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Two large-eddy simulation/Reynolds-averaged Navier–Stokes models are applied to a shock/boundary

interaction generated by a 20 deg compression corner. The models are designed to transition from unsteady

Reynolds-averaged Navier–Stokes to large-eddy simulation as the boundary layer shifts from its logarithmic

behavior to its wakelike response, but they differ in that one model requires a preselection of a model constant for

each problem, while the other computes this constant as a function of local and ensemble-averaged turbulence

properties. Predictions are compared with mean-flow and second-moment experimental data obtained at Princeton

University. In general, calculatedmean-flow velocity, surface-pressure, and surface skin-friction distributions agree

well with the experiment, with the most noticeable discrepancy being a slight overprediction of the level of upstream

influence induced by the shock wave. Comparisons with mass-flux fluctuation intensity, Reynolds axial stress, and

Reynolds shear-stress profiles are also presented. These show generally good agreement with experimental trends

relating to Reynolds stress amplification and anisotropy modulation. The calculations also predict the existence of a

low-frequency motion of the separation shock that is probably associated with the motion of the backflow region.

Higher-frequency modulations of the shock front as induced by the passage of coherent, streaklike structures

through the shock also appear to contribute to the measurable intermittency effects.

Nomenclature

c = local sound speed, m=s
Cf = skin friction
CM = model constant for subgrid viscosity
CN = new model constant for blending function
C� = turbulence model constant
d = distance to nearest wall, m
fsh = shock-motion frequency, 1=s
k = turbulence kinetic energy, �m=s�2
LSM = length over which separation shock translates, m
Lsep = length of separation region, m
M = Mach number
p = pressure, N=m2

Prt = turbulent Prandtl number
q = flow property
R = gas constant, J=kg � K
Re = Reynolds number
S = magnitude of vorticity vector, 1=s
SL = shock-motion Strouhal number
T = temperature, K
u, v, w = velocities in x, y, z directions, m=s
uj = velocity component in direction j, m=s
u� = friction velocity, m=s
t = time, s
tres = flow-through time, s
x, y, z = distances in streamwise, wall-normal, spanwise

directions, m
� = turbulence model constant

� = blending function
� = intermittency function
� = boundary-layer thickness, m
� = structure angle, rad
� = kinematic viscosity, m2=s
�t = kinematic eddy viscosity, m2=s
� = vorticity magnitude, 1=s
	 = density, kg=m3

� = time scale, s

 = turbulence model constant
! = specific dissipation rate, 1=s

Subscripts

t = turbulent
w = wall
0 = reference condition
1 = freestream

Superscripts

0 = fluctuation
� = wall coordinates based on local kinematic viscosity

and friction velocity

I. Introduction

S HOCK-wave/turbulent boundary-layer interactions have been
the subject of intensive study due to their importance in

aerodynamics and propulsion of high-speed flight vehicles.
Experimental efforts [1–11] have revealed many features of such
interactions, including a large amplification of Reynolds stress
components through the shock wave, significant changes in
turbulence structure factors through the interaction, the presence of a
dominant low-frequency signal associated with the motion of the
separation shock, a transition to a wakelike velocity profile over the
separation region, and a rapid recovery of the boundary layer to a new
equilibrium state downstream of the reattachment location. The
design and analysis of high-speed flight vehicles requires methods
for predicting the aerodynamic loads, surface heat transfer, and
boundary-layer displacement effects associated with such
interactions.
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Predictive capability of Reynolds-averaged Navier–Stokes
(RANS) methods for shock-wave/turbulent boundary-layer inter-
actions has been rather variable, with some features, such as the
upstream influence induced by the shock wave, captured relatively
well by certain models, but others, such as the recovery rate of the
boundary layer downstream of the interaction, predicted poorly in
general. Turbulence models, ranging from simple algebraic closures
[12], to one- and two-equationmodels [13,14], to algebraic Reynolds
stress [15] and full Reynolds stress closures, have been used [16], but
the level of predictive capability does not necessarily increase with
model complexity. Knight and Degrez [17] show that the RANS
models tend to perform better for fundamentally three-dimensional
interactions than they do for nominally two-dimensional (2-D)
interactions, such as the flowover a compression-ramp or an oblique-
shock impingement interaction. This probably indicates that such
canonical flows have elements of three-dimensionality that are
reflected in the experimental data but not necessarily in the
calculations.

