layer.
After reattachment, the near-wall Vu? peak re-emerges (Fig. 5.56(b)) at a distance
y/h = 0.06; but this peak now is that of a re-developing turbulent boundary layer.
Near the exit the near-wall peak grows to approximately 12% of the inlet free stream
velocity. The evolutions of \/v=’_5, \/ﬁ and /v’ are shown in Figs. 5.58, 5.60, and
5.62.

The maxima of all Reynolds stress components, at any streamwise location,
occur in the free shear layer. The location of \/ﬁmax starts at y/h = 1 near the
step, decreases to y/h = 0.7 at reattachment (z/h = 6), rises again to near y/h = 1.0
at z/h = 12.0 for the remaining recovery region (Figs. 5.56(b)). The locations of
the streamwise intensity maxima coincide with the centerline of the free shear layer
(the free shear layer centerline is the locus of the inflection points of the mean
streamwise velocity profiles, Fig. 5.41). For the longitudinal component, \/ﬁmax
reaches 0.18U) at about one step height before the reattachment, then diminishes
to approximately 0.10Up at the exit. For the other components of the Reynolds
stress tensor, the maximum values are: \/v—T"max = 0.120), \/zﬁmax = 0.14Uy, and

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapler § THREE-DIMENSIONAL SIMULATION - RESULTS
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Figure 5.56. Longitudinal turbulence intensity profiles (Vu'2/Up). (a)
Recirculation and reattachment regions; (b) recovery region.
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Figure 5.57. Longitudinal turbulence intensity contours (V u2/ Vo).
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Figure 5.58. Vertical turbulence intensity profiles (Vv2/Up). (a) Recir-
culation and reattachment regions; (b) recovery region.
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Figure 5.59. Vertical turbulence intensity contours (V ;E/ Uo).
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Figure 5.60. Spanwise turbulence intensity profiles (V' w'2/Up). (a) Recir-
culation and reattachment regions; (b) recovery region.
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Figure 5.61. Spanwise turbulence intensity contours (V w2 /Up).
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Figure 5.62. Reynolds shear stress profiles (~u'v'/U#). (a) Recirculation
and reattachment regions; (b) recovery region.

Figure 5.63. Reynolds shear stress contours (—uv'/U?).
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W' max & —0.011Ug; all occur in the free shear layer just before the reattachment,

z/h ~ 5.0 (Figs. 5.57, 5.59, 5.61 and 5.63).

The rise and fall in maximum values of all four Reynolds stress components with
streamwise distance are shown in Fig. 5.64. For clarity, the (—u'v')max values are
multiplied by 10. Note also that the near-wall peak of \/ﬁ is not presented here,
although it is actually larger than the values in the free shear layer for z/h > 15
(see Fig. 5.56). A comparison with \/ﬁmax from the coarse grid case (BL5, chain-
dot-dot line in Fig. 5.64) indicates that the magnitude of the peak of the streamwise

intensity remains about the same with grid refinement.
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Figure 5.64. Maxima of Reynolds stress components. Vu" max;

m=== VUmay; —— V' e ("W)ma.x X 10; —-— Vu'2pay, case
BLS.
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5.8. Momentum Budgets

The mean momentum equation for incompressible flow is

au; _ Ty oL .
Bt - (UiUk),li\_ (uiuk),li'l' 'R;Ui,kkj- (5-4)
ey (ID) II) (Iv)

The four terms in the right hand side of Eq. (5.4) are identified below.

(I) = Convection term,

(II) = Reynolds stress term,
(III) = Viscous term,

(IV) = Pressure gradient term.

As described in §5.3, the budgets were evaluated using 6070 samples over an
averaging time period AT,y ~ 109h/Up. This represents about 4.3 flow-through
times using a mean convective speed U, = 0.8U and a post-expansion length of
20h. Figures 5.65-5.69 present the streamwise and normal momentum budgets at
five representative locations in the streamwise direction: z/h = —2.0, 4.0, 7.0, 10.0
and 18.0. All quantities are normalized by UZ/h. As described in §5.3, a piecewise
least-square fit is applied to budgets at z/h = 4.0, 7.0, 10.0 and 18.0.

Before the step, there is a slight favorable pressure gradient in the region —3.0 <
z/h < 0.0. OP/8z ~ —2.1 x 10~3pU? at z/h = —2.0 as shown in Fig. 5.65(a). At
the wall, the decrease in pressure is balanced by the viscous term. In the outer
region, the viscous term is negligible, and the Reynolds shear stress is balanced by
the pressure gradient and convection terms. In the normal momentum equation the
pressure gradient and Reynolds stress terms are dominant.

In the backflow region, a severe adverse pressure gradient exists which is bal-
anced at the wall by the viscous term (Fig. 5.66(a)). Unlike the zero pressure
gradient boundary layer, both d(UU)/dz and 8(UV)/dy have significant contribu-
tions to the momentum balance. The streamwise pressure gradient is not uniform

in the y-direction; P/0z =~ 0.04pU¢/h at the wall and decreases to approximately

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5 THREE-DIMENSIONAL SIMULATION - RESULTS

0.017pU¢/h. The Reynolds stress term is made up mainly from du'v’/dy which
changes its sign at y/h =~ 0.6.

Beyond the reattachment, the streamwise pressure gradient is virtually uni-
form in y; the Reynolds stress term increases significantly very close to the wall
(Fig. 5.67(a)-5.68(a)). There is less downward flow downstream from the reat-
tachment, thus in a role reversal, O(UU)/0z becomes significantly larger then
O(UV')/0y. This trend continues throughout the recovery region.

