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ABSTRACT

The turbulent separated-reattaching flow over a bluff
plate is investigated using the large-eddy simulation ap-
proach. The simulations were performed at a Reynolds
number ( Ud/v) of 50,000 and a blockage ratio of 5.7%.
Three subgrid-scale models were used: structure func-
tion, selective structure function and Smagorinsky mod-
els. The performance of these models was examined by
comparing the mean flow statistics and the dynamics
of the flow with experimental observations. With both
structure-function and Smagorinsky models, the break-
up and three dimensionalization of the separated shear
layer are delayed. The dynamics of the reattaching flow is
altered by the persistence of small-scale structures in the
Smagorinsky model simulation, while excessive subgrid-
scale dissipation is evident in the structure-function sim-
ulation. Both models yield deficient mean flow struc-
tures and turbulence statistics. The selective version of
the structure function model, which allows a localiza-
tion of the subgrid-scale contribution, produces separated
shear layer instabilities, dynamical patterns, and struc-
ture which are physically consistent with flow visualiza-
tion. The mean flow and turbulent statistics obtained
with the model are also found to be in excellent agree-
ment with measurements. A preliminary wavelet anal-
ysis of the simulations reveals the persistence of scales
associated with shear-layer flapping and the intermittent
nature of the pseudo-periodic shedding of vortices in the
reattachment region.

INTRODUCTION

Flows with large regions of separation occur in a variety
of environmental and engineering applications. Large-
scale unsteadiness, complex turbulent structure, cur-
vature effects and large pressure gradients characterize

these flows. Many of these features have been challeng-
ing to predict using Reynolds-Averaged turbulence mod-
els. In this paper, we investigate the unsteady separated-
reattaching flow around a bluff rectangular plate using
the large-eddy simulation (LES) technique. This ”bench-
mark” bluff plate geometry, which is relevant to heat ex-
changer applications and is shown in Fig. 1, simplifies
considerably the study of separated-reattaching flows:
the location of separation is fixed; the shear layer at sep-
aration is thin; and the upstream boundary conditions
are simple and well defined. This eliminates the need for
a prohibitively large upstream computational domain to
allow the development of upstream profiles with the cor-
rect turbulence characteristics. Also , for a sufficiently
long plate, the separated shear layers on the top and
bottom of the plate reattach to the surface and do not
interact.

The mean flow characteristics and large scale unsteadi-
ness aspects of turbulent flow around bluff rectangu-
lar plate have been the subject of a number of exper-

imental studies at high Reynolds numbers (2» 20,000)
(e.g., Cherry et al., 1983; Kiya et al, 1983; Djilali
and Gartshore, 1991a; Saathoff and Melbourne, 1997).
All studies report a characteristic low frequency flap-
ping of the separated shear layer as well as pseudo-
periodic vortex shedding from the separation bubble. A
strong dependence on free stream turbulence has been
reported (Hillier and Cherry, 1981; Saathoff and Mel-
bourne, 1997), with for instance reduction of up to
50% in the mean reattachment length X, and signifi-
cant changes in the dynamics of the flow and spanwise
length scales. The direct numerical simulation of Tafti
and Vanka (1991) have reproduced many of the large-
scale characteristics observed at higher Reynolds num-
bers, but were confined to a Reynolds number of 1000.
Reynolds-averaged Navier-Stokes (RANS) of the high
Reynolds number turbulent flow (Djilali et al., 1991b)
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have provided an adequate representation of the mean
flow characteristic within the separation bubble. How-
ever ad-hoc modifications of the turbulence model were
required, and, even then, a marked deterioration of the
predictions in the recovery region was noted. Further-
more, such RANS computations cannot provide informa-
tion on the complex dynamics of the flow and on the
large-scale unsteadiness that dominate turbulent trans-
port. To investigate these features and provide a detailed
description of the turbulent transport description, large-
eddy simulations undertaken at a Reynolds number of
50,000 are presented in this paper.

COMPUTATIONAL METHODS

Mathematics Model

The governing equations for the large scale (resolved)
motion can be obtained by applying a spatial filter (in-
dicated by an overbar) to both the continuity and the
Navier-Stokes equations, with the result (Ferziger, 1993;
Lesieur and Métais O., 1996);
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where the subgrid-scale tensor T;; = @;4; —U;u;, which
represent the lumped effect of the subgrid-scales on the
resolved scales, is modelled using an eddy-viscosity as-
sumption;
du;  Ouj 1
8$j + azi ) + 3Tkk51] (3)
In this study, the eddy viscosity v is evaluated using
three subgrid-scale (SGS) models: the structure function
(SF), selective structure function (SSF) and Smagorinsky
models (SM). In the structure function model, the eddy-
viscosity is evaluated according to (Lesieur and Métais
0., 1996);