Higher-fidelity time-dependent models, such as direct numerical
simulation (DNS), large-eddy simulation (LES), and hybrid LES/
RANS models, represent a potential means of improving predictive
capability for shock/boundary-layer interactions and for investigat-
ing fundamental aspects of their flow physics. Wu and Martin [18]
have conducted a DNS of a compression-corner interaction and have
obtained reasonable agreement with experimental data. Subsequent
analyses [19] have used this database to examine correlations
between the shock motion and upstream boundary-layer character-
istics. Other DNS studies [20] have provided insights into the
underlying mechanisms of shock oscillation in impinging-shock
interactions but have not reported direct comparisons with
experimental data. Wall-resolved LESs have been conducted for
impinging-shock interactions [21,22]. Direct comparisons with
experimental data have been made in these cases, but such
comparisons are complicated by the fact that impinging-shock
interactions in wind tunnels invariably produce a three-dimensional
separation pattern that cannot be reproduced correctly in calculations
that assume statistical two-dimensionality. The LES simulations of
Touber andSandham [22] are of particular interest, as they performed
the simulations for a period of time long enough to delineate
precisely the broadband characteristics of low-frequency separation-
shockmotion. Compression-corner interactions appear less sensitive
towind-tunnel effects, and reasonably accurate LES simulations of a
compression-corner flowfield have been obtained by Loginov et al.
[23]. Wall-resolved LES simulations are restricted to a low or
moderate Reynolds number due to the need to capture structural
changes in near-wall turbulence. Hybrid LES/RANS techniques
[24–28], in contrast, seek tomodel the effects of near-wall turbulence
through unsteady RANS concepts. While many challenges still
remain inmerging the closure strategies, the fact that such techniques
are not restricted according to Reynolds number makes them
attractive alternatives to LES or DNS for examining the general
structure of shock/boundary-layer interactions. Considering that
most of the more detailed experimental databases are at Reynolds
numbers too large for an affordable wall-resolved LES, LES/RANS
methods are the only current alternative for high-fidelity time-
dependent simulations of these experiments.

This paper focuses on the continued evaluation of a new LES/
RANS model [26] for shock-wave/boundary-layer interactions. The
model uses a combination of ensemble-averaged and local data to
target the instantaneous RANS-to-LES transition where an attached
boundary layer shifts from its logarithmic structure to its wakelike
response. Results reported in [26] show that the newmodel provides
accurate mean and second-moment statistics for an array of flat-plate
boundary layers at different Reynolds numbers aswell as for nominal
Mach 3 flow over a 16 deg smoothly turning compression corner [8].
In this paper, we evaluate the model’s performance for another
experiment performed at Princeton University: nominalMach 3 flow
over a 20 deg compression corner [4–7]. A wealth of experimental
data is available for this case, including mean-flow measurements
(deduced from pitot surveys) throughout the interaction region,
Reynolds stress measurements deduced from constant-temperature

hot-wire anemometry, surface-pressure and skin-friction distribu-
tions, and surface oil-flow images. This case exhibits axial
separation, and aspects of the motion of the separation shock have
been analyzed by Dolling and Or [10]. The outline of this paper is as
follows. In Sec. II, the LES/RANS models and numerical methods
employed are described in brief. Section III presents details of the
mesh, boundary conditions, and time-advancement procedure. The
results of this investigation, emphasizing comparisons with
experimental data and analyses of time-dependent features of the
interaction, are presented in Sec. IV. Finally, some concluding
remarks are presented in Sec. V.

II. Large-Eddy Simulation/Reynolds-Averaged
Navier–Stokes Models and Numerical Methods

A. Large-Eddy Simulation/Reynolds-Averaged

Navier–Stokes Models

TwoLES/RANSmodels are considered in this work. For each, the
Menter baseline (BSL) model [29] is used as the basis, and the
modification only involves the alteration of the eddy viscosity field
according to the following prescription:

�t � ��t;RANS � �1 � ���t;LES (1)

where �t;RANS � k
!
is obtained from the Menter BSL model, and the

subgrid eddy viscosity is defined as

�t;LES � ��C1=4
� k1=2d� �1 � �� ��t;LES (2)

with

��t;LES � CMS1=2�q2�1=4�3=2; CM � 0:06

q2 � 1
2
� ~uk � ~̂uk�2 (3)

from Lenormand et al. [30]. The additional blending implied in
Eq. (2) serves to equate the subgrid-scale eddy viscosity with the log-
law value �t;log � �u�dwhere the unsteady RANS component of the
model is active. The filter width� is taken to be the cube root of the
cell volume, and S is the magnitude of the vorticity vector.

A flow-dependent blending function � is used to shift the
model from unsteady RANS to LES. In the first model, reported in
[24,25],

�� 1

2

�
1 � tanh

�
5

�
1

�2C
� 1

�
� 


��
; 
� tanh�1�0:98� (4)

�C � �1
���
v
p

C1=4
�

���
�
p
d

����
!
p (5)

with the model constant �1 fitted for the experimental conditions and
geometry of [5] as �1 � 13:057X � 76:703, where X is the surface
distance in meters with the origin at the apex of the compression
corner. As discussed in [25], this fitting procedure is designed to
ensure that the time-averaged transition from RANS to LES takes
place approximately at the location where the inflow boundary layer
shifts from its logarithmic structure to its wakelike structure.

