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Large Eddy Simulation of Rearward-Facing Step Flow
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FOA Defence Research Establishment, S-172 90 Stockholm, Sweden

In conventional large eddy simulation (LES) models, the filtered Navier-Stokes equations (NSE) are supple-
mented by subgrid-scale (SGS) models that emulate the energy transfer from large scales toward the subgrid
scales, where it will eventually be dissipated by molecular viscosity. An alternative approach involves solving the
unfiltered NSE using high-resolution monotone algorithms for which implicit SGS models are provided by the
intrinsic nonlinear high-frequency filters built into the convection discretization. This monotonically integrated
LES (MILES) model is to be distinguished from underresolved direct numerical simulation models relying on
other numerical methods (not necessarily monotonic) to represent the required damping, which will not necessar-
ily ensure the correct distribution of energy among the large scales. Results from LES and MILES of turbulent
rearward-facing step flows suggest that LES is independent of the details of the SGS model if it can adequately
channel kinetic energy out of eddies close to the cutoff wave number to prevent aliasing, provided that the resolution
is fine enough to ensure that the cutoff wave number is within the inertial subrange. Comparison with experimental
data indicates good agreement for global quantities and first- and second-order statistical moments of velocity.
Based on the simulations and the comparison with experimental data, the behavior of the flow in the free shear
layer and in the reattachment region is presented together with a discussion of flow separation and reattachment.

1. Introduction

EPARATION and reattachment take place in most high Rey-

nolds number internal and external flow systems, such as diffu-
sors, combustors, and flows around vehicles. In these situations, the
flow experiences an adverse pressure gradient, i.e., the pressure in-
creases in the flow direction causing the boundary layer to separate
from its confinement. The flow subsequently reattaches downstream
forming the recirculation region. In combustor applications, recir-
culation and turbulence due to separation help enhance mixing of
fuel and oxidizer, whereas separation in duct flows causes loss of
available energy. Thus, understanding flow separation and reattach-
ment phenomena is important. Among the geometries adopted in
studies of separated flows, the most common is the rearward-facing
step, due to the morphological and geometrical simplicity and the
computational benefits.

The simplest example of a rearward-facing step flow is given by a
uniform flow of velocity ug in a domain without the upper boundary
passing a step of infinite height. This configuration is very close to a
free shear layer with zero velocity on one side. Such a flow has, for
instance, been studied by Wygnanski and Fiedler,! who performed
an extensive experimental study of large-scale intermittency. By the
use of statistical tools, they demonstrated the existence of large-scale
fluctuations, which correspond to shedding of coherent vortices as
visualized by Brown and Roshko.? Moreover, in this configuration
Chandrsuda et al.? first proposed the possibility for helical pairing
in a shear layer. In a rearward-facing step of finite height A, with
an upstream velocity that corresponds to a developing boundary
layer, Kelvin—Helmbholtz-type vortices are shed in the shear layer
behind the step, which subsequently undergo various transforma-
tions ultimately leading to a new fully developed state.*~7 The flow
can be separated into the shear layer region including the curved
shear layer from the initial boundary layer at separation to the point
of reattachment xp and the relaxation region, from xg to the point
of full recovery. Before curvature effects become large, the growth
rates and velocity profile are similar to the half-jet,* but as the layer
evolves, curvature effects develop, and the mixing layer analogy no
longer applies. Also the recirculation length depends on the rates of
growth of the shear layer into the recirculation region. In the case of
a rearward-facing step with an upper boundary, the upper velocity
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varies with streamwise distance unlike the half-jet, and, more im-
portantly, the velocity in the recirculation region is not zero.

The Navier-Stokes equations® (NSE) give a coarse grained con-
tinuum description of the dynamics of a fluid satisfying Newton’s
equations of motion. Currently, direct numerical simulation (DNS),
in which all eddies down to the dissipation scales are properly sim-
ulated, is almost impossible due to the large computational effort
in resolving all scales of motion. Thus, the necessity for alterna-
tive, less computationally expensive but still accurate, methods is
apparent. In Reynolds averaged simulation’ (RAS), all degrees of
freedom smaller than the size of the largest energy containing ed-
dies (or wavelets) are averaged over to render equations for variables
representing the mean flow. The concept of large eddy simulation'©
(LES) lies between the extremes of DNS and RAS using modi-
fied NSE, in which eddies smaller than the typical grid spacing are
eliminated from the flow by low-pass filtering, whereas their ef-
fects on the resolvable motion is provided by subgrid-scale (SGS)
models.!' > LES and RAS are similar in that both use modified
NSE, the difference in practical terms being the definition of a
small scale that in LES is related to the grid spacing and in RAS is
related to the integral length scale. An alternative!® involves solv-
ing the NSE by high-resolution monotone methods in which non-
linear high-frequency filters are included, providing that implicit
SGS models, and thus explicit SGS models, can be dispensed with.

The purposes of this study are to 1) examine the predictive ca-
pabilities of LES for separated flow and study the physics of flow
separation and reattachment at moderate Reynolds numbers, 2) ex-
amine the alleged resiliency of LES models to the specifics of the
SGS model and the associated resolution requirements, and 3) gen-
erate a database of first- and second-order statistical moments of the
velocity for backward facing step flow at Re =16 x 10°, 22 x 103,
and 37 x 10 that can be used to examine fluid dynamic processes
and to calibrate conventional fluid dynamic models.