The dominant terms in the V' momentum equation are the pressure gradient

and the Reynolds stress terms. The equation

is a reasonable approximation to the normal mean momentum equation. The con-
vection term attains a more significant role near and beyond the reattachment point.
It also changes sign from largely positive in the recirculation zone to negative in the

recovery region.
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Figure 5.65. Momentum budget at z/h = —2.0, normalized by UZ/h.
convection term; ---- Reynolds stress term; —-— viscous term;
-------- pressure gradient term. (a) U momentum equation; (b) ¥V momentum
equation.
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Figure 5.66. Momentum budget at z/h = 4.0, normalized by U2 /h (least-
square fit). —— convection term; ---- Reynolds stress term; —— viscous
term; --eeer pressure gradient term. (a) U momentum equation; (b) V
momentum equation.,
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Figure 5.67. Momentum budget at z/h = 7.0, normalized by U2 /h (least-
square fit). convection term; ---- Reynolds stress term; —-— viscous
term; - pressure gradient term. (a) U momentum equation; (b) V
momentum equation,
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Figure 5.68. Momentum budget at z/k = 10.0, normalized by UZ /1 (least-
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term; - pressure gradient term. (a) U momentum equation; (b) V

momentum equation.
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Figure 5.69. Momentum budget at z/h = 18.0, normalized by UZ/h (least-
square fit). convection term; ---- Reynolds stress term; —-— viscous
term; e pressure gradient term. (a) U momentum equation; (b) V
momentum equation.
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5.9. Reynolds Stress Budgets

5.9.1. Transport Equations and Averaging Method

Because momentum equations are numerically solved on a staggered grid, two
forms of the Reynolds stress transport equation are considered. The first is more
primitive and is a straight forward moment of the fluctuating momentum equation

defined at the appropriate velocity grid points.

WO -
e Y T A PR A A A A A
i B
2o () D 5 ().,
- ﬁguz’ku-lj’lik— u:-p:j — ugpfl (5.5)
5T,
The terms on the right hand side of Eq. (5.5) are identified as follows:
C’,-J- = Convection,
sj = Production,
I;; = Turbulence Transport,
D;; = Viscous Diffusion,
€;; = Viscous Dissipation,
IT,, = Velocity Pressure-Gradient.

1]

The relevant non-zero stresses are uju}, uhub, ujuy, and uwjul.
The continuity equations Upr = u}c’k = 0 can be applied to Eq. (5.5) to obtain

a more compact form:

au:u-,) 1,1 1,1 1,1 10,1
5 =: Ui (ui“j),,i;”iukUj,k - "jukUi:’i; (uiujuk)”j
Cij F; T
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2
+ 3 (405) ,, ~ o — ;= P 9

eij H,J

i

In Eq. (5.5), each term is computed at the node points corresponding to each
velocity component. For example, in the 6;’1—1171/ Ot equation, all terms are evaluated
at the East and West surfaces of the cells; similar procedure is applied at other
cell surfaces for the remaining components. Equation (5.5) requires 71 statistical
variables for every z-y location. On the other hand, all variables in Eq. (5.6) are
interpolated to the cell centers before statistics are computed; which reduces the
number of variables per z-y node to 24. The budget resulted from Eq. (5.5) is
more accurate because this is the primitive form employed in the computations.
Nevertheless, there is less that 5% difference between the results of Egs. (5.5) and
(5.6). Both data sets were sampled at equal time intervals of At, = 0.018h/U)
apart.

The sections below examine the budget for each Reynolds stress component
and the turbulent kinetic energy, ¢2/2 = i(uju} + ubul + ufu}). The budgets

were averaged over AT,ve = 109h/Up. In subsequent discussions, all terms in the

Reynolds stress transport equations are non-dimensionalized by U$/h for regions
away from the wall. Near the wall (y* < 25), the transport equations are non-
dimensionalized by u%/v, where u, is the local wall shear velocity, and v is the
kinematic viscosity. Least-square fit is applied only to budget terms away from the

wall (y* > 50) and for locations behind the step.
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5.9.2. Longitudinal Stress Budget

The streamwise Reynolds stress transport equation is

au’lull —_— U 1,0 2 ! IU ta, 0,1
5% K(uiuy) p — 20w Uk —(ululuk),k
Cn Py Iy,
+ i(u’ ul) o — 3-u’ ul . — 2ulp (5.7)
B~ gt ~ A
Dy, €11 Il

The u? budget for five representative locations along the streamwise direction
are shown in Figs. 5.70-5.74. At two step heights prior to separation, the budget
terms are qualitatively similar to those of Spalart (1988) and of turbulent channel
flow, Mansour et al. (1988). However, the viscous diffusion (D,;) and dissipation
(€17) here are about 40% higher near the wall. This is possibly due a mild favorable
pressure gradient in the region before the step. No significant differences in the
remaining terms are discernible compared to a zero pressure gradient boundary
layer.

Figures 5.71-5.73 show the longitudinal stress budgets in the free-shear layer
across the recirculation and reattachment regions. In the recirculation region, the
production, Pjj, reaches its maximum in the shear layer. As discussed in §5.7.5,
although both 4’2 and wv" have maxima at this location, only the term w'v'dU /8y
contributes significantly to P;;. Although ¢, peaks in the shear layer at the same
location as Py, it accounts for approximately 30% of the energy production. The
velocity pressure-gradient, II;;, is appreciably larger than dissipation.

The turbulence transport, T}, is made up of two triple products:

The streamwise variation of these triple correlations is shown in Fig. 5.75. Inside the
recirculation zone, du3/dz < du'*v'/By. Similar to observations by Chandrsuda

& Bradshaw (1981), u'2v’ is anti-symmetric in the shear layer. The turbulence
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transport term thus removes energy from the shear layer region (0.3 < y/h < 1.1)
and deposits it near the wall and in the high-speed side of the layer.

Figure 5.73(a) shows that all terms decay rapidly through the reattachment
region. But the transport (7};) and convection (C;) terms become relatively more
prominent. As expected, in the low-speed side of the layer, the convection term is
positive whereas it is negative in the high-speed side.

Very near the wall, turbulence production becomes negative in the recirculation
zone (Fig. 5.71(b)) because of the reverse flow below y ~ 25. The velocity pressure-
gradient term (II;; ) becomes positive for y* < 15. As the adverse pressure gradient
decreases after reattachment, the near wall II;; diminishes and the features of a
normal turbulent boundary layer re-emerge as seen in Fig. 5.73(b). However, the
viscous terms (D); and ¢;;) are still dominant; the viscous diffusion and dissipation
at the wall are about 3 times larger than the peak production. It should be noted
that, compared to the location inside the recirculation region, D;; and €;; at the
wall are virtually unchanged; but this is not obvious from Figs. 5.71(b) and 5.73(b)
because the terms are normalized using local u,’s.