A newer model, developed in [26], is also considered in this work.
This model does not require a case-by-case prescription of a model
constant. The blending function for this model is defined as

�� 1

2

�
1 � tanh

�
15

�
1

�2N
� 1

���
(6)

�N � CN

��������������������������
10�

�k� �kR
� �!

s ���
v
p

C1=4
� �d

����
!
p (7)
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In this expression, �k is the ensemble-averagedmodeled turbulence

kinetic energy, �kR is the ensemble-averaged resolved turbulence
kinetic energy,

�	 �kR �
1

2

�
	ukuk �

	uk	uk
�	

�
(8)

and ! and �! are instantaneous and ensemble-averaged modeled
specific dissipation rates, respectively. The combination of
instantaneous and ensemble-averaged data allows the RANS-
to-LES transition position �� 1

2
to fluctuate dynamically about a

mean value that is a function of the local ensemble-averaged state of
the flow. The model constant CN � 1:5 was determined by
comparing results from this model with those of the original for
several canonical flows. As it is dependent on both inner-layer and
outer-layer length scale information, this model shouldmore capable
of adjusting to departures from local equilibrium, and no problem-
specific calibration is required. The required ensemble averages are
currently computed using an exponentially weighted moving

average: �Qn � �Qn�1�1 � A� � AQn, withA� �t
�
. The time scale � is

defined as follows for two variants considered in this work:

Weighting 1∶ � � t
Weighting 2∶ � �min�t; tres�; t < 4tres

t � 3tres; t � 4tres

tres �
L

U1
(9)

whereL is the length of the domain (0.5m), andU1 is the freestream
velocity. Weighting method 2 assumes that a statistically stationary
state should emerge after four flow-through times (tres): after that
point, a conventional time average is calculated.

B. Numerical Methods

The LES/RANS models are implemented into a finite volume
Navier–Stokes solver written for general gas mixtures. The
Boussinesq hypothesis is used to relate the modeled Reynolds stress
to the rate of strain, and Fourier’s law, parameterized by constant
values of the laminar and turbulent Prandtl number (0.72 and 0.9,
respectively), is used to model the heat flux vector. A recycling–
rescaling technique [25] applied to the fluctuation fields is used to
sustain large-eddy motion. A random-walk procedure is used to shift
the recycled fluctuation field in the spanwise direction to reduce the
possibility of artificial three-dimensional features in the time-
averaged incoming boundary layer. Discrete times at which shifting
occurs and the distance of the shift are determined by sampling
Gaussian distributions of a time scale associated with a specified
streak length and a specified fraction of the boundary-layer thickness.
These discrete times and distances are connected by straight lines to
form a continuous shifting pattern.More details of this procedure can
be found in [31]. A second-order Crank–Nicholson scheme is used
for time advancement. The basic first-order upwind method is
extended to higher order using a low-dissipation scheme (termedLD-
PPM) formed by blending the piecewise-parabolic method (PPM,
[32]) with a fourth-order central scheme according to a flow-
dependent switch developed by Ducros et al. [33].

III. Calculation Details

Freestream conditions for this calculation are shown in Table 1.
The mesh used in the calculations extends from X��0:35 m to
X � 0:175 m (21 �0, �0 � 2:5 cm), withX � 0 being the apex of the
20 deg wedge. Mesh lines are generally orthogonal to the surface
except in the vicinity of the corner. The mesh extends 0.125 m (5 �0)
in the surface normal direction (Y) and from Z��:075 m to Z�
0:075 m (6 �0) in the spanwise direction. The mesh spacing is such
that 20 cells=�0 are present in the axial (X) and transverse (Z)
directions in the upstream boundary layer. The X spacing decreases
near the corner to a level of 45 cells=�0 before expanding again to the

20 cells=�0 value at the end of the domain. Significantly more cells
are present within the boundary layer in the surface normal direction,
and the minimum spacing near the wall is 5 	 10�6 m, which
corresponds to a minimum Y� of 0.99 in the incoming boundary
layer. The total number of interior mesh cells is 536 	 200 	 120�
12:864 million cells. The recycle plane is located 8 �0 downstream
of the inflow plane. Periodic boundary conditions are imposed in the
spanwise direction, extrapolation conditions are applied at the
outflow boundaries (X � 0:175 m, Y � 0:125 m), and no-slip
boundary conditions are applied at the wall. The wall temperature is
fixed at 1.03 T0, where T0, is the freestream stagnation temperature.
The recycling/rescaling methods described in the previous section
are used to sustain turbulence at the inflow plane (X��0:35 m).

To initialize the calculation, a 2-D RANS simulation of the
incoming boundary layer was performed, followed by a 2-D RANS
simulation of the interaction itself, both using the Menter BSL
model. Re-scaled turbulent fluctuations obtained from an earlier
calculation were superimposed onto the flat-plate boundary-layer
solution, and the LES/RANS solution was initiated from this point.
The LES/RANS solutions were evolved for a period of 0.0033 s
(�75 �0=U1 � 3:57 domain residence times) to remove initial
transients. Statistics were then collected for an additional 0.0067 s
(�150 �0=U1 � 7:14 domain residence times). One case (CN�
1:5, weighting 1) was evolved an additional 0.01 s (�230 �0=U1) to
collect data atX-Z planes located at the surface, at Y=�0 � 0:2, and at
Y=�0 � 0:7 for purposes of temporal analysis and animation of the
flowfield response.