II. LES Model
The fluid dynamic model used is the incompressible NSE,? i.e.,
conservation of mass and balance of momentum of a linear viscous
fluid. In LES, the dependent variables are arranged into grid scale
(GS) and SGS components, i.e., f = f + f’, where f =G x f. The
kernel G is any function of x and the filter width A = A(x) endowed
with the properties

/G(A,x)d3x= 1, lim G(A,x) = §(x)
D A—0

Gx, A) € C"(RY)
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having compact support in a domain D. The LES equations fol-
fow from convolving the NSE with G using [d;, G*]f =0 and
[V,Gx]f =[(8G/3A) * flgrad A+ (Gnf)sp (n being the nor-
mal to 8 D). The lack of commutation results in additional terms in
the LES equations. Following Refs. 14 and 15,

divi =0 (1a)
8,() +divi ® 9) = —grad p + div(S§ — B) +f +6(»)  (Ib)

where v is the velocity, p the pressure, S =2vD the viscous stress
tensor, v the physical viscosity, D = % (grad v + grad v7) the rate-of-
strain tensor, B = (v ® v — ¥ ® ¥) the SGS stress tensor, f the specific
body force, and € the commutation error. By following Ref. 14, €
can be compared with div B, which suggests that € can be either
neglected or amalgamated into div B, which is to be modeled.

To complete the conventional LES model (1) and to provide
for interactions between GS and SGS components, closure mod-
els for B are required. The SGS stress tensor can be decomposed
as B=L+ C+R, where the Leonard term L=v®v — v @V rep-
resents interactions of resolvable eddies to produce subgrid tur-
bulence, the cross term C=v ® v' 4+ ® v represents interactions
between resolved and unresolved eddies and may transfer energy in
either direction but mainly toward the small-scale eddies, and the
Reynolds term R =y’ ® v’ represents interactions taking place be-
tween small-scale eddies as it produces the necessary energy trans-
fer from large to small scales. Mathematical analysis and physical
considerations'*~!7 suggest that B is a Grammian tensor, provided
that G = G(|x|, A),i.e., G € SU(3), whichimplies that B € Psym,
where Psym is the set of all positive definite symmetric tensors.
Also, B is frame indifferent and, therefore, an isotropic functioninits
arguments. The realizability conditions follow from the Grammian
features of B so that the necessary and sufficient conditions for
B Psymare $tr B> 0, 3[k* — (B||*] > 0, and det B > 0.

The most popular SGS models are based on a gradient hypothesis,
inwhichB = %kl — 2w D, where k and v, are the SGS kinetic energy
and eddy viscosity, which require additional modeling. Common
models include the Smagorinsky model,'?> (SMG) v, =cp A?||D|},
and a one-equation eddy-viscosity model'? (OEEVM), where £ is
obtained from a modeled balance equation,’® i.e.,

3,(k) + div(kp) = —B - D + div(vy grad k) + ¢

3
c.k?

v =, AVE, e=—, ¢, = 0.07, c. = 1.05

2

The model coefficients can be determined from the assumption of
isotropy and a |k|™3/? inertial subrange behavior, but this approach
is questionable in transient cases and in the wall proximity. This
provides the motivation for dynamic models where an attempt is
made to evaluate the model coefficients dynamically using a second
level of filtering'? with a filter width of 2A. Here we use SMG with
¢p =0.02 and with dynamic evaluation of cp along fluid-particle
trajectories, as suggested by Meneveau et al.?® In this Lagrangian
dynamic Smagorinsky model (DSMG) ¢p = %Z m/€am, the nomi-
nator £, » and the denominator €,y are obtained from the following
relaxation-transport equations:

O (Epy) +div(lpyy) = (1/T)(L - M — £1y)
0, (Cys) + div(lamy) = (1/TY(M - M — Lypp) 3

where L=yQ®v — v @y is the resolved Leonard stress tensor,
M = AX(|D||D — 4|D||D) is the Germano strain tensor, and 7 =
A(Lpyyy) ™'/ is the relaxation time controling the memory length
of the averaging. A Gaussian filter kernel have been used for the sec-
ond level of filtering.

The LES equations and the SGS model of choice are discretized
using an unstructured finite volume method so that DU 3D — Ty,
where 7 is a partition of D U 8D into subvolumes €2, of scale d
[usually of O(A)] having centroids at x » and face-area centroids at
X s, which satisfies Up (Qp) = DUD and Np(Rp) =D. By letting

1

fP:EV lede

represent the discrete approximation to the cell averages of f over
the P:th cell, the Gauss theorem can be used to obtain the semidis-
cretized LES equations. These are integrated in time by a multistep
method?! to give the discretized LES equations

D G-dA)]l, =0 (42)
f

et + Bl > 1(5-da)p — (S —B)da;+*
~ 8Vr 4 :

+ ﬂJ?,*"At} = —pi(grad p);, " " At (4b)

where o and B are parameters of the scheme and Ar is the
time step. Let f ?(f’; 1) be an approximation to the convective flux
fj? #) =[(v-dA)vV]sand f }’? (¥; i) be an approximation to the mixed
SGS and viscous flux ffD (M) =[(S—B)dAl;, where pu = u(P) re-
presents a set of points in the neighborhood of P. The functional
reconstruction of f‘;(i; u) and ffD (v; u) is executed using linear
interpolation across the cell faces f of Qp and centred difference
approximations of the gradients in f ? (v; u), which gives centered
second-order accurate representations of all fluxes. To decouple the
pressure—velocity system, Eq. (4b) is solved for i’}*”‘, the face in-
terpolate of which is used to derive the flux (7 - dA) ;. Eliminating
17'}*"‘ between Eq. (4a) and this expression for i’}“‘ results in the
discrete Poisson equation

; {(a7") [(erad py"*™ - dA] }

- 2| (Ex e

-1
+ (b;*"v;“)) ~dA] ] )
k=0 f

A segregated approach® is used to solve Eqgs. (4b) and (5) leading
to a Courant number restriction; a maximum Courant number of 0.2
gives satisfactory stability and temporal accuracy.