Tij = w(

vi(2, Ac, t) = 0.063Ac4/ Fa(x, Ac,t) (4)

where A, is the mean mesh size, and F: is the second

order structure function of the resolved velocity field for
a radius Ag;

Fa(x,Ac,t) = (Ja(x +r,t) — 4(x,1)||*)jrj=a.  (5)

In the selective version of the structure function
model, better localization of the small-scale turbulence
is achieved by switching off the eddy-viscosity when the
flow is not sufficiently three-dimensional. The measure of
three-dimensionality used is the angle between the local
vorticity vector and the average vorticity over the neigh-
bouring points. The Smagorinsky model is implemented
with a damping function (see Kogaki et al., 1997);

v (z, Ae,t) = (0.13DA)*(25:58:;)"* ©)
_yt
where D is the Damping function, D =1 — e 4, and
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S;; is the strain rate, S;; = 2(8wj e )
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Figure 1: Computational domain, Lu = 4d,Ld =
12d,Lz = 5.2d,d/H = 0.057

Numerical Method

A staggered grid, finite volume method was used.
Mixed discretization is adopted in the computational do-
main, i.e.: central differencing (CD) is used downstream
of the leading edge of the plate to ensure that the sim-
ulations in the zone of interest are free from numerical
dissipation; and a quadratic upwind scheme (QUICK) is
used in the region upstream of the plate to avoid the
generation of spurious oscillations in the high gradient
region immediately upstream of the leading corner of the
plate. This procedure was adopted following a prelim-
inary investigation (Suksangpanomrung et al., 1997) in
which small perturbations arising from the use of the un-
bounded CD scheme in the upstream region were found
to have an effect similar to increased free-stream turbu-
lence.

A 3rd order Runge-Kutta algorithm is used for time
integration in conjunction with a classical correction
method at each sub-step. The continuity equation (1)
and the pressure gradient term in the momentum equa-
tion (2) are treated implicitly, while the convective and
diffusive terms are treated explicitly. The linear system

" for pressure is solved by an efficient conjugate gradient

method with preconditioning.

Computational domain and boundary conditions

A schematic of the flow domain is shown in Fig. 1.
The simulations were performed at a Reynolds number
(Ud/v) of 5x10* and for a blockage ratio, d/H, of 5.7%;
this corresponds to the experimental conditions used by
Djilali and Gartshore (1991a). A computational grid of
N, x Ny x N, =108 x 61 x 27 was used, with non-uniform
distributions in the z and y directions. The extent of
the domain Lz in the periodic (spanwise) direction is
over twice the spanwise correlation length obtained by
Saathoff and Melbourne (1997).

At the inlet and outlet, uniform flow and advective
conditions are imposed. Symmetry is imposed along the
lower boundary upstream of the plate; the surface of the
plate and the upper boundary are no-slip walls. An ap-
proximate wall function is used on all solid boundaries.
Though known to be inadequate, such a treatment is cur-
rently unavoidable at high Reynolds numbers.
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Figure 2: Mean streamline patterns

RESULTS AND DISCUSSIONS

Time-Averaged Characteristics

The time mean reattachment lengths obtained with the
three SGS models are given in Table 1, together with the
sampling time for each model. The time step is floated
and adjusted with the CFL condition, but is of the or-
der of 0.006¢U/d for 3DSF and 3DSM and 0.003tU/d for
3DSSF. Simulations over an initial ”start-up” period of
about 50tU/d were discarded to allow the passage of ini-
tial transients. Following this, all simulations were inte-
grated over 400tU/d; i.e. about 35 “residence” times in
the region downstream of separation. The spanwise and
time-averaged streamline patterns from all three simula-
tions are compared to experiments in Fig. 2. Although
3DSM provides the best prediction of X, the mean flow
pattern of 3DSSF is more physical, with both shape and
location of the centre of recirculating flow vortex com-
paring better with experiments.

1
TABLE 1. MEAN REATTACHMENT LENGTH AND
SAMPLING TIME FOR THREE SIMULATION

Run SGS models  Sampling times X./d

(tU/d)
3DSF SF 400 5.14
3DSSF SSF 400 4.30
3DSM SM 400 4.57
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Figure 3: Mean reduced surface pressure coefficient
distributions