IV. Results

A. Mean-Flow Properties

Figure 1 shows instantaneous and averaged views of the temper-
ature at the centerplane of the computational domain. The shear layer
shifts from a boundary-layer structure to a wakelike structure as it
moves over the separation region. A separation shock is formed at the
upstream edge of a small region offlow separation located upstreamof
the corner. This shock induces some initial compression of the
boundary layer, but the majority of the compression occurs through a
sequence of Prandtl–Meyerwaves that eventually coalesce outside the
boundary layer to form a shockwave. Predictions of axial velocity and
mass-flux fluctuation intensity in the inflow boundary layer are
presented in Fig. 2a. Good agreement with the measured velocity
profile is indicated, although the CN � 1:2 case does show an
overestimation of the velocity in the near-wall (logarithmic) region.
This is associated with a thinner RANS-modeled region and an
accumulation of resolved turbulence energy near the wall. The mass-
flux fluctuation intensity profiles are in good agreement with
experimental data away from thewall but consistently are higher close
to thewall (Y=�0 < 0:4).ResolvedReynolds axial and shear stresses in
the inflow boundary layer are shown in Fig. 2b. The rapid drop in the
stress levels for Y=�0 <�0:2 is due to the RANS component of the
closure. The Choi et al. model [25] has the largest RANS region and
reduces the resolved fluctuation content more than the others.

Computed pressure distributions are compared with experimental
data in Fig. 3.While all models capture the shape of the experimental
distribution to good accord, all overpredict the level of upstream
influence, as quantified by the location of the initial pressure rise.
Skin-friction distributions in Fig. 4 again indicate that all models

Table 1 Freestream and boundary-layer properties

Parameter Value

Case Smits and Muck [5]
M1 2.79
�0, mm 25
U1, m=s 562
Re� 1:58 	 106

Po, Pa 6:9 	 105

To, K 263
Cf 1:07e � 3
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capture a larger region of reversed flow, with the new models
showing some improvement in this regard. The reattachment
position is slightly overestimated by all models, and the skin-friction
level in the recovery region is also overpredicted. The LES/RANS
model with CN � 1:2 yields upstream skin-friction levels 10% less
than observed in the experiment and in the predictions of the other
models. Overall, the pressure and skin-friction results indicate that
the computed shock/boundary-layer interaction is stronger than
observed in the experiment. This fact affects the interpretation of the
entire structure of the flow, as the boundary layer responds, in

general, to the displacement effect and dynamics induced by the
region of low-momentum (sometimes) separated flow near the
corner. Figure 5 shows that the effects of a larger low-momentum
region are to induce a larger wake deficit in the velocity profiles near
the corner. TheCN � 1:2 predictions are slightly better in this regard,
as the overall extent of the separation region is smaller. This trend
appears to be due to the accumulation of resolved turbulence energy
mentioned earlier for this choice of the model constant, which leads
to a fuller velocity profile in the logarithmic region (but not near the
wall). The recovery of the boundary layer toward a new equilibrium
state proceedsmore slowly in the calculations than in the experiment,
an effect that is again a consequence of a larger predicted region of
low-momentum flow.

Indications of the effects of mean three-dimensionality are shown
in Fig. 6, a plot of streamlines and skin-friction values at the X-Z
surface plane. The contour range is from 0.0009 to 0.0011 to clearly
indicate regions of very low-momentum fluid. Lines of coalescence
on the ramp surface indicate the presence of pairs of longitudinally
oriented counter-rotating vortex pairs embedded within the mean
boundary layer. The lines of coalescence are associated with lower
skin-friction levels and are separation lines in the sense that near-wall
fluid is being lifted away from the surface through the actions of the
vortices. The vortices themselves originate as the external boundary-
layer flow spills around isolated low-momentum pockets of fluid that
protrude onto the ramp surface. These, in turn, originate from
inhomogeneities in the incoming boundary layer. The spanwise
spacing of the vortex pairs is �2 �0, which is consistent with prior
numerical [23,24] and experimental work (reported in [23]). Loginov
et al. [23] argue that the growth of these structures may result from a
Görtler instability mechanism, given the degree of streamline
curvature present as the boundary layer separates, then reattaches on
the wedge surface. The pattern shown in the predictions of Fig. 6 is
not universal: different models and initial conditions will lead to
different placements of the vortical structures, but the spacing
between the units remains approximately constant.

B. Reynolds Stress Profiles

Figures 7–9 present mass-flux fluctuation intensity, Reynolds
axial stress, and Reynolds shear-stress distributions at different
streamwise stations. The Reynolds stress tensor expressed in
Cartesian coordinates is rotated to align with the surface for X <
�0:0302 and X > 0:0181. For �0:0302< X < 0:0181, the rotation
angle is selected to be 5.5 deg, per the experiment [5]. The evolution
of the mass-flux fluctuation intensity (Fig. 7), computed as

Fig. 1 Instantaneous and averaged temperature contours (K) near

interaction region (streamline passes through Y=�� 0:2; white

streamline passes through Y==�� 0:7).