An important role in the vorticity dynamics of free shear flows is
played by the dynamics of slender tubelike regions of vorticity.*=2
When such regions are much thinner than the main flow scales, the
main features are contained in the strengths and positions of the cen-
terlines of such vortices. In such regimes we can expect that models
that will handle vortices in a manner similar to that of shocks will
provide a good computational framework.?5-2? Similar arguments
form the basis of monotone integrated LES'3:?® (MILES) in which
the NSE are solved using high-resolution monotone methods with
embedded nonlinear filters providing implicit closure models so that
explicit SGS models can be dispensed with. Hence, the discretized
MILES equations are

3

D lv-dA)y =0 (6a)
f

“ At
S Lot + LS N 6 day — AP+ B Al
= §Vp ~

= —pi(grad p), " At (6b)

The functional reconstruction of f‘;(v; w) is performed using a
flux-limiting method, which attempts to hybridize a high-order
convective flux function f 7 (v; w) that is well behaved in smooth
regions with a low-order dispersion-free convective flux func-
tion f’].(v; ) by using a nonlinear flux limiter I". More precisely,
S5 =f1; ) — (=D fHw; w) - f7; w), sothatifvis
smooth near vp then I should be near unity, although in the vicin-
ity of a discontinuity we require I to be near zero. In MILES the
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Table 1 Overview of simulations, grids, and global quantities
Case/run Re, x 104 SGS model Grid; resolution AR 38,,/0xy Srox1/h=1 Sroxi/h=6 E,x1/h=3
Al 1.5 OEEVM 87,104; 2A 6.8 025 0.20 0.07 0.13
A2 1.5 OEEVM 204,460;3A /2 6.6 0.26 0.19 0.07 0.10
Bi 22 OEEVM 366,750; 3A /2 7.1 0.27 023 0.06 0.11
B2 22 OEEVM 170,400; 2A 7.1 0.25 023 0.06 0.16
B3 22 SMG 170,400; 2A 7.2 0.24 022 0.07 0.17
B4 22 DSMG 170,400; 2A 7.1 027 0.24 0.07 0.17
B5 22 MILES 170,400; 2A 74 025 023 0.05 0.15
B6 22 OEEVM 1,152,600; A 7.0 0.28 0.23 0.06 0.06
Cl1 3.7 OEEVM 366,750; 2A 6.9 0.26 0.25 0.06 0.17
Exp,! 1.5 _— —_— 6.5 0.28 S — —_—
Exp.’! 22 e — 7.0 0.28 _ — -
Exp,3! 3.7 — — 6.8 0.28 _ — S

concept of flux corrected transport? is used, which attempts to in-
corporate as much as possible of the correction (or antidiffusion)
term [ f4 Fu)— fL (v; )] without violating the phys1cal prmc1-
ples of causality, posmv1ty, and monotonicity. Here, f (v; ) is
based on linear interpolation, whereas f fL (v; u) is based on first-
order upwinding. The flux limiter adopted here is

T=3[(1 - 8/2) sgn(® — ) + (9/¢) sgn ¥ — sgn(® — 1]

where # is the normalized variable corresponding to %lv]2 and the
parameter ¢ is assigned a value of 0.1. Note that if { > 0.5 the lim-
iter enforces a total variation diminishing conservative scheme. The
functional reconstruction of f ‘,). (v; ), the handling of the pressure—
velocity coupling, and the solution method are the same as for the
conventional LES model.

With the intent of comparing LES and MILES the modified equa-
tions, corresponding to Eqgs. (4b) and (6b), involving Taylor series
expansions of the discretized equations, can be used. For LES,

—grad p + div(§ — B) +f + 7, (¥)
+1.(7) + () + O(AL, |d]*)

&) +divb ®@¥) =
Q)

where ,(¥) = 1 A9} (¥) is the leading-order truncation error from
a Crank-Nicholson time integration and

T.(v) = div([G grad x (gradv)]sym)

is the leading-order truncation error from to the linear interpolation
used in the functional reconstruction of| f 7 [v; w(P)], whereas t,(v)
is of O(|d|?), the exact expression depending on the SGS model
applied. Similarly for the MILES model,

() +divy ®v) = —grad p +divS + f + 7,(v)

+divh @r+rQ@v+r@r + 1.(v) + 1,v) + OAL, |d|*)
)
where 7,(v), t.(v), and 7,(v) are similar to the leading-order
truncation errors of the conventional LES model and where
divv @ r+r®v+r®r)=divB=—(CL" + LC" + *Ld ® Ld),
with r=g(gradv)d, C=8(rQ®d), and B=(1—T)sgnv, is the
leading-order truncation error that may be interpreted as the im-
plicit or builtin SGS model. B may be decomposed into B =
—(CLT +LC") and B® = —B%Ld ® Ld of which the former is a
generalized eddy-viscosity model with C being a second-rank eddy-
viscosity tensor and the latter is of a form essentially similar to the
scale-similarity models. Borue and Orszag® recently studied some
statistical properties of the SGS stress tensor, the energy flux, and
the velocity gradients and concluded that a term of the form B® im-
proved the correlations between the exact and modeled SGS stress
tensor. This form also permits the eigenvectors of B to be different
from those of D, possibly alleviating some of the limitations of the
eddy-viscosity models.
1II. Description of the Rearward-Facing Step Flow
Problem and the Simulations
The problem under consideration is the rearward-facing step of
Pitz and Daily®' consisting of a channel followed by a smooth con-