In the recovery region, the near wall profiles are very much similar to those of
a standard turbulent boundary layer (Fig. 5.74(b)) although there remains some
discrepancy between the production peak and the wall viscous dissipation and dif-
fusion. Moreover, after reattachment, the turbulence transport becomes a very

significant term near the wall (Fig. 5.75).
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Figure 5.70. Longitudinal Reynolds-stress budget at z/h = —2.0. ——-
convection; production; -~-- turbulence transport; - viscous
diffusion; —— viscous dissipation; —-— velocity pressure-gradient. (a)

Away from the wall; (b) near the wall.
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Figure 5.71. Longitudinal Reynolds-stress budget at z/h = 4.0. ——-

convection;

production; ----

viscous

turbulence transport;

diffusion; —-— viscous dissipation; —-— velocity pressure-gradient. (a)
Away from the wall (least-square fit); (b) near the wall.
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Figure 5.72. Longitudinal Reynolds-stress budget at z/h = 7.0. ——-
convection; —— production; -~-- turbulence transport; - viscous
diffusion; —-— viscous dissipation; —-— velocity pressure-gradient. (a)

Away from the wall (least-square fit); (b) near the wall.
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Figure 5.73. Longitudinal Reynolds-stress budget at z/h = 10.0. ——-
convection; production; ---- turbulence transport; ------- viscous
diffusion; —— viscous dissipation; —-— velocity pressure-gradient. (a)

Away from the wall (least-square fit); (b) near the wall.
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Figure 5.74. Longitudinal Reynolds-stress budget at z/h = 18.0. ——-
convection; production; ---- turbulence transport; ------- viscous
diffusion; —-— viscous dissipation; —-— velocity pressure-gradient. (a)
Away from the wall (least-square fit); (b) near the wall,
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Figure 5.75. Triple products. (a) u'u'u/; (b) v'u'v’.
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5.9.3. Vertical Stress Budget

The budgets of the wall-normal stress component are shown in Figs. 5.76-5.80

according to the following transport equation:

au’2u12 [ 1,1 Poad oyl
ot Uk(“z“z),ﬁ = 2uyup Uz g -~ (upuhul)
Cap Py Iy,
1 [ 2 [ [ [
+ E(uzuz),kk ~ Tola, Uk ~ 2uap/,. (5.8)
e - 0 &e OO
D22 €22 H22

Before the separation (z/h = —2.0), the vertical stress budget terms are some-
what different than in the zero pressure gradient turbulent boundary layer (Spalart,
1988). The convection term (C,,) is negligible near the wall (Fig. 5.76), but becomes
dominant in the outer region of the boundary layer, absorbing most of the energy
transported by the turbulence transport term, T5,. Owing to the splatting effect,
the velocity pressure-gradient term becomes negative in the immediate vicinity of
the wall and is compensated by the turbulence transport term.

The qualitative features of the budget of v2 does not change significantly
through the recirculation and reattachment regions (Figs. 5.77 and 5.79) although
all terms decay in magnitudes. The turbulence transport term is one of the dom-
inant terms in the budget, transporting normal stress away from the region below
the shear layer to the near wall region and the high-speed side of the shear layer.
Similar to the streamwise component, the triple products that make up the turbu-
lence transport term Tj, are anti-symmetric in the shear layer. These are plotted in
Fig. 5.81. Note that the triple correlation v has about the same relative magnitude
as u'%' (Fig. 5.75).

Unlike the standard turbulent boundary layer, the vertical velocity gradient,
dV/dy, is very large in the vicinity of the reattachment. The production of v'2 thus

becomes significant below the step.
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Figure 5.76. Vertical Reynolds-stress budget at z/h = —2.0. == con-
vection; production; ---- turbulence transport; - viscous diffu-
sion; —-— viscous dissipation; —-— velocity pressure-gradient. (a) Away
from the wall; (b) near the wall.
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Figure 5.77. Vertical Reynolds-stress budget at z/h = 4.0. ~— convec-
tion; production; ~--~ turbulence transport; -+ viscous diffusion;
—— viscous dissipation; —-— velocity pressure-gradient. (a) Away from

the wall (least-square fit); (b) near the wall.
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Figure 5.78. Vertical Reynolds-stress budget at z/h = 7.0. ——- convec-
tion; production; ---- turbulence transport; ------- viscous diffusion;
—-— viscous dissipation; —-— velocity pressure-gradient. (a) Away from

the wall (least-square fit); (b) near the wall.
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Figure 5.79. Vertical Reynolds-stress budget at z/h = 10.0. ——-- convec-
tion; production; ---- turbulence transport; -------- viscous diffusion;

~-— viscous dissipation; —-— velocity pressure-gradient. (a) Away from
the wall (least-square fit); (b) near the wall.
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Figure 5.80. Vertical Reynolds-stress budget at z/h = 18.0. ——- convec-
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tion;
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Figure 5.81. Triple products. (a) u'v'v'; (b) v'v'v'.
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5.9.4. Spanwise Stress Budget

The budget of the spanwise component of the Reynolds-stress is given by

Fubu, 1 — 2
_;_t_s = — Up(uguy)  — (“3“3“2),); + E‘;("Q“Q),kk - I_{éua,kug,k — 2u3pl;. (5.9)
[N o o 7 e o - e

v

Cs3 T3 Dy, €33 JUER

The budgets for uhu} in the shear layer and near the wall are presented in

Figs. 5.82-5.86. Also plotted are profiles of the two triple products w'2u’ and w'2v’
in Fig. 5.87. It is apparent from Fig. 5.87 that more statistical samples are needed

for the convergence of w2y’ and w'2v'.

At z/h = —2.0, the w2 budget is very similar to that of a zero pressure gradient
boundary layer (Spalart, 1988). The flow acceleration, however, leads to a slight
increase in the turbulence convection, Cy;, at 0.2 < y/h < 0.4.

As in the budgets of u'2 and v'2, the triple products are anti-symmetric in
the recirculation region (Fig. 5.87); hence the turbulence transport removes energy
from the shear layer region and adds it to the near wall region and to the high-
speed side of the layer. Tj; remains small across the shear layer. The velocity
pressure-gradient term increases rapidly, reaching its peak in the shear layer where
it is mostly balanced by the viscous dissipation. Below y* = 5, however, all terms
except the turbulence convection are significant. Compared to the budget upstream
of the step, the near-wall peak of II3; is doubled. The two viscous terms, D3; and
€33, attain their maxima at the wall which are about four times that in a zero
pressure gradient boundary layer. Another departure from a standard turbulent
boundary layer is that the dissipation term monotonically decreases in the region
0 < y* < 20 and does not have a near wall peak at y*+ ~ 10.