Fig. 2 Inflow boundary-layer mean and fluctuating properties: a) mean velocity and mass-flux fluctuation intensity; and b) Reynolds axial and

shear stress.

2060 GIESEKING AND EDWARDS

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

M
ar

ch
 1

7,
 2

01
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
05

11
95

 



�
�	u1�0�2�1=2 � 
�	u1�2 � 	u1 	u1�1=2 (10)

is generally in close agreement with the experimental trends once
the boundary layer begins to recover (stations downstream of
X � 0:0414 m). Within the separation region (X��0:0063 to
X � 0:0127 m), the computations generally underpredict the peak

fluctuation intensity. The location of the perturbation in the
fluctuation intensity due to the shock wave is more sensitive to the
LES/RANS model variant and correlates with the relative effects of
each model in predicting the level of upstream influence. Resolved-
scale Reynolds axial and shear-stress distributions, computed using
Favre averages according to

�	u0iu
0
j�	uiuj �

	ui 	uj
�	

(11)

are plotted in Figs. 8 and 9. Only profiles upstream of the interaction
and downstream of the reattachment location are shown in these
figures; the general trends for locations within the separation region
are similar to those evidenced at the X � 0:0254 m station. Far
downstream, agreement with experiment for the Reynolds axial
stress (Fig. 8) is excellent, but in near-wall regions just downstream
of the reattachment point, the computations overpredict the
experiment by more than a factor of 2. Also shown are predictions
extracted usingMorkovin’s strong Reynolds analogy (SRA) [34,35]
as implemented by Smits and Muck [5]:

�	 u01u
0
1�

1


2


�	u1�0�2
�	

(12)

Here, 
2 � 1 � 2RuT�� � 1�M2
1 � 
�� � 1�M2

1 �2 [2], withM1 being
the local average Mach number evaluated as u1=c, where c is the
local sound speed, and RuT is the correlation coefficient

u01T
0=

�
�u01�2

�
1=2
�
�T 0�2

�
1=2

In Smits and Muck [5], the correlation coefficient RuT is set equal to
�0:8 [36], whereas Morkovin’s SRA [34] assumes RuT equal to

X (cm)

P
W

/P
in

f

-5 0 5 10 15
0

0.5

1

1.5

2

2.5

3

3.5

4

Choi et. al. [25]
New model (CN = 1.5, Weighting 1)
New model (CN = 1.5, Weighting 2)
New model (CN = 1.2, Weighting 1)
Settles and Dodson [6]
Settles and Dodson (Corrected, [7])

Fig. 3 Surface-pressure distributions.
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C
f
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-0.001
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0.001
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0.0025
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Choi et. al. [25]
New model (CN = 1.5, Weighting 1)
New model (CN = 1.5, Weighting 2)
New model (CN = 1.2, Weighting 1)
Settles and Dodson [6]

Fig. 4 Surface skin-friction distributions.

U/Uref
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δ 0

0

0.01
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0.04

Settles et al. [4]
Choi et al. [25]
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Fig. 5 Velocity profiles throughout the interaction region.
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Z

Fig. 6 Surface skin-friction contours (scaled from 0.0009 to 0.0011).
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�1:0. The SRA predictions correspond to one specific model variant
(CN � 1:2, weighting method 2). The use of the SRAyields slightly
larger estimates of the Reynolds axial stress, but overall, the
differences are very minor and do not explain the observed
discrepancies in the near-wall region. Considering that the numerical
methods actually underpredict the peakfluctuation intensity for these
profiles, the origin of the discrepancy must relate to the structure of
the mean flow, specifically to the fact that the LES/RANS techniques
predict a larger low-momentum region, which leads to lower mean
density values and lower values for 
2.

Resolved Reynolds shear-stress distributions are plotted in
Fig. 9. At all stations excepting the upstream one, the calculations
significantly overpredict the measured levels. The predicted
Reynolds shear-stress amplification trends are in accord with those

exhibited for the Reynolds axial stresses and the fluctuation
intensities. The experimental measurements indicate that the
Reynolds shear stress responds much more slowly to the interaction.
Using the SRA, the Reynolds shear stress is calculated as

�	u01u
0
2� 1



�	u1�0u02. Predictions using the SRA are closer to the

experiment. It should be noted that experimental uncertainties for the
Reynolds shear-stress measurements are estimated as being from
�32 to�12% in the upstream boundary layer. No error estimates are
given for the interaction or recovery regions, but it is argued [2,5] that
calibration difficulties might limit the utility of the inclined-wire
measurements for meanMach numbers (resolved normal to thewire)
less than 1.2. It should also be noted that Kuntz et al.’s study [37]
of a similar compression-ramp interaction using laser Doppler
velocimetry yielded Reynolds shear-stress values downstream of the
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interaction that were more than twice as large as Smits and Muck’s
[5] measurements.