Fig.1 Perspective view of the configuration,’!

with coordinate system
attached to the corner of the step at the centerplane; also an isosurface
of the instantaneous longitudinal velocity component, i.e., |, separating
backward and forward flow regions.

traction to one-half of its height continued by the step expansion into
the test section (Fig. 1). In this study three cases, characterized by
different inlet velocities ug and labeled by the step-height Reynolds
number Re = ugh/v, are examined using LES and MILES models
on different grids. Results from these simulations are compared with
experimental data®' and with RAS results. In particular, we show
results from the standard k—& model on two-dimensional versions
of a coarse LES grid using the same numerical methods as for LES.
RAS using more advanced turbulence models, such as nonlinear k—¢
models and differential stress models, have been carried out and will
be the subject of a future investigation. Four grids, with different
numbers of grid points, are used; they all share the same topology
and are concentrated to the shear layer region and near both channel
walls while geometrically stretched in other regions.

All simulations start from rest, and the unsteady flow char-
acteristics evolves naturally. At the inlet grad p-e; =0 and v=
i(xy)e; +u’, where i (x,) is the experimentally measured profile, e;
is a unit-vector in the x; direction, and u’ represents a random white
noise perturbation on the order of 4, 2, and 2% in the streamwise,
spanwise, and normal directions, respectively. Although the appli-
cation of white noise is a poor representation of turbulence, it has
proved adequate for this case, with the results found to be insensitive
to the level of the prescribed fluctuations. At the outlet boundary a
Dirichlet condition is used for p, whereas v is subjected to a zero
Neumann condition. In the spanwise direction, periodic conditions
are enforced, and for the upper and lower channel walls, no-slip
conditions for v and zero Neumann conditions for p are adopted.
Table 1 presents an overview of the simulations, the grids, and the
values of some key parameters such as the recirculation length A,
the mean vorticity thickness 8,, = (¥ — 3])/(39,/9x2)|max, Where
Y and v] are the velocities in the upper and lower streams, and the
Strouhal number Sr=fh/uy, at x;/h =1 and 6.

IV. Results: Statistical Comparisons

First- and second-order statistical moments of v are averaged over
the spanwise direction and time. Statistical data are sampled at each
time step, starting after the passage of initial transients, i.e., after
about three to seven flow-through times, depending on Reynolds
number, SGS model, and initial conditions. Simulations using dif-
ferent SGS models are started in sequence and have short initial tran-
sient passage times, whereas simulations at different Reynolds num-
bers, initiated from previous runs by rescaling the velocity according
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Fig.2 Instantaneous velocity and velocity fluctuation contours in the centerplane.
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Fig. 3 Streamwise mean velocity profiles (v); downstream of the step at Re=15 x 103, 22 x 103, and 37 x 10% at a) x1/h=2, b) x;/h =5, and

c)x1/h=17.

to the Reynolds number ratios, have longer initial transient pas-
sage times. The flow-through time is defined as the convection time
through the postexpansion region of 11.54 at an average convective
speed of 0.8u,. The necessity of long initial transient times is due to
the long residence time in the recirculation region. The final statisti-
cal data, collected over an additional 7.8, 7.3, and 7.4 flow-through
times depending on Reynolds number, were studied to determine
the convergence of turbulence statistics. The convergence is moni-
tored using the relative magnitude of the time-averaged LES equa-
tion residues. The statistical variables sampled comprise the mean
velocity (v), the Reynolds stress tensor T'= (v’ ®v’), and the rms-
velocity fluctuations vy,s = diag ./T, where v/ =v — (¥) is the ve-
locity fluctuation. In addition, p and v histories are sampled at 10
points in the centerplane.

Contours of ¥ and v’ components from run B1 are presented in
Fig. 2. The v, distribution in Fig. 2a shows a shear layer emerg-
ing from the step and reaching the lower wall at x; /A~ 7. The v,
distribution in Fig. 2b reveals vertical flow patches, concentrated to
within the shear layer and inside the recirculation bubble. The flow
is mostly downward downstream of the reattachment line, although
alternating positive and negative v, regions are found which indicate
spanwise Kelvin—Helmholtz vortices. High gradients are found in
all velocity components within the shear layer and near reattach-
ment. Maximum v, occurs in the free shear layer just downstream
of reattachment, and v, reaches its minimum value at reattachment,
where the downward fluid impinges on the lower wall. Figure 2¢
shows contours of v3, having peak values reaching as high as 0.5ug
near reattachment. Although it seems that maximum values of vf
are of O(0.1uy) in the recirculation region, the low streamwise ve-
locity causes the fluctuations to reach as high as 40% of v,. The
near-wall region appears laminarlike in the simulations as well as

in experiments,-3 which suggests that the reverse flow is lami-

narlike but with the unsteadiness imposed by the turbulent shear
layer.