Behind the reattachment, II;; and €43 decrease in relative magnitude in the
shear layer, but the transport and convection of turbulence remain about the same
as in the recirculation zone (Fig. 5.85). The terms now become significant near the
wall as the features of the turbulent boundary layer re-emerge. The same trend

continues into the recovery region (Fig. 5.86).
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Figure 5.82. Spanwise Reynolds-stress budget at z/h = —2.0. ——- con-
vection; ---- turbulence transport; ------- viscous diffusion; —— viscous
dissipation; —-— velocity pressure-gradient. (a) Away from the wall; (b)
near the wall.
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Figure 5.83. Spanwise Reynolds-stress budget at z/h = 4.0. ——- con-
vection; ~--- turbulence transport; - viscous diffusion; —-— viscous

dissipation; —-— velocity pressure-gradient. (a) Away from the wall (least-

square fit); (b) near the wall.
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Figure 5.84. Spanwise Reynolds-stress budget at z/h = 7.0. ——-
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square fit); (b) near the wall.
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Figure 5.85. Spanwise Reynolds-stress budget at z/h = 10.0. ——- con-
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Figure 5.86. Spanwise Reynolds-stress budget at z/h = 18.0. ——  con-
vection; ---~ turbulence transport; - viscous diffusion; —-— viscous

dissipation; —-— velocity pressure-gradient. (2) Away from the wall (least-
square fit); (b) near the wall.
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5.9.5. Reynolds Shear Stress Budget

The governing equation for the Reynolds shear stress is

Qz—‘alltilz =‘— Uk(u'lu’z),,i‘— ufuiUs — “'2“'2U1»3: () uhul, X
Co Py Ty,
+ o O) i~ s — BT, — W, (510)
Dy, e i

The budget of the Reynolds shear stress is dominated by the production and
velocity pressure-gradient terms in all streamwise locations. Unlike the zero pressure
gradient boundary layer, the convection of the shear stress (C},) is significant in
the outer region ((y — k)/h > 0.5).

In the recirculation region (Fig. 5.89), the production peaks in the shear layer.
The velocity pressure-gradient term also peaks in the shear layer, but only accounts
for about 75% of P,,. The turbulence transport is a significant dissipating term in
the shear layer (20% of P,,). Viscous dissipation amounts to only 5% of production.
Close to the wall, the production of u'v’ becomes positive due to the negative
gradient of the mean velocity U in the reverse flow, and it is balanced by Tj,.

As the flow progresses downstream through the reattachment and recovery
zones, the profile peaks shift from the shear layer to the wall region. The near-
wall distribution of the budget in these regions are similar to that of a standard
turbulent boundary layer (Figs. 5.91(b) and 5.92(b), y* < 20) except for much
higher levels of turbulence transport. At z/h = 18.0, the effects of the shear layer
are still much more present in the dynamics of the Reynolds shear stress than in

other components as seen in Fig. 5.92(a).
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Figure 5.88. Reynolds shear stress budget at z/h = —2.0. ——-  convec-
tion; production; --~- turbulence transport; -« viscous diffusion;
—-— viscous dissipation; —— velocity pressure-gradient. (a) Away from

the wall; (b) near the wall.
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Figure 5.89. Reynolds shear stress budget at z/h = 4.0. ——-  convec-
tion; production; --~- turbulence transport; - viscous diffusion;

—-— viscous dissipation; —-— velocity pressure-gradient. (a) Away from
the wall (least-square fit); (b) near the wall.
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Figure 5.90. Reynolds shear stress budget at z/h = 7.0. ——-  convec-
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5.9.6. Turbulent Kinetic Energy Budget

The turbulent kinetic energy budget is given by

d(4%/2 — - —
AUFE RN oy i PR o AN
C: P, T,
1l — =
——(ufu]) Kk~ oYL EYLE — WP (5.11)
2R " Re -
Dk € Hk

where, \

2= % (w2 + 97 +w2).

The budget for the turbulent kinetic energy is shown in Figs. 5.93-5.97. At
two step heights before the separation, the energy budget (Figs. 5.93) is similar to
that of a zero pressure gradient turbulent boundary layer (Spalart, 1988) although
there is an enhancement of the viscous terms near the wall (as in the longitudinal
turbulence intensity) and also higher levels of turbulence transport.

In the recirculation region, P, is mostly due to the production of the longitudinal
stress: P, &~ P;;. The turbulence transport term removes energy from the shear
layer region, 0.3 < y/h < 1.1, and delivers it to regions near the wall and away from
the shear layer.

The turbulent kinetic energy budget in the recirculation region is very similar to
that of a plane mixing layer (Bradshaw & Ferriss, 1965 and Roger & Moser, 1993).
This budget also agrees qualitatively with the measurements by Chandrsuda &
Bradshaw (1981) for a backward-facing step flow. Both production P, and viscous
dissipation €, have maximum values at the same point in the free-shear layer. The
peak ¢, is approximately 60% of the production peak. Thus, the commonly used
assumption leading to eddy viscosity parameterization, that production is balanced
with dissipation is not applicable in the recirculation region.

As one approaches the wall, production becomes a consuming term because of

the negative gradient of the mean reverse flow (Fig. 5.94(b)) although its magnitude

is relatively small. Very close to the wall, the two viscous terms, D, and €, ETOW
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rapidly due the high intensities in all three directions (their value at the wall is about
40% higher than the peak production in the shear layer). The velocity pressure-
gradient is very significant in the region y* < 10 where it balances the dissipation
and turbulence transport terms.

All terms decay with 2 except near the wall. Near the flow exit, y/h = 18,
the turbulent kinetic energy budget resembles that of a turbulent boundary layer.
However, the effects of the free-shear layer are still present, e.g., T} is still large
at y/h = 1. The relative magnitudes of the viscous terms near the wall are much

larger than in a zero pressure gradient boundary layer.
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Chapter 6
CONCLUSIONS

Direct numerical simulations of turbulent flows over a backward-facing step were
performed with the objective of developing a simulation method with turbulent in-
flow and outflow, and generating a comprehensive database for turbulence modeling.
The statistical results compare well with data from the concurrent experiment by
Jovic & Driver (1994). A large data base from this simulation has been archived. It
contains up to third-order statistics, and the budgets of the Reynolds stress tensor.
The main conclusions from this study are divided into two categories. The first
category describes the lessons learned from the successive steps in developing the

DNS method. In the second category, conclusions are drawn from the observed

characteristics of the flow.