The computed mean pressure distributions along the
upper surface of the plate are compared with measure-
ments in Fig. 3. The experimental trend is reproduced
reasonably well by all three simulations, but 3DSSM pro-
vides better agreement with the location of the minimum
at x ~ 0.4 X,, and the recovery rate afterwards. The re-
covery process is completed by x ~ 1.3X,; a 10% or so
overestimate of the pressure coefficient is observed there-
after. This is probably due, in part, to the ”ventilation”
from the base of the plate likely to occur in the exper-
imental flow as a result of the finite plate length. In

the flow region x % 1.3X, we note the under-predicted
pressure gradient in 3DSSF. The flow in this region is
dominated by the redeveloping boundary layer and this
feature possibly indicates inadequate wall treatment.
Figure 4 compares the mean streamwise velocity pro-
files at several stations along the plate with pulsed-wire
measurements. The 3DSSF profiles are in very good
agreement with measurements at all stations, but both
3DSF and 3DSM predict a broader backflow profile and
underestimate the peak backflow velocity over the first
half of the separation bubble. This results in the pinched
streamline patterns in Fig. 2. Further downstream, all
three simulations result in similar profiles. In the recov-
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Figure 4: Mean streamwise velocity profiles: Experi-
mental, circle; 3DSSF, solid line; 3DSM, dashed line;
3DSF, dot-dashed line
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Figure 5: Longitudinal turbulent intensity (< u' >
/U) profiles: Experimental, circle; 3DSSF, solid line;
3DSM, dashed line; 3DSF, dot-dashed line

ery region, we note that the LES simulations do not suf-
fer from the commonly observed velocity defect obtained
with RANS computations (Djilali et al., 1991b).

The turbulent intensity profiles, including both re-
solved and subgrid scale contributions, are presented in
Fig. 5. The 3DSSF simulation yields remarkably good
agreement with experimental data throughout. The cusp
near the leading edge is well reproduced; the correct evo-
lution of the maximum intensities with z is obtained, and
a maximum values of < u' > of around 0.3U is attained
in the last third of the mean separation bubble in agree-
ment with measurements.

The 3DSF and 3DSM profiles, on the other hand, have
noticeable deficiencies. The intensities are underesti-
mated on the low side of the separated shear layer for
z/X, < 0.4, and are overestimated on the upper high ve-
locity side of the shear layer for /X, > 0.5. In 3DSM,
where wall damping is used, we note the appearance
of a near-wall peak after z/X, > 0.6. Available mea-
surements do not resolve the near-wall region, but the
appearance of a near-wall peak in the recovery region,
z/X, > 1.2, is not unrealistic; such a feature was re-
ported in the highly resolve DNS of the low Re flow over
a backward-facing step of Le et al. (1998).

Profiles not presented here, show that the contribution
of the subgrid-scales to the tangential Reynolds stress

DSM

Figure 6: Instantaneous spanwise vorticity contour
in x-y plane at z = 2.6d: 10 contours from -10U/d to
5U/d
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Figure 7: Instantaneous spanwise vorticity contours
in y-z plane:(al, a2, a3 and a4) 3DSSF; (bl, b2, b3
and b4) 3DSM

components for 3DSSF is generally small near separation
and reaches about 25% for < u'> > in the reattachment
region. The subgrid-scale contribution to — < u'v' > is
about 20-25% in both separation and reattachment re-
gions. In 3DSF, the contribution of the model to the
normal stresses is larger than that to the shear stresses,
whereas in the Smagorinsky model, the subgrid scale con-
tribution is minimal (~ 2%). The dissipation provided
by this model is, in the mean, very small and confined to
the early part of the separated shear layer. It should be
noted that the constant used here is that recommended
by Kogaki et al. (1997) for separated flows and is lower
than the ”standard” value used in boundary layer sim-
ulations. Both structure function models produce larger
subgrid-scale dissipation in the reattachment zone, but
much higher levels are obtained with 3DSF. Therefore,
we expect the latter to have a much stronger influence
on the dynamics of the flow in the reattachment zone.

Flow Structures

Instantaneous spanwise vorticity fields from the selec-
tive structure function (3DSSF) and the Smagorinsky
model (3DSM) simulations are shown in Fig. 6. In the
case of 3DSM, no significant fluctuations are detected
in the separated shear layer till z/d =~ 1.8, whereas
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Figure 8: Instantaneous streamwise vorticity con-
tours in x-z plane at y = 0.120d: 8 contours from
-5U/d to 2U/d

instabilities appear much sooner in 3DSSF. The trans-
verse cuts in Figure 7 also show the earlier appearance of
transverse perturbations and three-dimensionalization in
3DSSF. The small-scale structures are much more promi-
nent in the reattachment region for 3DSM. This is consis-
tent with the higher turbulent intensities obtained with
this model in the reattachment and recovery regions and
the much lower subgrid-scale dissipation of the model.

Figure 8 shows the instantaneous streamwise vorticity
field in a plane close to the surface of the plate. 3DSM
exhibits less ”coherence” and contains smaller structures
with roughly equal characteristic sizes in the spanwise
and streamwise directions. The structures become gradu-
ally more elongated only after reattachment. Both 3DSF
and 3DSSF present a much higher degree of coherence.
In 3DSSF structures with streamwise lengths in the range
1d-3d are apparent. Significant spanwise vorticity levels
are not observed till well downstream of separation with
the beginning of the break up of the spanwise.