The importance of spatial resolution has been investigated for
the Re =22 x 103 case, using the OEEVM model. For this purpose
three grids are chosen so that the ratios of the characteristic grid
spacings, A = (70h3/N3)'/3, where the nominator represents the
computational volume, are approximately 2A, 3A /2, and A for runs
B2, B1, and B6, respectively. Results from comparison of statistical
data (Figs. 3 and 4) signify that (1;), v, and v2 ; are reasonably
well predicted on the intermediate grid with only small errors on the
coarse grid. In particular we study the ratio of SGS kinetic energy
to resolvable energy, i.e., B = (k) /%(|i|2). Table 1 presents cross
sectionally averaged values of E at x;/k =3, which may serve as
illustrative examples of how the distribution of E changes with
spatial resolution. It is evident that &, and thus k, decreases with
increasing spatial resolution and that k carries about 6% of %(iz) for
the A grid and about 16% of %(V) for the 2A grid, which indicate
that the resolution is marginal for LES. However, recent studies by
Woodruff et al.>® suggests that LES may predict first- and second-
order statistical moments satisfactorily even at coarse grids provided
that the model parameters are properly adjusted. This supports the
findings in the present study concerning spatial resolution and grid
dependence. The grids used for cases A1, A2, and C1 are obtained
by conjecturing that the cutoff wave number falls within the inertial
subrange, so that the total number of grid points scale according to
N3 =0O(Re).

Figure 3 presents a compact comparison of (), between LES us-
ing OEEVM, SMG, and DSMG models, MILES, and experimental
data®' for cases A1, B1, B2, B3, B4, B5, and C1 (cf. Table 1). Com-
parison is made at three locations: two in the recirculation region
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Fig. 4 Streamwise (v},,,) and vertical (v3,,) rms-velocity fluctuations at Re =15 x 10, 22 x 10, and 37 X 10° at a) xy/h =2, v}, 5 b) x1/h =5, v}

Axih=T,v}  Dxrh=2,v}, ;e x1/h=5, v2 ;and D xi/h=7,v% .

x1/h < A/ h and one in the recovery region, i.e., between the closure
of the recirculation bubble and x, / & =~ 8, where the flow accelerates
despite the adverse pressure gradient it faces. Because all data are
nondimensionalized with 4 and ug, both measured and calculated
profiles are expected to collapse onto a single profile. For the low
Reynolds number, i.e., case A1, good agreement with measurement
data is found, although the maximum reverse velocity is slightly
underpredicted, i.e., 0.30u, as compared to the experimental value
of 0.33u,. Grid refinement (case A2), using a characteristic resolu-
tion of 3A/2 instead of 2A, gave a maximum reverse velocity of
0.31u. Eaton and Johnston* report reverse velocities of 0.25u, and
the higher value observed here and in the experiments may be due
to the low aspect ratio or the influence of the upper wall. For the
medium Reynolds number case (cases B1-B6) similar conclusions
can be drawn for the grids examined. The (v); component appears
grid independent, and the SGS models tested produced very similar
results; details of these simulations will be further discussed later.
The simulations slightly underpredict the maximum reverse veloc-
ity, between 0.30ug and 0.32u, as compared to the experimental
data of 0.33ug. A k—¢ simulation® was carried out for this Reynolds
number on a two-dimensional version of the 2A grid. The results are
overlaid in Fig. 3, and from this comparison it is evident that even
coarse grid LES outperforms the k—e model. For the high-Reynolds-
number case, i.e., case C1, similar observations can be made.

The reattachment location xz is determined from the location
of the mean dividing streamline and gives reattachment lengths A
according to Table 1. These are all in very good agreement with
the experimental values but somewhat overpredicted. From the av-
erage streamlines of the mean flow, a secondary recirculation re-
gion is found in the step corner, extending to between 1.2k and
1.0k in the x; direction depending on the Reynolds number and
to about 0.7h in the x, direction, which seems to agree quantita-
tively with experimental results® giving a value of 1/k =0.9 but
at Re=1.13 x 10°. From other studies, A is known to be sensi-
tive to the expansion ratio, Reynolds number, inlet turbulence, and
initial boundary-layer thickness, and here we find A almost con-
stantin 15 x 10> < Re < 37 x 10%, By changing the magnitude of the
perturbations at the inlet by 50%, we found no significant changes
in the flow topology, first- and second-order statistics, or in the reat-
tachment length.

In Fig. 4, profiles of v}, and v2 _ are presented for cases Al,
B1, B2, B3, B4, BS, and C1 together with the experimental data at
the locations used in Fig. 3. Regions of intense turbulence are con-
fined by the shear layer and spread as the layer widens downstream.
Near reattachment, the turbulence decreases, and the rms-profiles
begin to take on the characteristics of channel flow. The positions
of the maximum values initially coincide with the centerline but dip
toward the recirculation region and rise toward the centerline near
reattachment, which concurs with the measurements presented.*-3!
The peak values of v . and v2  increase at first, due to the forma-
tion of large coherent structures, to finally stabilize around 22 and
16% of ug, respectively, correlating well with measurement data.?!
From Fig. 4, we note that the distributions of v}, and v are in
good qualitative and quantitative agreement with the experimental
results, although the predicted profiles are not as smooth as could be
expected. This can be compensated for by sampling data for longer
periods of time. The general tendency is that the agreement between
predictions and experiments for v,s declines with distance from the
step and can be explained by the reduction of resolution in stream-
wise direction as the grid is stretched, thus filtering out larger and
more energetic structures. Hence, v, appear more sensitive to the
spatial resolution than ().