6.1. Computational Method

Resolution

Both 2-D and 3-D simulations were performed. For the Reynolds number range
considered and with uniform grid spacing, the adequate mesh spacing in the stream-
wise direction in wall coordinates is Azt = 10 based on the inlet friction velocity.
In the vertical direction, fine mesh is needed at both the lower wall and at the step
with a minimum grid spacing of Ayt ~ 0.3. For the spanwise direction, although
it was shown that Azt ~ 15 is adequate for the first-order statistics, the spectra

and two-point correlations indicate a higher spanwise resolution is desirable.

No-Stress Boundary Condition

The no-stress boundary condition, which simulates the plane of symmetry in
the vertical direction, must be located sufficiently far from the turbulent region
which grows as the flow proceeds downstream. The minimum height at which the

no-stress boundary condition can be applied for the domain length considered in
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this study is 4h. That is, the expansion ratio should be less than 1.33 regardless of
the inlet boundary layer thickness.

Inflow Condition

The turbulent inflow condition was successfully applied using a modification
of the method by Lee et al. (1992). However application of random phases for
the Fourier coefficients of the velocity fluctuations leads to the loss of the imposed
statistical correlations of the fluctuations within a few step heights from the inlet.
Thus, a development section of approximately Th must be included in the domain

to allow the flow to regain its turbulence structures.

Outflow Condition

In both 2-D and 3-D simulations, the convective boundary condition successfully
convects vortical structures through the exit plane with minimal distortions. The
exit boundary condition does not appear to have adverse effects on the solution
in regions more than one step height away from the exit. In the formulation of
the convective boundary condition, a constant convection speed U, is used in all
simulations. An instantaneous convection velocity which varies in the exit y-z plane
and in time was also tested. Tests show that instabilities develop if U, < 0. For
variable U; > 0, there is no appreciable difference in statistical results compared to

simulations with constant U,.

6.2. Flow Characteristics

The results from the fine grid 3-D simulation at Re, = 5100 show excellent
agreements with concurrent experimental data by Jovic & Driver (1994). Good
agreement was obtained in comparison of pressure coefficient, skin friction coeffi-

cient, mean velocity profiles, turbulence intensities and Reynolds shear stress pro-

files.
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Skin Friction Coefficient

In the low Reynolds number range considered in this study, large negative
skin friction is observed in the recirculation region. The peak negative Cy is ap-
proximately 2.5 times larger than the value measured in experiments with higher
Reynolds numbers (Rep ~ 30000). Higher skin friction is also seen in the recovery
region. Additional experiments by Jovic & Driver (1995) with varying Reynolds
numbers confirm that the high skin friction is due to the low Reynolds number

effects.

Mean Velocity Profiles

In the recovery region, both DNS and experimental mean velocity profiles indi-
cate a shift downward from the universal log-law. The intercept C of the logarithmic
profile is about 2.54 compared to 5.0 of the universal log-law. The deviation from
the log-law is observed even at the domain exit (z/h = 20) although previous ex-
periments reported a recovery of the universal log-law as early as 6 step heights
downstream from the reattachment. The difference is due to the method of cal-
culating the wall shear velocity ur. Previous authors used the Clauser chart to
calculate u, which assumes that the universal log-law is applicable. Experiments
by Nagano et al. (1991) and Jovic & Driver (1994) show that u, in a boundary layer
under adverse pressure gradient is higher than that predicted by the Clauser chart
(17% higher in the current simulation). The Clauser shape factor G indicates that
the velocity profile has not reached equilibrium at £/h = 20 which is in part due
to low Reynolds number effects. Therefore, it can be concluded that the deviation
from the universal log-law in the recovery region is due to the combined effects of

the low Reynolds number and adverse pressure gradient.

Reattachment Length
The mean reattachment length X, is 6.2 step heights from the separation. This
agrees to within 3% of Jovic & Driver’s (1994) measurements. The preliminary

simulations confirm previous experimental findings that the reattachment length
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increases with an increase in Reynolds number or expansion ratio. However, at the

low Reynolds number range considered, the expansion ratio effect is dominant.

Oscillatory Behavior

In 2-D simulations, flows with steady inlet velocity profile at high Reynolds
numbers exhibit limit cycle behavior. The time history of the streamwise velocity
component shows an oscillation at a Strouhal number St = fh/Uy = 0.08, where
f is the frequency of oscillation. Imposing broad band fluctuations at the inlet
also induces an oscillatory response of the same frequency. Varying the Reynolds
number or inlet velocity profile has little effects on the oscillation frequency.

In the 3-D simulation, the spanwise averaged reattachment length shows quasi

periodic behavior with Strouhal number St = 0.06.

Reynolds Stress Budgets

The budgets of all components of the Reynolds stress tensor were computed.
The budgets were evaluated using 6070 samples over an averaging time period
Atave = 193k /Up. Up to third-order statistics are documented in a database allow-
ing evaluation of the budgets at all locations in the flow field.

In the recirculation region, the u'u’ budgets show that the production term is
balanced by dissipation and velocity pressure-gradient terms; all three terms peak
in the shear layer. Near the wall, however, the production and velocity pressure-
gradient terms change sign due to the reverse flow. The viscous diffusion and
dissipation become dominant at the wall, reaching approximately 3 times larger
than the peak production. The wall viscous diffusion and dissipation terms remain
larger than the production peak near the exit.

In the v'v' budgets, all terms except viscous diffusion are significant. Unlike
the standard turbulent boundary layer, the production is significant throughout
the recirculation and reattachment regions. Also in contrast to the standard tur-
bulent boundary layer near the wall, turbulence transport and viscous dissipation

are dominant.

182

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6 CONCLUSIONS

Similar to the streamwise and wall-normal components, the spanwise stress
budgets also exhibit peaks in velocity pressure-gradient and viscous dissipation in
the shear layer, but other terms are negligible. Below y* ~ 5, all terms except the
turbulence convection become significant. Unlike the standard turbulent boundary
layer, the viscous dissipation term decreases monotonically in the region 0 < y* <
20. Both viscous terms attain their maxima at the wall which are about four times
that in a zero pressure gradient boundary layer.