C. Reynolds Stress Evolution Along Streamlines

Figure 10 shows the evolution of the Reynolds stress tensor along
streamlines originating at X ��10 cm, Y=�0 � 0:2, 0.4, and 0.6.
TheReynolds stresses are extracted using Favre-averaging [Eq. (10)]
and are expressed in a coordinate system rotated to follow the
streamline path. As in [5], the stress components are normalized by

u01u
0
1 in the upstream boundary layer. The separation shock causes

some amplification of the Reynolds stress components, but the
majority of the amplification takes place as the flow compresses
further downstream. Additional amplification may occur through
shear-layer instability growth mechanisms [22,38,39]. The peak
Reynolds stress values occur near the surface just downstream of the
reattachment point. Disturbances in the Reynolds stresses
originating at this location diffuse and advect outward and
downstream. The peaks observed for streamlines originating from
positions further outward in the upstream boundary layer are more of
a consequence of the streamlines intersecting this disturbance field
than of an amplification effect occurring directly along the
streamlines. Comparisons with experimental data from [5] indicate
that, as expected, the LES/RANS model used (CN � 1:2,
weighting 1) overestimates the amplification effect near the wall
(Y=�0 � 0:2). Agreement is better for streamlines originating further
out into the boundary layer. Peak amplification factors in the range of
8 to 13 are observed, relaxing back to a range of 3 to 6 atX � 15 cm.

In general, the amplification factors for u01u
0
1 and u

0
1u
0
2 are similar and

are the highest, followed by those of u02u
0
2 and u

0
3u
0
3.

D. Reynolds Stress Anisotropy

The structure factors u01u
0
1=2k, u

0
2u
0
2=2k, u

0
3u
0
3=2k, and u

0
1u
0
2=2k

are plotted in Fig. 11 for the same streamlines as used above. It is
clear that the passage of the flow through the separation shock
induces a transfer of fluctuation energy from the axial component

u01u
0
1 to the normal and lateral components u02u

0
2 and u03u

0
3. This

redistribution is reasonably modeled by the rapid distortion
approximation (RDA) analysis of Debieve et al. [40] as applied by
Smits and Muck [5], although the absolute changes in the structure
factors predicted through RDA are everywhere larger than shown in
the calculations. However, the RDA appears only to hold just past the
separation shock: further downstream, a reversal of the energy-
transfer process occurs, peaking at approximately the reattachment
position. Here, fluctuation energy is transferred from the transverse
and lateral components to the axial component. Downstream of the
reattachment location, the structure factors begin to relax back to a
newequilibrium state, but it is clear that the axial extent of the domain
is too short for a complete recovery of the boundary layer. The

structure factor u01u
0
2=2k also increases from its upstream value of

�0:16 to peak values in a range of 0.27 to 0.32 at the shock position
before relaxing back to values similar to those in the incoming
boundary layer. The constancy of such structure factors along a
streamline is an important assumption in algebraic Reynolds stress
models, and it is clear that the separation/reattachment process
induces complex behavior that would invalidate this assumption.
Menter’s shear-stress transport (SST) turbulence model [29], which
can be viewed as a simplified form of an algebraic Reynolds stress
technique, shifts its Reynolds stress closure in regions of high strain
rate to
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Fig. 10 Reynolds stress amplification along streamlines.
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� u0iu0j �
2a1k

S

�
Sij �

1

3
�ijSkk

�
� 2

3
�ijk (13)

where S is the vorticitymagnitude andSij is the strain rate tensor. The

structure factor a1 used in this relation is u01u
0
2=k� 0:3, which is

close to that predicted above in the upstream boundary layer but half
of that calculated in the vicinity of the shock front. This may explain
why, for this interaction, Menter’s SST model produces a separation
length approximately twice of that observed in the experiment and in
the LES/RANS calculations.

E. Shock Motion

Separation-shock motion as induced both by the passage of
organized turbulent structures through the shock and by a lower-
frequency bulk motion of the separation region plays an important
role in the dynamics of a compression-corner interaction [9–11]. The
length LSM over which the separation shock moves can be quantified
by an intermittency (�), defined as the fraction of time that the
separation shock is ahead of a particularX location. Figure 12 shows
this distribution compared with the data of Dolling and Or [10]. The
boundary-layer thickness in the Dolling–Or experiment is slightly
smaller that in the Smits and Muck [5] experiment (�0 � 2:2 cm
versus 2.5 cm), and as such, the Dolling and Or data [10] are rescaled
to conform to the thicker boundary layer. Evenwith this rescaling, the
predicted intermittency distribution lies upstream of the
experimental one, again indicative of the fact that the LES/RANS
models capture a larger separation region. The shape of the
intermittency distribution is in good accord with the experimental
data, and the deduced LSM is 0.6 �0 as compared with 0.7 �0 from
[10]. This estimate is obtained by determining the X distance
between the � � 0:04 and � � 0:98 stations. The probability of

reversed axial flow near the surface is also shown in Fig. 12. Avalue
of 1 at a particular location means that, for the entire sample time, the
axial velocity just away from the surface is negative. There is no
station for which flow reversal is maintained at all times. The flow is
most likely to be reversed just downstream of the corner, and even
further downstream, a nonzero probability of flow reversal exists
because of the localized effects of the longitudinal vortices described
earlier in moving fluid away from the surface.
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Figure 13 plots wall-pressure and skin-friction distributions
conditionally averaged based on the intermittency distribution.
Distributions associated with the most upstream positioning of the
shock (0< � < 0:05) and the most downstream positioning of the
separation shock (0:95< � < 1) are shown. A larger estimate of
LSM ��1 �0 can be obtained as the difference between the most
upstream and most downstream positions of the initial pressure rise.
The conditionally averaged skin-friction distributions show that the
region of reversedflow is largest for themost upstreamposition of the
separation shock and smallest when the shock is at its most
downstream position. Piponniau et al.’s [39] conditional analysis of
the near-surface velocity field in an oblique-shock/turbulent
boundary-layer interaction shows a similar trend: a larger separation
region is associated with the upstream movement of the separation
shock.