Large-scale temporal oscillations are observed from animating
the flow; even from the contour plots of Fig. 2 it is anticipated
that the free shear layer has a vertical motion causing the reattach-
ment location to oscillate. Temporal fast Fourier transform anal-
ysis has been applied to the time histories of the velocity com-
ponents sampled at some points along x3 =0 during an interval
of 50h/ug. The power density spectra of the fluctuating compo-
nent kinetic energies are shown in Fig. 5 as function of the nondi-
mensional frequency or the Strouhal number Sr= fh/v,. Spectra
are presented at two locations downstream of the step for run Bl
(Figs. 5a and 5b), for different Reynolds numbers (Fig. 5¢) and for
different SGS models (Fig. 5d). All spectra exhibit a well-defined
Sr~>/3 range over one decade. From Figs. 5a and 5b, the energy in the
smaller scales are found more evenly distributed among the velocity
components, indicating a trend toward isotropy. The distribution of
the energy in the larger scales is anisotropic, the v; component being
the most energetic. Figure Sc suggests that the dominating frequen-
cies are in 0.06 < Sr < 0.08, with Strouhal numbers corresponding
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Fig. 5 Energy spectra downstream of the step.

to Re =15 x 103, and higher to Re =37 x 103, which is further cor-
roborated by experiments.3!+33

V. Results: SGS Model Performance

In this section results from LES at Re = 22 x 10°, using OEEVM,
SMG, DSMG, and MILES will be examined. The simulations will
be referred to as runs B3, B2, B4, and BS5, respectively, according to
Table 1 and are performed on the 2A grid to enhance potential differ-
ences. Visual examination of the (), v1 ., and v2 _ fields (cf. Fig. 2)
give no advice to which LES model performs best because they give
almost identical predictions of the large-scale dynamics. The power

density spectra of the fluctuating component kinetic energies, 3 77,
all exhibit a well-defined Sr~5/> range over one decade, and the
peaks of the v;-component kinetic energies are in 0.07 < Sr < 0.08.
In addition, the mean reattachment lengths are all within 7% of the
experimental data (see Table 1).

Figures 3 and 4 present typical profiles of (¥);, v}, and v
and provide comparisons with the experimental data. All LES mod-
els give similar profiles, and the agreement between simulations
and experiments is very good. The mean streamwise velocity from
the OEEVM was already found independent of spatial resolution,
and hence, the other SGS models are expected to show the same
behavior. To examine this, LES on a grid similar to that of B6 were
performed for DSMG, SMG, and MILES, for which statistics were
compiled over a limited period of time, i.e., 25/ /uy. Results from
SMG and DSMG gave similar reattachment lengths, i.e., A =7.14,
whereas for MILES some improvements were found: A dropped
from 7.4h to 7.2k, which is close to the experimental value of 7.0A
but still higher than the results from OEEVM. For both rms fluc-
tuations, v} . and v, only insignificant differences between the
different SGS models can be observed; all LES models show good
qualitative and quantitative agreement with measurements, and it
is hard to distinguish between model predictions, giving support
to other studies®>?® and references therein that report resiliency of
first- and second-order statistical moments to the choice of SGS
model.

Probability density functions (PDFs) of the v; components from
B2-BS5 are shown in Fig. 6. The probability density g is defined by

1 -
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Fig.6 PDF of #; at locations downstream of the step for different SGS
models.
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and is constructed from the velocity histories sampled during the
last 50/ /uq time units in the points (x1/h, x2/ h) = (2, 0), (5, 0),
and (7, 0). Based on the skewness and flatness factors, i.e. the third-
and fourth-order statistical moments of the PDFs, the PDFs are clas-
sified. The PDFs are known to characterize the details of the flow (cf.
Ref. 35), and so we use the PDFs to characterize the LES models. At
x/ b =2 (Fig. 6a) all PDFs have a skewness close toOand a flatness
of around 3; at x,/ h =5 (Fig. 6b) the skewness is about —0.2 and
the flatness is around 3; and at x,/ h =7 (Fig. 6¢c) the skewness is
about 0.1 and the flatness is around 3. At x;/ k=2 the distribution
is Gaussian, at x,/ k=5 the distribution is negatively skewed with
tails on the low-velocity side, and at x, / & =7 the distribution is pos-
itively skewed with tails on the high-velocity side. When comparing
the predicted PDFs with measured PDFs, e.g., Refs. 31 and 35, the
qualitative agreement is obvious, which accentuates the general no-
tion that LES is suitable for unsteady separating flows and that the
flowfield obtained from LES is a direct consequence of the physical
processes described by the filtered NSE and only weakly affected
by the SGS flow physics. Comparing PDFs corroborates the con-
jecture that the results are only weakly affected by resolution. The
choice of SGS model is, however, observed to affect the shape of the
PDFs: the OEEVM results in PDFs biased toward the high-velocity
side, whereas MILES results in rather wide PDFs. Both observa-
tions may be related to the v, distribution representing the subgrid
energy transport and, thus, implicitly affecting all wave numbers
close to the cutoff wave number.

To gain further insight into the LES modeling, in Fig. 7 we
compare PDFs of the vorticity magnitude |w| for OEEVM, SMG,
DSMG, and MILES models with corresponding PDFs in 512° DNS
(Ref. 24) and 64> LES (Ref. 23) of homogeneous isotropic turbu-
lence. The vorticity, w = %curl ¥, is evaluated in subvolumes of the
size h x h x h centered around (x;, x,, x3) = (7h, h, 0). For the sub-
volume, |&| is scaled with its rms value ||, Which is based on
velocity data over the time interval of 94 /uo. A main difference be-
tween these data and data from homogeneous isotropic turbulence
relates to the behavior of the PDFs of |w| for small values because the
conditions of the subvolume involve mainly irrotational fluid; prob-
abilities of small values of |@}, for example |@| < 0.3, appear largest
when based on the backward-facing step data, whereas smaller prob-
abilities are found when based on analysis of the homogenous turbu-
lence data. For large values of |@], for example, |@| > 0.3, the PDFs
based on the backward-facing step and the homogeneous turbulence
have similar, monotonically decreasing trends, including the range
0.3 < |@| < 2.0, where the slopes of the PDFs appear independent
of Reynolds number and tends to coincide. Figure 7 shows similar
PDFs of |w| for all LES models, which also agree reasonably well
with the PDF of the homogeneous turbulence; thus, LES appears
largely unaffected by the specifics of the SGS models. Moreover,
most of the flow is occupied by a relatively weak vorticity with
intense vorticity regions, which correspond to vortical structures
intermittently passing any position in the flow and representing a
small fraction of the volume.