The shear stress production and velocity pressure-gradient terms are dominant
at all streamwise locations. In the recirculation region, these two terms peak in the
shear layer. The relative magnitude of the turbulence transport term remains high
in the recovery region.

The turbulent kinetic energy budget in the recirculation region is similar to
that of a turbulent mixing layer. In the shear layer, the peak energy production
and dissipation are near the step y/h ~ 1. The peak dissipation is approximately
60% of the turbulent production. The turbulence diffusion is a consuming term in
the range 0.3 < y/h < 1 but becomes a ‘producing’ term outside of this range. The
velocity pressure-gradient and viscous diffusion are negligible in the shear layer,
but both are significant in the near-wall region (y* ~ 4). Near the domain exit
(z/h = 20), the energy budget still shows a strong effect of the shear layer near
y/h =1, indicating that the flow has not fully recovered.
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Appendix A
Non-Uniform Vertical Grid Spacing

In the domain [0, Ly], the following coordinate transform maps a uniform grid
in § onto a non-uniform grid in y.

y=§,}-"%]a Osg’ySL.’h (Al)

where v determines the slope and £ the inflection point of the function. Equation
(A.1) is applicable if a grid compression is only needed at y = § = 0 and/or
y = § = Ly. In simulations of flows over a backward-facing step, fine grid spacing
is also desired at the step (y = k). The following derivation develops a smooth

transform function based on a set of parameters described below:

N Number of grid points in {0, Ly] including two end points,
Ay Uniform grid spacing in §: Aj = Ly/(N - 1),

Ay;  Grid spacing at j* node (non-uniform) in y,
N, Number of grid points to be included in the step, 0 <y < A,
] Value of §j at node j = Ng: n = (N; —1)Ay. Thus,y =h at §j=1.

Two hyperbolic tangent functions f; and f, are combined to transform a uniform

mesh in § to a non-uniform mesh in y:

v =f(9), 0<j<m,
w=F@), 1<§<Ly.
The following criteria are imposed on y; and y,:
@) y; = 0 at § = 0: lower boundary condition.

(i) Y1 = ¥y = h at § = n: continuity of function at y = h.
(i)  y, = Ly at § = Ly: upper boundary condition.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendiz A. Non-Uniform Vertical Grid Spacing

(iv) dy, /dj = dy,/dy at § = n: continuity of first derivative of function
at y = h.

The two functions f;(7) and f,(§) take the following forms:

tanhy, (¢ —ﬁ)] .
=K [1- 1251 0<§<nm, A2
Y1 161[ tanbyd, |’ <§<ny (A.2)

_ _ [, by (6 =9) -
weh+lo-n |- g2 @B gcgcn,. @y

Criterion (1) is naturally satisfied by the first function y;, and Eq. (A.3) also

satisfies criterion (ii) on y,. The remaining criteria are accommodated by adjusting

the parameters K, K,, £, &, and v;.

v, determines the slope of y; at § = 0, hence the degree of compression
at the bottom wall.
£, is the location of the inflection point of the function f;(%),

<& <.

LR

The grid spacing will be finest at § = 0 and § = 2¢,, and largest at
§ = &. If €, is selected to be %, the grid spacing is symmetric between
§ = 0 and § = 7 (corresponding to y; = 0 and y; = h). However,
the computational stability constraint is most restrictive near the step
(y = h) where the vertical velocity component v is largest. Thus to
ease this restriction, £; can be selected slightly larger than 7 so that
Ay;
hand, if §; is close to 7, the grid spacing near the step will be large.

is small near y = h but not as fine as at y = 0. On the other

K, is a scaling factor. This factor is necessary to satisfy criterion (ii) on

Yy, above. Applying (ii) to Eq. (A.2) gives

_ 7
K, = . [1 il ] . (A.4)

tanh 7, §;
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§,  is the inflection point of y, where Ay, will be largest. If a no-slip wall
is located at y = Ly, &, will be the midpoint between § =n and § = Ly
(symmetric function),

_Ly+n
62_ 2 ¢

If a no-stress wall is at y = Ly, then the inflection point is placed at

g = Lya
=Ly
K, is a scaling factor imposed to satisfy criterion (iii) on y,,
L,-h
Kg = y .
Ly—n

v,  determines the curvature of y, which is unknown and must be calcu-
lated based on criterion (iv). Taking derivatives of y; and y, gives:
ﬂ — Kimé&
dj  tanhv,§
dyy _ Ky, (65 —n) sech?

dj  tanhy, (& —n)
At § =17, Eqgs. (A.5) and (A.6) are equated to satisfied criterion (iv),

IA
IN

sech’y; (6, —9), 0<§<, (A.5)

Yo (2 —9), n < §< Ly (A.6)

yielding
K [27, (€, — n)] = Asinh [27, (& — )], (A7)
where
_ K& 2 _
A= tanhy,€, sech™; (& — 7). (A.8)

Let 6 = 27,(&, — 1), Eq. (A.7) becomes a function of 6:
g(6) = K,8 — Asinh 8 = 0. (A.9)

The root of Eq. (A.9) is calculated by Newton-Raphson’s method.

Listed below are several options for determining the type of grid compression

in the y-direction.
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Appendiz A. Non-Uniform Vertical Grid Spacing

(a) One double-sided tanh transform (symmetric), Eq. (A.1) with £ =
Ly/2: fine mesh at both y = 0 and L,. Application: plain channel
flows.

(b) One single-sided tanh transform, Eq. (A.1) with £ = L,: fine mesh at
y = 0 only. Application: flat-plate turbulent flows.

(c¢) Two double-sided tanh transforms, Eqs. (A.2) and (A.3): fine mesh at
y =0, h, and Ly. Application: flows over a backward-facing step with
a no-slip wall at y = L,,.

(d) One double-sided and one single-sided tanh transforms, Egs. (A.2) and
(A.3): fine mesh at y = 0 and h. Application: flows over a backward-

facing step with a no-stress wall at y = L.

