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ABSTRACT

Large Eddy Simulation (LES) and Reynolds-
averaged Navier-Stokes (RANS) calculations have
been used to predict the development, separa-
tion, reattachment and downstream recovery of
the flow over a smoothly contoured ramp. The
statistically two-dimensional upstream flow sepa-
rates along the ramp surface and then reattaches
downstream on a flat section. A canonical flat-
plate turbulent boundary layer at a momentum
thickness Reynolds number 1100, and having a
boundary layer thickness 0.13L,, is introduced
four ramp lengths upstream of the onset of curva-
ture. Subgrid-scale (SGS) stresses in the LES are
closed using the dynamic eddy viscosity model of
Germano et al. (1991). RANS calculations of the
steady-state solution are performed using two lead-
ing models: Spalart-Allmaras (Spalart-Allmaras
1994) and v2-f (Durbin 1991). Mean flow pre-
dictions obtained using all the models agree well
with the experimental measurements of Song et al.
(2000). Boundary layer detachment occurs along
the curved section (z/L, =~ 0.4) with reattach-
ment at roughly /L, ~ 1.4. The primary turbu-
lent shear stress sharply increases in the separated
region and LES predictions of the shear stress de-
velopment are accurate. RANS estimations of the
shear stress are below the data in the separated re-
gion, though reasonable further downstream.

INTRODUCTION AND OBJECTIVES
Separated boundary layers are a challenging

subset of flows that may be generally classified

as ‘non-equilibrium’. Non-equilibrium boundary
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layers are the norm, rather than the exception, in
engineering applications. The importance of addi-
tional length scales to describing the flow and/or a
significant imbalance between production and dis-
sipation are two features which characterize these
flows. An adverse pressure gradient boundary
layer approaching separation develops an inflec-
tion point, the height of which is an additional
important length scale. Turbulent stresses, for ex-
ample, develop large peaks around the inflection
point and boundary layer recovery following reat-
tachment should be expected to be sensitive to this
length scale.

These and other features of separated flows sub-
stantially challenge predictive methods. The vast
majority of engineering predictions are obtained
from solutions of the Reynolds-averaged Navier-
Stokes (RANS) equations. In flows not far from
equilibrium, the boundary conditions that define
large scale structures remain nearly unchanged and
the leading RANS models are typically adequate.

In separated flows, however, RANS models
often yield mixed results (e.g., see Apsley and
Leschziner 1999), providing one rationale for use
of techniques such as Large Eddy Simulation
(LES). In LES, the large, energy-containing scales
of motion are resolved on the mesh and only the
small, subgrid scales are modeled. LES predic-
tions are less sensitive to modeling errors than their
RANS counterparts. This feature should be an ad-
vantage in prediction of flows far from the calibra-
tion range of RANS models and in regimes with
multiple perturbations (e.g., in pressure gradient,
streamline curvature, roughness, etc.).

Assessment of simulation techniques for pre-
dicting separated boundary layers is complicated



by the fact that there is relatively strong coupling
between the freestream and boundary layer. This in
turn increases the sensitivity of the flow to parame-
ters not directly connected to the turbulence model
and may not allow one to easily isolate the cause
of discrepancies between numerical simulation and
experiment. Therefore, it is useful in any study di-
rected towards refined evaluation of techniques and
models that careful evaluation of a baseline case be
established.

One of the overall aims in this work is predic-
tion of the effect of Reynolds number on separated
boundary layers (see also Song and Eaton 2001 in
this volume). In the present contribution the flow at
moderate Reynolds number is predicted using LES
and RANS in order to assess the accuracy of each
technique as well as to investigate some of the un-
derlying characteristics of the flow. The particular
flow under consideration is the statistically two-
dimensional boundary layer which separates over a
smoothly contoured ramp (Figure 1). The location
of boundary layer detachment is not fixed by the
geometry and the flow provides a reasonably well-
defined platform for investigating the processes of
reattachment and downstream recovery. Experi-
mental measurements from Song et al. (2000) are
used to evaluate the predictions.

SIMULATION OVERVIEW

The ramp geometry is shown in Figure 1. As
shown in the figure, the origin of the coordinate
system is fixed to the onset of the contoured sec-
tion. The ramp is a portion of a circular arc in
which the vertical extent is roughly one-third of
the streamwise length, L,.. The reference boundary
layer thickness measured upstream of the onset of
curvature was about 13% of the ramp length. For
other details of the experimental setup the reader is
referred to Song et al. (2000).
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Figure 1: Ramp schematic. Curved section formed by a portion of a
circular arc (note the enlarged vertical scale). Lengths in the figure
and throughout have been non-dimensionalized by the ramp length
L.