—4 w
10 T MILES,B5 atiit o o
---  OEEVM,B1 0
——— SMG,B3 mon
------ OEEVM B2
. DSMG, B4
° LES@64° s
°
" DNS @256 |(D|
10 L
0 1 2 3 4 5 6

Fig.7 PDF of the vorticity magnitude || in subvolumes of size h> cen-
tered around (x1, x2) = (7h, h) for OEEVM, SMG, DSMG, and MILES
with corresponding PDFs from 5123 DNS (Ref. 24) at Rer = 168 and 64°
LES (Ref. 23) at Rey = 305.

VI. Results: Flow Separation and Reattachment

Figure 2 indicates that the shear layer broadens downstream and
finally impinges on the lower wall at x,/ & ~ 7. It is inclined toward
the x, axis upstream of the reattachment line and separates the sep-
aration bubble from the inflow, which quickly loses its attributes
(Fig. 1). Before curvature effects become large, the growth rate and
velocity profiles are similar to the half-jet,* but due to the upper wall,
a characteristic of this case, v, varies with x, and ¢. As the shear
layer continues to grow, curvature effects become large, and the
analogy to a mixing layer no longer applies. As already observed,
U, shows high values in the shear layer and is rapidly attenuated
close to reattachment (Fig. 2b). This is primarily due to the im-
permeability condition at the lower wall, which effectively distorts
the large eddies by a mainly inviscid mechanism. The maximum
values of the velocity gradients L = grad v occur in the shear layer,
which experiences the most intense strain ||D|| and vortex stretching
w - L&. Contours of vy in Fig. 2¢ show structures inclined toward
the x, axis in the shear layer, but become distorted and tilted in the
reattachment region. Note that the contours of v; correspond to the
contours of the actual spanwise velocity because there is no mean
flow in the x; direction. In contrast to v, here v, and v} are orga-
nized in smaller structures within the reattachment region. Also, the
shear layer fluctuates up and down with a well-defined frequency,
characterized by the Strouhal number, to splash fluid toward the
lower wall near the mean reattachment line.

Figure 8 presents isocontours of @; and @, at the centerplane
and at a typical x,—x; plane for runs A2, B1, B2, and C1. The shear
layer separating from the step rolls up into coherent @; vortices due
to the shear layer instability. The @3 vortices have a typical radius
of O(h) but are in turn made up of several w; vortices having a
typicall radius down to O(A), i.e., the lower limit is determined by
grid resolution. The @s vortices undergo helical pairing as they are
advected downstream to endure vortex stretching effects due to the
three dimensionality of the flow. Once the w; vortices have com-
pleted their initial rollup, a secondary instability causes the forma-
tion of coherent @, vortices. These counterrotating vortices usually
form in the braid region between adjacent w; vortices and are highly
coherent rodlike structures, as evident from Figs. 8e—8h. The sec-
ondary instability effects appear similar to results obtained by DNS
of temporal mixing layers at low Reynolds number (cf. Ref. 36).
Farther downstream, vortex stretching breaks down the coherent w;
vortices whereas the @, vortices maintain their coherence and their
structure, all the way to the exit of the computational domain. Thus,
a key feature of this flow is a transformation of a vorticity distribu-
tion initially dominated by Kelvin-Helmholtz, or ws, vortices into
a distribution dominated by ¢, vortices, and it is then important to
examine this transition.

Visualizations of @ by means of isosurfaces of w; or |w], as in
Fig. 9a, is difficult due to the complexity of the vorticity. Alter-
natively, low-pressure regions may be used because they almost
coincide with the centers of the vortices, but more recently other
methods, such as the discriminant method®” and the Q criterion™
have been proposed as more appropriate measures of vortical flow
regions. For the purpose of examining the transformation from ;
to @, in a backward-facing step flow, the @ criterion, in which re-
gions of |@| with |©|? > ||D||* define the regions where rotation is
predominant, is considered more appropriate. By following Hunt
et al.,*® let the scalar Q = 1(Jw|* — |D||*) be an appropriate mea-
sure, then Q > 0 represents the regions where rotation is predom-
inant, i.e., the vortex cores. Visualizations of |w| when filtered by
the Q-criterion are presented in Figs. 9b and 9c for runs A2 and B1,
respectively. Thus, independent of Reynolds number, the backward-
facing step flow transforms spanwise vortical structures into stream-
wise vortical structures. In the first 24 downstream of the step, the
flow consists predominantly of spanwise vortical structures, which
are gradually transformed during the next 4.5k into streamwise
vortical structures that characterize the flow in the remaining
part of the computational domain. Based on visualizations of the
Q-criterion (Figs. 9b and 9¢) a possible scenario for the vortex dyn-
amics in a rearward-facing step flow can be that quasi-two-
dimensional Kelvin-Helmholz vortices are shed of the step. Be-
tween 2k and 4k these undergo helical-pairing interactions and,
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Fig. 8 Instantaneous spanwise &3 and streamwise vorticity «; contours normalized with the step height and inflow velocity in typical x;-x; and
x3-x3 planes: a) d3 run A2, b) &3 run Bl, ¢) &3 run B2, d) &3 run C1, e) &; run A2, f) & run B1, g) & run B2, and h) &; run C1.
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hence, a mixed pattern of §2 and big A vortices are formed, which
impinge on the wall and are either carried away downstream and
transformed into archlike structures or become trapped in the recir-
culation bubble.