Overall, the selective structure function simulation
(3DSSF) produces separated shear layer instabilities, dy-
namical patterns, and structures which are physically
consistent with the flow visualization of Saathoff and
Melbourne (1997). Further analysis is therefore confined
to this simulation.

Signal Analysis: 3DSSF Simulation

Figure 9a shows the trace of the instantaneous verti-
cal velocity recorded just downstream of separation and
within the shear layer. The power density spectrum of
this signal is shown in Fig. 9b. Consistent with ex-
perimental spectra (Djilali and Gartshore, 1991a), high
frequency motion is dominant in the vicinity of separa-
tion, and eddies with time scales as small 0.3d/U are

0 50 100 150 200 250 300 350 400
Non-dimensional time

025
0.2t ; ]
04sf - : ]

b f : 1
o.osr\j\M’ . m“ﬂ . -
0 ; L

107 107" 10° 10
Non-~dimensional frequency

(b)

Figure 9: 3DSSF simulation (a) vertical velocity sig-
nal at x = 0.493d, y = 0.47d, mid-span; (b) power
spectrum density
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Figure 10: 3DSSF simulation (a) near-wall stream-
wise velocity signal at x = 4.51d, mid-span; (b) power
spectrum density

deduced. In addition to the high frequency activity cen-
tered around ~0.8U/d, the signal also exhibits peaks in
the low frequency range 0.02~0.08U/d. This low fre-
quency motion is associated with the so-called flapping
of the shear-layer (Kiya and Sasaki; 1983).

To provide further insight into the dynamics of the
flow, a time domain analysis using the wavelet transform
(see, e.g., Farge, 1992) of the signal near reattachment
was conducted. Wavelet analysis has the advantage of
providing, simultaneously, information about dominant
frequencies/scales and their localization in time. Fig-
ure 10 shows the streamwise velocity signal at a loca-
tion close to mean reattachment and the corresponding
(Fourier) power spectrum density. Compared to the sig-
nal sampled near separation (Fig. 9), there is little en-
ergy in the high frequencies. Most of the energy is in
the larger scales corresponding to frequencies well below
0.2U/d. Figure 11 shows the wavelet map of this signal,
in terms of relief contours of the absolute value of the
wavelet coefficient. The intermittent nature of the large-
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Figure 11: Morlet wavelet map of near-wall velocity
signal at x = 4.51d, mid-span

scale unsteadiness is illustrated along the most distinct
range of scales: 20-50d/U. This range corresponds to fre-
quencies of 0.02-0.05U/d and is associated with the low
frequency flapping of the shear layer discussed earlier.
The intermittency of this phenomenon is clearly shown
by the alternating peaks and troughs between 45 and 395
time units. The scales containing the most energy are in
the range 5-15d/U, or frequencies of 0.066-0.2U/d. This
coincides with the range of frequencies reported experi-
mentally for the pseudo-periodic vortex shedding around
reattachment (Cherry et al., 1983; Djilali and Gartshore,
1991a). The localization of these events shows events of
relatively short duration, followed by longer quiescent pe-
riods. Furthermore, the signal in Figure 10a shows pos-
itive fluctuations about the mean which are of a much
higher amplitude than the negative fluctuations. This
feature and the patterns shown in the wavelet map sug-
gest that a typical cycle consists of two distinct phases:
(i) gradual growth of large-scale structures in the sepa-
rated shear layer, accompanied by a progressive growth of
the separation bubble; (ii) shedding of a large scale struc-
ture followed by a ”collapse” of the bubble and abrupt
shortening of the reattachment length.

CONCLUDING REMARKS

Large-eddy simulations of the high Reynolds num-
ber (Req = 50,000) separated-reattaching flow over a
bluff plate have been performed with three subgrid-scale
models. The mean flow and turbulence statistics ob-
tained with the selective-structure function model pro-
vide very good agreement with the pulsed-wire experi-
mental data obtained at the same Reynolds number and
blockage ratio in low free-stream turbulence. Although
the Smagorinky model yields a reattachment length in
good agreement with experiments, the turbulence statis-
tics and dynamics of the flow are deficient. Both this
model and the structure function model delay the break-
up and three-dimensionalization of the separated shear
layer. Farther downstream, where turbulent transport
is largely dominated by large scale unsteadiness, the

Smagorinky model subgrid-scale dissipation is insuffi-
cient, allowing the persistence of small scale turbulent
motion, whereas the structure-function model is too dissi-
pative. The localization achieved with the selective struc-
ture function model yields lower time-averaged subgrid-
scale dissipation and results in dynamic features of sep-
aration and reattachment which compare well with flow
visualization. The characteristic frequencies and inter-
mittent nature of the pseudo-periodic vortex shedding,
as well as the shear layer flapping were captured in the
simulations.
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