Experimental measurements are available at
several streamwise locations, beginning at /L, =
—2. As discussed in the next section (c.f., Fig-
ure 2), the downstream effects (pressure gradi-
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ent and curvature) are already significant enough
that prescribing an inflow signal in the simula-
tions that did not exhibit an unphysical adjustment
was difficult. Consequently, the simulation domain
was extended two ramp lengths further upstream
(zin/Lr = —4) which was sufficient to ensure
that inflow signals did not undergo arbitrary adjust-
ment.

Predictions presented in this manuscript are
obtained using Large Eddy Simulation (LES)
and from the Reynolds-averaged Navier-Stokes
(RANS) equations. In both approaches, an eddy
viscosity hypothesis is used to close the subgrid-
scale stress in the LES and Reynolds stress in the
RANS. Two of the leading linear eddy viscosity
models are employed in the RANS calculations:
Spalart-Allmaras (referred to as ‘S-A’ through-
out) (Spalart & Allmaras 1994) and v2—f (Durbin
1991). The dynamic Smagorinsky model is used in
the LES (Germano et al. 1991).

In the dynamic model an expression is derived
for the model coefficient via application of a “test
filter” to the resolved field (applied at a scale twice
as large as the grid scale). An expression for the
model coefficient can be derived and evaluated dur-
ing the course of the simulation. The advantage
of this approach is that the model coefficient is
not specified a priori, but rather is sensitive to
local variations in the flow. On the other hand,
the expression for the model coefficient can be
ill-conditioned and requires spatial averaging over
the statistically homogeneous spanwise direction
to maintain numerical stability. Negative values of
the model coefficient imply a backscatter of energy
from the subgrid to resolved scales of motion and
are accounted for in the dynamic procedure, albeit
in an average sense. To avoid numerical instabil-
ity, negative values of the subgrid viscosity were
truncated to zero.

The numerical approach is based on solution
the incompressible Navier-Stokes equations using
a fractional step method (e.g., see Choi ez al. 1993,
Wu and Squires 1998). The present calculations
are “2.5D”, i.e., a curvilinear geometry in the z-
y plane but with a uniform spanwise (z) coordi-
nate along which periodic boundary conditions are
applied. The homogeneous spanwise coordinate
improves statistical sample, but does introduce the
spanwise period as a parameter of the calculation.
In the present simulations, the spanwise domain
length is 46;, where 6;, is the boundary layer
thickness at the inflow plane. Two-point correla-
tions showed this spanwise period is adequate.

The LES calculations were performed using a

grid of 484 x 60 x 101 mesh points in the stream-
wise, wall-normal, and spanwise directions, re-



spectively. The RANS grid was 323 x 53 and
refinement studies showed this is sufficient, yield-
ing less than a 2% change in the peak skin friction
compared to runs on a mesh coarser by a factor of
two compared to the one used to obtain the results
presented here. Partial grid refinement was also
conducted in the LES, though an exhaustive study
with sufficient time sampling to allow a thorough
evaluation of grid-size effects was not possible.

In the calculations a statistically two-
dimensional turbulent boundary layer is introduced
at z,/L, = —4, corresponding to roughly 30
inflow boundary layer thicknesses (c.f. Figure 1).
The LES inflow condition was prescribed using
the technique developed by Lund et al. (1998). In
this approach, an auxiliary simulation is performed
of a canonical flat-plate boundary layer, with the
results at a specified plane stored for subsequent
use in the ramp calculation.

As discussed further in the next section, a shal-
low separation occurs in the curve with reattach-
ment in the vicinity of z/L, = 1.4. From
the merger of the curved and downstream flat
sections, the computational domain extends 6L,
downstream in the LES, slightly longer in the
RANS. The vertical dimension of the computa-
tional domain was the same as that in the experi-
ments. In the LES, a zero stress condition is ap-
plied along this boundary, while in the RANS the
boundary layer was resolved along the upper wall.
The LES therefore does not account for the block-
age from the upper wall, which affects predictions
of the pressure distribution (c.f., Figure 2).

At the exit plane of the computational domain
(z/L, = T) a convective boundary condition was
used, identical to that employed in related studies
(e.g., see Wu and Squires 1998). The grid was
generated using the direct grid distribution control
technique of Thomas and Middlecoff (1980).