By comparing instantaneous vorticity distributions between runs
B2,_ B1 (Fig. 8), and B6, using the OEEVM, some additional but
anticipated effects of spatial resolution become evident. Although
both first- and second-order statistical moments of ¥ are reasonably
well reproduced on all three grids, having a characteristic cell size of
2A,3A/2,and A, respectively, the vorticity dynamics appears only

Fig. 9 Perspective view of the flow from the side showing a) isosurface of @] = %uolh from run B1, b) isosurface of |&| = %uo/h filtered by the Q

criterion for run A2, and c) isosurface of |@| = %uolh filtered by the Q criterion for run B1.

resolved down to scales of O(4A), O(9A /4), and O2A), respec-
tively. This implies that the small-scale vorticity dynamics appears
of secondary importance to the mean flow as long as the SGS model
can adequately deplete kinetic energy out of the wavelengths close
to the cutoff wavelength X, to prevent aliasing. However, as can
be observed from Figs. 3 and 4, the statistics, and in particular the
second-order statistics, agree increasingly less favorably with mea-
surements for decreasing resolution. Thus, it can be expected that
on even coarser grids the results will deteriorate. For this case W€
presume that the upper resolution limit is O(2A), due to Reynolds
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number and geometrical reasons, i.c., the step height must be ad-
equately resolved. The requirements on the SGS model are more
rigorous for coarse grid simulations because the SGS models must
be able to correctly emulate even more flow physics. In fact, in
the present investigation, runs B2-B5 may be referred to as very
LES*3 due to the coarse resolution, and hence, it may be ar-
gued that the use of more sophisticated SGS models may improve
predictions.

VII. Summary and Concluding Remarks

LES and MILES models have been used to examine rearward-
facing step flow at Reynolds numbers ranging from Re = 15 x 10°
1o 37 x 10%. Three SGS models have been used to close the LES
equations and to parameterize effects of the unresolved flow on the
resolved flow. Different grids were used to examine the effects of
resolution on the first- and second-order statistical moments of v.
For comparison two-dimensional transient simulations using similar
grids were performed with conventional RAS models using the well-
known k—¢ model.

Comparison of first- and second-order statistical moments of »
for various LES and MILES models with experimental data sug-
gests that these quantities and some key parameters, such as the
Strouhal number, the growth rate of the shear layer, and the reat-
tachment length, are practically independent of the SGS model, at
least for this flow and for the space—time resolutions used. This fur-
ther suggests that the predicted energy spectra depend on the effects
of the SGS model mainly toward the high wave number end of the
inertial range. Similarly, the predicted probability density of vor-
ticity appears largely independent of SGS model for low-intensity
vortical structures, whereas for high-intensity structures some dif-
ferences can be observed. Furthermore, the probability densities of
the velocity components exhibit characteristic features related to
particular SGS models. In support of other studies,'*28-3 this cor-
roborates the conjecture that LES is rather insensitive to the SGS
model as long as the resolution is fine enough and if the model can
correctly channel kinetic energy out of the wave numbers close to
the cutoff wave number to prevent aliasing.

Simulations were also performed for other step-height Reynold
numbers, corresponding to situations studied experimentally by Pitz
and Daily3! to investigate both the LES model and its predictive ca-
pabilities and the flow itself. The LES models were found reasonably
accurate and well behaved inasmuch as all trends in the statistical
moments of the velocity and the global parameters obtained from
experiments could be verified by these simulations. Again, the re-
sults are found rather insensitive to the details of the SGS models.
The coarse grid LES were capable of accurately reproducing the
first-order statistical moments and the global parameters, whereas
higher-order statistical moments were less accurately captured, and
not surprisingly, the vorticity dynamics appears less well predicted.
This implies that the spatial resolution is on the limit of being suf-
ficient for detailed predictions. The simulation data were also used
to test a proposed scaling law for the number of grid points and
time steps required for a working LES and to generate a database
of first- and second-order statistical moments of velocity for
rearward-facing step flow at Re = 15 x 10°,22 x 10°, and 37 x 10%,
which can be used to examine and calibrate conventional RAS
models.

The instantaneous flow was also investigated to gain additional
insight into the vorticity dynamics and how the evolution of the vor-
ticity is affected by the SGS models. It is evident that the coherent
vortical structures are similar to those of a free shear layer before
curvature effects begin to dominate. Primary vortices initiated by
Kelvin—-Helmholz instabilities are shed off the step and are observed
to undergo various pairing and reconnection processes during which
the vorticity field loses most of its original coherence. A possible
scenario for the vortex dynamics in the rearward-facing step con-
figuration, thus, can be 1) quasi-two-dimensional Kelvin—Helmholz
coherent vortices are shed behind the step, 2) they undergo helical-
pairing interactions, 3) a mixed pattern of €2 and big A vortices are
formed, 4) these impinge on the lower wall, and 5) they are either
carried away downstream and transformed into archs or become
trapped in the recirculation bubble.
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