Figure A.1 shows an example of the transform function and the resulting grid
spacing using option (d) above. Option (d) is applied in the 3-D backward facing
step simulation presented in Chapter 5, with the following selected parameters:

Ly/h =6.0, N =193, N, =171, n/h = 2.1875,
&/h =110, vy =220, €y/h = 6.0, v, = 0.7963.

This gives:
AYmin = 0.001165A at y =0,
Ay = 0.001177h at y = h,
AYmax = 0.124970R at y = Ly.
187
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Figure A.1. Mesh refinement at y = 0 (bottom wall) and y = & (step)
using hyperbolic tangent transform function.
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Appendix B
Numerical Discretization Of Equations

Presented in this Appendix is the discretization of all terms in the Navier-Stokes,
and Poisson equations for computations on a staggered grid. Inversion of tridiagonal

matrices are also presented.

B.1. Nodal Assignment

On a staggered grid, the cell centers, where the pressure points are defined, are
customarily denoted by integer subscripts [i,7, k], and the half-index shift (i & $,
J £ %, k£ }) denotes the velocity points at the cell surfaces. For programming
purposes, an [z, j, k] tetrahedron is defined on each cell where the velocities and
pressure are defined at the vertices: D;j ) at the cell center, U; ik Vigk and w; ;y at

the right, top and front surfaces, respectively. This is shown in Fig. B.1.

Vi gk
‘avNe;
A 5 B
1] Y wn
A Dk
D
Wi 5,k
/
e .
- Wl <,...)

Figure B.1. Nodal assignment for a 3-D staggered grid. x u locations;
o v locations; 4 w locations; o p location.

In each direction, the velocities and pressure do not have the same number of

node points. Figure B.2 shows the nodal distribution of u, v, w and p in the z- and
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Appendiz B. Numerical Discretization Of Equations

y-directions. The nodal distribution is the same for all variables in the z-direction
due to the periodic boundary condition. The nodal assignment in Fig. B.2 is based
on Nz, Ny and N,, the number of cells in the z-, y- and z-directions, respectively.

The extents of the domain in these three directions are Lz, Ly, and L,.

(a) Ny +1 getgrersg. Ny+2
E K Ny+1
Ny ©
8 x N,
R R
3 ©
8 x 3
2 e
oy 2
v nodes j=17;77/?72-%j=1 u, w and p nodes

v, w and p nodes

/ — e N e e &
(b) %
% X @& X ¥k ® X ® X =
/) v 7
i=1 2 3 N1 N, N1
u nodes

Figure B.2. Nodal distribution for velocities and pressure in the compu-
tational domain. (a) y-direction. (b) z-direction.

In all subsequent formulae, y; denotes the vertical distance at the v node of the

(2,7, k] tetrahedron.
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B.2. Momentum Equations

At substep ! of the Runge-Kutta scheme, the intermediate velocities @), §()

and %) are evaluated from equations below.

At 8 Atg; 8 Atfy &\ raay _ sa-1)\ _
(1_ "Re 6:1:2)(1— Re 67 ) \' " Re 527 (19 —19 )_

+ At(oy +B) L (5("1)) Atﬂ —o 5 —p(-1)
+ At [—7,N (19*('-1>) — (N (19*(’-2))} , (B.1)
where:
] indicates any of the three velocity components: ¥ = u in

the streamwise direction; J = v in the vertical direction;
Y = w in the spanwise direction;

6/6z, 6/by, 6/6z are finite difference operators;

L() is the linear viscous term;
N() is the non-linear convective term;
2lU) is the divergence at substep .

Using the nodal assignment shown in Fig. B.1, the z-, y- and z-momentum
equations will be evaluated at points B, C and D, respectively. If velocity values
are required at points where they are not defined, e.g., at the cell corners, the linear

interpolation of two adjacent points will be taken.

B.2.1. Viscous Terms

L(v)= Re | 622 t 52 §y? 7+ 622

1
= ReAz? [9i 1,5
E [Ag )’!91.’]'_1”: +B§ )19ixj’k +C]( )’lgiyj+lpk] + (B.2)

1
Tong? Piik-1 = 2igp +9i500] -

1 [6219 629 6219J

—20; ik +iy1u] +
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Equation (B.2) is evaluated at point B for ¥ = u, C for ¥ = v and D for ¥ = w.
Agg)’ BJ("’) , and C](-") are the coefficients derived for the second-derivatives §2/6y?
using central difference over a non-uniform grid.

For ¥ = u,w:

8
! ! (yj - yj—z)(yj+1 — Y1ty - yj—2)
8
B? — g _ _ ; B.3
! 7 (yj - yj_z)(yj+1 - yj—l) (B:3)
c® = c® = 2 .
! 7 (Y41 — yj-])(yj+1 — Y1ty — yj_z)
For ¥ = v:
2
! ! (yj - yj—])(yj+1 = Y-1)
2
B(ﬂ) = B(v) = — H B4
! ! (yj - yj-])(yj+1 - ?/j) (B4)
2
c? =) = i
7 ! Y41 = ¥)(¥jp1 = Yj-1)
B.2.2. Convective Terms
buu  buv  Suw
N(u)—'g'i'—s?'i'?la— (B.5)

1
1Az (it w5 = (i + wim,50)°] +

1 (¥ = Yj-0)¥i ek T Uian — Yi)%ik
IO — (Vig1,k T Vigk)—
Yj —Yj-1 Yjr1 — Y51
(yj—l - ?/j-z)“' ikt (Y —Yim)v ik
,J J J Hh)—4, (vi,j—l,k + vi+1,j—l,k) +
Yi—Yj—2
1

Az [(uy 5 g + U i) (Wign gk T Wi k) = (W gk + % k-1)(@ig1 je—1 + W55 5-1)] -

192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendiz B. Numerical Discretization Of Equations

Svu  Svv  bvw
N(”)——&';"l'b-—y'-i-—&z—c (B.6)

1 [ <(y,- ~ Ui i1k T Wi — YU jx

oAz ) (Vig15k + Vijp)—

Yj+1 7 Yj

(y; — y'—l)u'—l i+, T (v i+1 y')"'_l ik
( J J 1—1,7 3 — J J 1—1,2, (vi,j'k + vi—l,j,k) +
Yi+1 — Y1

1
2(yj+1 - yj_l)