Calculations are performed for a momentum
thickness Reynolds number, Rey, in the boundary
layer at the inlet plane of 1100. This Reynolds
number permits direct resolution of the wall layer
in the LES with grid spacings fine enough to min-
imize modeling errors. The streamwise grid spac-
ing in the LES is less than 80 wall units, the span-
wise spacing is about 25 wall units (based on the
friction velocity at the inflow boundary). These
grid spacings are commensurate with related appli-
cations of LES to complex boundary layers which
also resolved the wall layer (e.g., see Kaltenbach et
al. 1999). SGS modeling errors are small (peak
model stress contributions are everywhere less than
10% of the resolved stress). Because the LES
is well resolved the calculation database provides
a detailed description of the flow which comple-
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ments the experimental measurements and also
permits detailed evaluation of the RANS predic-
tions.

RESULTS

The pressure and skin friction coefficients along
the lower wall from Song et al. (2000), along
with the simulation results are shown in Figure 2
and Figure 3, respectively. From about z/L, =
—2, the pressure gradient is first favorable due to
streamline curvature with the minimum in Cj, mea-
sured and predicted just downstream of the onset of
the curved section. The minimum Cj, is not as deep
in the LES with the slip condition applied along
the upper wall, whereas both RANS models, with
no-slip upper walls, provide accurate predictions.
Downstream of z/L, = —2, the skin friction in
Figure 3 responds to the curvature by increasing
from its inlet value with the maximum attained
near the onset of the ramp.
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Figure 2: Pressure coefficient.
f; o Song et al. (2000).
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Figure 3: Skin friction coefficient.
—-—v2~f; o Song et al. (2000).

The pressure gradient subsequently becomes
strongly adverse and Figure 3 shows separation in
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Figure 4: Streamlines in the vicinity of the recirculating region. Note
the expanded vertical scale.

the mean at /L, = 0.4. The LES and RANS
yield similar predictions of the separation location
with slightly earlier detachment found in the LES.
The two C'y minima in the separated region and
behavior in C), around z/L, = 1 are related to
the structure of the separated region. Streamlines
in the vicinity of the separation zone in Figure 4
show that the reverse-flow region is comprised of
two main recirculating motions: a primary recircu-
lation at the merger of the curved and flat sections
and a smaller secondary zone upstream.

Figure 3 shows that reattachment in the mean
takes place around z/L, ~ 1.4. In general, LES
predictions of the skin friction are in the most fa-
vorable agreement with measurements in the re-
covery region, with the RANS predictions exhibit-
ing a slower recovery in Cy. Note also that the
downstream values of Cp, are over-predicted in Fig-
ure 2, again showing the influence of the upper-
wall boundary condition. Though not shown here,
RANS predictions using no-stress conditions along
the upper surface yield C, distributions nearly the
same as the present LES.

Figure 5 shows the time history of the sepa-
ration and reattachment positions (averaged over
the spanwise dimension). Fluctuations in the
separation position occur at higher frequencies
and exhibit smaller streamwise variations than the
lower frequency observed in the reattachment lo-
cation. Both the separation and reattachment
trajectories in Figure 5 indicate that the separa-
tion/reattachment process is inherently unsteady
and characterized by rather abrupt shedding events.
Contours of the vorticity magnitude in curvilin-
ear planes shown in Figure 6 provide another
view of the flow. Close to the wall (top frame,
y/din = 0.018) the vorticity field is stretched in
the streamwise direction with the contours becom-
ing more isotropic within the recirculation region
and then recovering the elongated shape further
downstream. This behavior is still apparent at the
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mid-position (middle frame, y/d;, = 0.08). The
(curvilinear) plane at y/d;;, = 0.26 shows signif-
icantly more activity in the vorticity field down-
stream of separation than in either of the planes
closer to the wall. Thus, while Figure 5 provides
evidence that the separation and reattachment pro-
cesses are characterized by ‘periodic’ sheddings,
Figure 6 indicates that there does not appear to be
a structure of considerable spanwise coherence that
dominates the separation process.

HWW/‘/\/LW
14 B

z/Ly

4

s L n n s L
400 500 800 700 800 800 1000

time step

Figure 5: Temporal development of the separation and reattachment
locations in the LES.
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Figure 6: Contours of the vorticity magnitude in curvilinear planes
y/din = 0.018 (top frame), 0.08 (middle frame), and 0.26 (bottom
frame) where d;,, is the boundary layer thickness at the inflow plane.

Profiles of the streamwise mean velocity are
shown in Figure 7. The upper frame shows profiles
covering the entire streamwise extent of the calcu-
lation while the lower frame shows measurements
and simulation results in the vicinity of the separa-
tion region. In general, the figure shows that both
LES and RANS predictions of the mean stream-
wise flow are in good agreement with the measure-
ments of Song et al. (2000). Boundary layer de-
celeration and separation are accurately predicted,
as already discussed in reference to Figure 3. The




lower frame in Figure 7 provides an illustration
of the relatively shallow nature of the separation.
The peak backflow velocity is on the order of 10%
of the freestream value and is well predicted by
all the simulations. While the region of reversed
flow is relatively shallow, the perturbation applied
by boundary layer detachment/reattachment is rel-
atively strong. Though not obvious from the figure,
the mean profile at the furthermost streamwise po-
sition, /L, = 7 (= 45 inlet boundary layer thick-
nesses from the reattachment location), has not yet
recovered the logarithmic law.
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Figure 7: Mean streamwise velocity.
—-—v2—f; o Song et al. (2000).