Shock motion leads to a significant increase in the surface-
pressure fluctuation intensity, as shown in Fig. 14. Two peaks are
observed: one associated with separation and the other with
reattachment. Because the average surface pressures are smaller at
the separation point, the fluctuation intensity is largest at this
location. All model predictions are in relatively good agreement with
the peak value of �0:15, but all models locate the peak further
upstream. The fluctuation intensity upstream of the separation-shock
position is best predicted by the new model with CN � 1:5 and is
higher than experiment both upstream of the separation shock and

within the separated region for the new model with CN � 1:2. The
predictions are somewhat sensitive to the ensemble-averaging
method used in the turbulence closure. Weighing method 2 produces
a smaller peak intensity value that is in more accord with the
experimental data. A rapid attenuation of the fluctuation intensity
takes place after reattachment, but the intensity level is still
significantly higher than that in the incoming boundary layer.

Figure 15 presents probability density functions (PDFs) generated
from the wall-pressure signal at different locations upstream, within,
and downstream of the intermittent region. Nearly Gaussian
distributions are maintained in the upstream boundary layer (� � 0),
within the separation region (X ��0:66 cm), and further
downstream (not shown). Within the intermittent region, the signal
is non-Gaussian, indicating the presence of localized events that
force the wall pressure to be higher or lower than the mean. Good
agreement with the data of Dolling and Or [10] is observed at all
stations.

Figure 16 show snapshots of velocity magnitude extracted at
locations just above the surface, at Y=�0 � 0:2, and at Y=�0 � 0:7.
The contours are scaled to reveal small gradations in the velocity
magnitude in the incoming boundary layer, with darker contours
representing slower moving fluid. Near the wall, small streaklike
structures in the incoming boundary layer interact with the nominally
planar separation line. Excursions of low-momentum fluid onto
the ramp surface indicated in the time-averaged skin-friction
distributions (Fig. 6) are shown here in an instantaneous view.
Broader, more elongated streaklike structures are found at
Y=�0 � 0:2. At Y=�0 � 0:7, pockets of low- and high-momentum
fluid are more uniformly dispersed and there is less organization
overall, although some streaklike structures persist. The shock front
(represented by the sharp gradation to darker contours)moves toward
or away from the corner in response to the actions of higher-speed or
lower-speed pockets offluid. In some cases, the effects of a collection
of such streaks with momentum lower or higher than the average
causes the shock front to persist for a period of time at a locationmore
upstream or downstream than the average, similar to the observations
of Ganapathisubramani et al. [41]. In the data surveyed and in
animations of the process, however, there is no clear indication of an
upstream or downstream motion of the entire shock front. It appears
that the intermittent responses mentioned above may be more due to
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these localized interactions than to a low-frequency motion of the
entire shock front.

F. Spectral Analysis

Some low-frequency content can be observed in the power spectra,
however, as shown in Fig. 17. Each power spectrum is normalized by
thevariance of the pressure signal and the frequency, as in [11,22,24],
and a fast-Fourier transform technique, applied at different locations
in the spanwise direction, is used to generate the spectra. Similar to
Dupont et al. [11], four separate zones can be observed in the power
spectrum corresponding to the wall pressure: 1) a typical turbulent
boundary-layer spectrum characterized by broadband higher
frequencies, located where X < �0:04; 2) a region around the
shock location, �0:03< X <�0:017, dominated by low frequen-
cies; 3) a recovery zone, �0:017< X < 0, where higher frequencies
return to the spectrum although there are still significant midlevel
frequencies; and 4) past the corner, X > 0, where the spectrum is
once again dominated by higher frequencies typical to a turbulent
boundary layer, although significant medium level frequencies
remain far downstream of the interaction.

Dupont et al. [11] characterize their shock motion with a Strouhal
number SL � fshLsep=U1, where Lsep is the length of the separated

region. The strongest interaction analyzed by Dupont et al. had a
Strouhal number of 0.025. This value can be used to back out a
shock-motion frequency corresponding to our conditions, shown in
Fig. 17 as the white line. This frequency correlates well with the
observed low-frequency peak in the shock-motion region. However,
the power spectrum was obtained from data extracted over a
relatively short time, �0:01 s, so that the low-frequency part of the
spectrum may not be statistically converged. It is also possible that a
dominant lower frequency exists that could not be captured in the
time interval considered and that the true peak is not at the observed
frequency.