1 (¥ = ¥5-1)0; sy + W1 — Y9)Wija
3Az

[(”i,j+1,k + ”i,j,k)z — (vijk+ Ui,j—1,k)2] +

(915641 + Vi)
yj+1 — yj—l ) i,J’ 'l])

(Y5 = Yj—1)w; jea -1+ Wign — Y055 51 (0 \
ik T Vi k1) | -
Yji+1 —Yj-1

bwu bwv  Sww

bx + by bz

N(w) = (B.7)

D

1
e [(wigngk + i)W gr + g5 0) = (Wi + Wiy 50 (o 1 + i1 0] +

1 (¥ = Y)W + Wi — U505
o =) — (Vi ks1 i 50—
Yi ~ ¥ Yj+1 ~ Y51
(Yim1 = Yj-2)wiin+ (5 — ¥j-0)wi 18
( J ) — J J L kD (vi,j—l,k -+ vi,j—l,k-l-l) +
Yj =Y
1

Az [(wi,j,k+1 + wi,j,k)2 - (wi,j,k + wi,j,k-1)2] .

B.2.3. Pressure Terms

ép 1
5|, =2s Pitiik ~Pigk) (B8)
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ép 2

6y C _y]+1 y]_l (p"'7+1'k - p’:]tk) * (B.Q)
6p 1
5z Az (Pijk+1 = Pigk) - (B.10)
B.3. Poisson Equation
L(e)= —D(a) (B.11)

where
L() 1is the discrete Laplace operator;
D®) s the divergence at substep 3.

The Poisson equation is evaluated at the cell center (point A, Fig. B.1).

B.3.1. Divergence

bu  bv  bw
bz by bz |,

1

—‘_yj . (vi,j,k - ”i,j—l,k) +

1
= (Wi = vic1gk) +
1 (B.12)
Az

( L5k = wi,j,k—l);

i=2...,No+1; j=2,...,N+1; k=2,...,N.+1.

B.3.2. Laplace Operator

6 62 6
L($)= 3¢+ 776+ 5¢
6z?7 " byt T 6227,
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1
=As? [bima,jk — 285 ik + biv1 k] +

(A0 + BP0 0+ CP 015004 ] +

1
N [6i k1= 205 ji + Bijt1] 5

(B.13)

i=2,..,No+1; j=2...,Ny+1; k=2...,N.+1

where A§-¢) , B§-¢) and CJ(-¢) are the discrete representation of 8%/dy? at node j:

A®) = 2 :
’ (yj - yj—l)(yj - yj—2)
2 1
BY) = _ 1 (B.14)
Yi = Yj-1 Y1~ Y- Y5 T Y2
2

(¢) —

(y; — yj—l)(yj+1 - yj—l) .
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Appendix C
Capacitance Matrix

The formulation of the capacitance matrix is presented in this Appendix. For

| each wave number, the capacitance matrix is a full matrix; and is also singular for
the zero wave number.

The basis for the capacitance matrix is Eq. (2.38) in §2.7.3.2 which is presented

below. .
19511)

— _A4D.
= gD, (C1)

A¢,(gn) — An,

where
A¢5H) is the difference in ¢ across the boundary I' at location £ in the
second pass of the Poisson solver (unknown);
25211) is the desired velocity to be applied in the second pass (unknown);

A¢21) is the error from the first pass.

A new variable, ngI)’ is now defined to absorb the constant At in to 15511): ngI) =
50 /At Thus,
II 1I I
AgY - AngpfD = —ngD; (C.2)

A¢§H) is the solution of the Poisson equation if ngI) ,=1,...,N,, are placed along
T’ and zero elsewhere in the domain. pgm, £=1,...,N, are thus the sources and
A¢2H) can be expressed in terms of ngI)_

If the Poisson equation is solved with a right-hand-side value p, = 1, a unit
source, placed at location # on T, and zero elsewhere, the resulting Ad, (€ =
1,...,N;) on T will be (see Fig. C.1)

[ Béie )
A

2,¢

Adge (C.3)

\Ady.o/
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Capacitance Mairiz

pp=1

A¢£/,£r

Ddgyo v

Figure C.1. Responses A¢, due to a unit source at location ¢ on I

Thus, A¢, p is a response vector at locations £ = 1,.

N

A"sN,,-,l’

%‘&\‘%

.,N; due to a unit source

placed at location . To extend this further, if a velocity of magnitude py, (In #1is

placed at £, the corresponding response vector will be:

(860 (B4 )
(IT)

A¢2 Ad, p
¢(11) B BN beu

\A‘ﬁ%)) s \A‘ﬁNc,zI)

oD,

(C.4)

Equation (C.4) is the responses due to only one p(ID) placed at location #, and zero

everywhere else. If all pgl) ¢ =1,...,

then be the superposition of all individual response vectors:

(& S0
A ¢gn)

A ¢(II)

\ A¢(II)

(A%J\

Agyy

Ady,

\ Ady,)

AVt

[ a4,
XY,

A

\A¢N¢,8)
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A+

(Amm}

A¢2,N¢

A¢£,N¢

\Ady, x./

N.), are present, the total responses will

I
A

(C.5)
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or

(Aﬁb(m\ [(Bdyy Dby ... Adyy, T.nh
A¢(H) Adyy  Dyy .. Adyy || AT
= : ; C.6
A¢(H) Dby, Dby, ... Dby, p(H) (€9
‘\ A¢Sslr? JJ ‘\ Ddy,1 Ady,2 .- A¢NC,N¢) \P(H)
A G r(m
From Eq. (C.6), Ag{), £=1,...,N,, is
agd = Z Ady, Py (C.7)
ll_
Substituting Eq. (C.7) into Eq. (C.2) gives
& 1) 11 1
> A¢e,zf/’§/ — Anpl) = —ng. (C.8)
=1
Equation (C.8) can be written in matrix form:
[G +d]rD) = ~A3D, (C.9)

where d is an N, x N, diagonal matrix with elements —Any, and r(I) is the unknown
vector p(H).

The N; x N, matrix C=G+d is called the capacitance matriz. Its elements are
unchanged with time. It should be noted that G may not be a symmetric matrix
if the grid spacing is non-uniform. Matrix G is computed by solving the Poisson
equation N; times; each time a unit value is assigned to py and zero at all other
locations in the flow field, and a column A¢y of G is calculated. Elements of C

depend only on the geometry and mesh spacing of the domain.
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