Shown in Figure 8 are predictions of the turbu-
lent shear stress from the LES and RANS, com-
pared to the experimental measurements of Song et
al. (2000). As with the mean flow, the upper frame
shows the entire streamwise extent while the lower
frame focuses on the profiles in the separation re-
gion. At z/L, = 0.25, the adverse pressure gra-
dient has raised the peak shear stress compared
to the inlet value with all the simulations accu-
rately predicting the profile. In the reverse flow
region the peak shear stress increases further, with
its peak shifted from the wall, characteristic of
adverse pressure gradient and separated boundary
layers (e.g., see Simpson 1989). Note that while
the shear stress levels are accurately predicted in
the LES, Figure 8 shows that the RANS predictions
underestimate the shear stress by about a factor of
two. Though not shown here, the underestimation
is linked to relatively low eddy viscosity levels in
the RANS (nearly a factor of five smaller towards
the downstream stations).

One view of the distortion and recovery process
is shown in Figure 9. Plotted is the downstream de-
velopment of the streamwise fluctuating velocity.
In Figure 9a the adverse pressure gradient raises
the velocity fluctuation with the peak value also
further from the wall. The profiles in Figure 9b are
within the reverse-flow region and then also in the
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Figure 8: Primary turbulent shear stress.
—-—v2-f; o Song et al. (2000).

recovery region following reattachment. The reat-
taching boundary layer recovers through growth of
an inner layer (evident by z/L, = 2) as well as
through decay of the elevated stress levels in the
outer region. As commented previously in relation
to the mean flow, Figure 9 shows thatby /L, = 7
the fluctuating velocity has not yet recovered to
its upstream state. Thus, the recovery process is
comprised of two mechanisms: development and
growth of an inner layer following reattachment
and decay of elevated stress levels in the outer
layer.

S

S~

E

®

8

=

~

s

Y/din

Figure 9: Development of streamwise velocity fluctuations. (a)
z/Ly : —2.00; ——-- 0.00; —-— 0.40; o 0.77; o 1.00.

(b) z/Ly :01.00; & 1.25, + 2.00; X 4.00, * 7.00.



SUMMARY

Large eddy simulation and Reynolds-averaged
Navier-Stokes calculations have been applied to
prediction of the spatial development, separa-
tion, reattachment and downstream recovery of the
boundary layer over a smoothly contoured ramp.
Overall, there is fairly good agreement between
LES and RANS predictions of the mean flow and
the measurements of Song et al. (2000).

The flow exhibits a shallow separation with the
region of reverse flow about one ramp length. Time
series from the LES indicate that both the separa-
tion and reattachment are characterized by (time-
dependent) shedding events. This inherently un-
steady feature is resolved in the LES, but is difficult
to parameterize within RANS closures. That diffi-
culty is part of the explanation for the low shear
stress predictions by the RANS models, especially
in the reverse-flow region (c.f., Figure 8). RANS
eddy viscosity levels lagged those of the LES so-
lutions, indicative of lower mixing in the RANS
calculations. Unsteady shedding of structures from
the ramp into the zone of reverse flow should en-
hance mixing and are also an explanation for the
lag in recovery of the skin friction (c.f., Figure 3).
In addition, the Boussinesq approximation, applied
in both the LES and RANS, becomes less reliable
as separation is approached and as the boundary
layer subsequently detaches with the flow depart-
ing far from equilibrium. Given the moderate
Reynolds number and relatively fine mesh resolu-
tions the modeling error in the subgrid closure has
a small effect in the LES. In the RANS predictions,
however, the error is substantially greater since the
turbulence model dominates the solution.

The current calculation was performed at mod-
erate Reynolds number in order to resolve the
near-wall flow and avoid the empiricism that ap-
pears inevitable with wall-layer modeling for high
Reynolds number LES applications. At the sub-
stantially higher Reynolds numbers representative
of applications, and for which measurements are
available, it appears unavoidable that LES can be
applied without also introducing more empirical
input (such as the law-of-the-wall in a wall-layer
model, for example). The separation between the
length scale characterizing the inflection of the ve-
locity profile and near-wall structures is substantial
at high Reynolds numbers and turbulence models
will need to be responsive to such effects.
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