Figure 17 also shows power spectra at Y=�0 � 0:7. Here, the
spectrum is more scattered and smeared compared to that at the wall.
This is probably due to turbulent/nonturbulent interactions (see Fig. 1
for the location of this plane). There are several high-frequency bands
that persist unaltered throughout the interaction. These likely are due
to the recycling technique used to sustain the turbulence at the inflow.
A trace of the recycling-plane frequency (U1=�8�0�) can be seen in
the spectrum, as can harmonics of this frequency.

G. Residence Time Distributions

The fact that a large amount of experimental data can be collapsed
into a relatively narrow range of Strouhal numbers according to the
above expression [11] suggests that the dominant time scale may be
one associated with entrainment of fluid into and out of the
recirculation region, which naturally would scale with the length of
the separation region. To explore this, a collection of 4000 evenly
distributed streamlines passing through the separation region were
analyzed to determine the amount of time that fluid particles would
spend in this region. A time-mean solution was used in this analysis.
To estimate a characteristic time for each streamline, a line integral of
the reciprocal of the velocity magnitude was performed along the
path of each streamline, starting when the streamline crossed X�
�0:025 m and ending once it had crossedX� 0:015 m. Streamlines
that began or ended within these bounds were discarded, as these
were not considered representative of net fluid entrainment into the
recirculation region. Figure 18 shows a top view of an ensemble of
near-surface streamlines for the 20 deg interaction. As shown earlier
in Fig. 6, a weakly separated flow, characterized by significant
spanwise migration of fluid particles and complex topological
features, is found in the region of intermittent separation-shock
motion.

Based on the times calculated for each streamline, a PDF for the
residence time distribution can be created, as shown in Fig. 19. The
average residence time for streamlines located within the gray
rectangle of Fig. 19 (the more probable values) is 2:3e � 3 s. The
associated frequency is 0.434 kHz, which is indicated as a line in
Fig. 17. This value is close to the shock-motion frequency predicted

Fig. 16 Velocity magnitude snapshots extracted at different wall-
normal planes.

Fig. 17 Spectral maps extracted at different Y locations. Fig. 18 Streamlines entering separation region (view from above).
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for this case by theDupont et al. [11] correlation and nearly coincides
with the dominant low-frequency signal in the spectral map. These
results show a connection between the observed low-frequency
signal and themost probable time required for fluid to enter and leave
the recirculation zone. More recent experimental results [11,39] and
computational predictions [20,22,38,42] indicate that the origin of
the low-frequency component is likely related to the dynamics and
structure of the separation zone itself rather than to the characteristics
of the incoming boundary layer. This new result provides additional
evidence to support this general argument. The fact that residence
time distributions of this type can be obtained from three-
dimensional mean-flow data suggests that it may be possible to
predict a dominant low-frequency mode without conducting an
unsteady analysis. Recent results for a 24 deg compression-ramp
interaction [43] also show a strong correlation between the dominant
low-frequency signal and the most probable residence time, but
further study will be required to determine whether this observation
extends to other shock/boundary-layer interactions. Amore accurate
residence time distribution might be obtained by sampling fluid path
lines from an ensemble of instantaneous snapshots: this again will be
a subject for future work.

V. Conclusions

Two large-eddy simulation (LES)/Reynolds-averaged Navier–
Stokes (RANS) models have been applied to a shock/boundary
interaction generated by a 20 deg compression corner. The models
are designed to transition from unsteady RANS to LES as the
boundary layer shifts from its logarithmic behavior to its wakelike
response, but they differ in that the earlier model requires the
preselection of amodel constant for each case,while the newermodel
avoids this difficulty. Predictions are compared with mean-flow and
second-moment experimental data obtained at Princeton University.
In general, calculated mean-flow velocity, surface-pressure, and
surface skin-friction distributions agree well with the experiment,
with themost noticeable discrepancy being a slight overprediction of
the level of upstream influence induced by the shock wave. The
newer LES/RANS model provides improved predictions of mean-
flow properties. Comparisons with mass-flux fluctuation intensity,
Reynolds axial stress, and Reynolds shear-stress profiles have also
been presented. The LES/RANS models accurately capture the
amplification of the Reynolds axial stress, but the results exhibit
some deviations from experiment just downstream of the separation
region, where the mean-flow response is not particularly well
predicted. The models overpredict the experimental Reynolds shear-
stress levels in the recovery region. The LES/RANS results have also
been used to study aspects of separation-shock unsteadiness.
Calculated shock-position intermittency distributions, wall-pressure

probability density functions, and wall-pressure fluctuation intensity
distributions are in good agreement with experimental data. Wall-
pressure power spectra show a distinct shift to a dominant low-
frequency component centered about the time-averaged position of
the separation shock and extending into the backflow region. The
dominant low-frequency wall-pressure signal is well correlated with
a frequency associated with themost probable residence time of fluid
within the recirculation region. Themeasurable effects of separation-
shock intermittency also appear to be influenced by the passage of
coherent, streaklike structures through the shock front.
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