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Application of Large-Eddy Simulation
to Supersonic Compression Ramps

Donald P. Rizzetta¤ and Miguel R. Visbal†

U.S. Air Force Research Laboratory, Wright–Patterson Air Force Base, Ohio 45433-7512

Large-eddy simulations of supersonic compression-ramp � ow� elds were performed by a high-order numerical
method, utilizing the Smagorinsky dynamic subgrid-scale model to account for spatially underresolved stresses.
Computations were carried out at a freestream Mach number of 3.0 for ramp angles of 8, 16, 20, and 24 deg.
Extensive comparisons are made between the respective solutions and available experimental data that were
collected at higher Reynolds numbers. These include surface pressure, skin friction, and both mean and � uctuating
velocity pro� les. For the 24-deg case, a number of experimentally measured statistical quantities are compared to
the simulation.

Nomenclature
C f = time-mean skin-friction coef� cient
C p = time-mean surface pressure coef� cient,

2.pwm ¡ p1/=½1u2
1

Ek = normalized spanwise turbulence
kinetic energy spectra

K = time-mean turbulence kinetic energy
Ku = kurtosis of wall pressure
k3 = nondimensionalwave number in z direction
L x ; L y; L z = nondimensionaldomain extents
l = dimensional reference length
M1 = freestream Mach number
p = nondimensional static pressure
Re = reference Reynolds number, ½1u1l=¹1
Re± = boundary-layer thickness Reynolds number
Reµ = momentum thickness Reynolds number
Sk = skewness of wall pressure
s = normalized standard deviation of wall pressure
T = nondimensional static temperature
u; v = nondimensionalCartesian velocity

components in x; y directions
un = nondimensionalvelocity component

normal to wall surface
u t = nondimensionalvelocity component

tangential to wall surface
X = nondimensional coordinate tangential

to wall surface, origin at the corner
x; y; z = nondimensionalCartesian coordinates in the

streamwise, vertical, and spanwise directions
Y = nondimensional coordinate normal to wall

surface, origin at the surface
0 = intermittency of wall pressure
1t = nondimensional time-step size
1x; 1y; 1z = mesh step sizes
± = nondimensionalboundary-layer thickness
±¤ = nondimensionalboundary-layer

displacement thickness
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µ = nondimensionalboundary-layer
momentum thickness

½ = nondimensional� uid density
Á = compression-rampangle

Subscripts

e = evaluated at the boundary-layeredge
i = inviscid value
m = time-mean value
w = evaluated at the wall
0 = evaluated at the in� ow location
1 = evaluated upstream of interaction

Superscripts

» = Favre-averagedcomponent
0 = � uctuating component
C = value given in law-of-the-wall units

Introduction

A DVANCES in the accuracy of numerical algorithms and the
speedand storagecapacityof computingmachineryhavemade

it possible to perform direct numerical simulation (DNS) for a re-
stricted class of turbulent � ow� elds. Because such simulations are
characterized by severe resolution requirements, particularly near
wall-bounded regions, they are currently limited to relatively low
Reynolds numbers and to geometrically simple con� gurations. For
somewhat more practical applications, such computations can be
extendedthrough the use of large-eddysimulation(LES). This is ac-
complished in LES by leaving small-scale � uid structures spatially
underresolvedand accountingfor them by means of a subgrid-scale
(SGS) turbulence model. Although DNS and LES have quite gen-
eral applicability,until recently, the majority of � ows consideredby
these methods have been incompressibleor subsonic.

LES of supersonic � ows is useful for studying compressibility
effects, which can alter the � uid physics. Such studies increase the
understandingof turbulence mechanisms and can lead to the devel-
opment, improvement, and testing of lower-order closure models.
Despite remainingcomputationallyintensive,LES also may be ben-
e� cial in the design and analysis of high-speed � ight vehicles and
associated propulsion systems where less sophisticatedapproaches
fail.

A number DNS and LES have been generated for � at-plate � ow-
� elds. These include the spatially evolving boundary layer at a
Mach number of 2.25 and Reµ ¼ 6000, which was consideredin the
DNS of Rai et al.1 and the correspondingLES of Spyropoulos and
Blaisdell2 employing the Smagorinsky dynamic SGS model.3 Both
of these simulations utilized a � fth-order-accurate upwind-biased
� nite differencedescriptionof inviscid � uxes. A similar LES of this
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same � ow was obtained by Rizzetta et al.4 using a high-order com-
pact scheme. By making an approximate spatial growth treatment,
Guarini et al.5 produced the direct simulation for a Mach 2.5 bound-
ary layer. The DNS of Lee et al.6 and LES of Ducros et al.7 have
also been used to examine interactions of isotropic turbulence with
a normal shock wave that was relatively weak.

Supersonic compression-ramp � ow� elds have been studied ex-
tensively,bothexperimentallyand computationally,due to theirgeo-
metric simplicity.Large-scaleshockwaveoscillationsat a frequency
that was found to correlatewith the bursting phenomenonof the up-
stream boundary layer were observedby Andreopoulosand Muck.8

Smits and Muck9 obtaineddetailedmeasurementsof the � uctuating
� ow� eld that con� rmed that observation. Experiments performed
by Dolling and Murphy10 at a Mach number of 3.0, however, de-
tected shock wave motion that was random. This result was veri� ed
by Dolling and Or,11 who noted that incipient separation occurred
for a ramp angle of 16 deg. Further observations by Erengil and
Dolling12;13 concluded that the shock motion contains both large-
scale and small-scale � uctuations, and whereas these oscillations
are generally random, there is a correlationbetween the shock wave
motion and pressure � uctuations in the upstream boundary layer.

Numerical investigationsof supersonic compression-ramp � ows
have typically considered the Reynolds-averaged Navier–Stokes
equations used in conjunction with mean turbulence models. These
efforts have met with limited success in the predictionof quantities
such as heat transfer and skin friction,particularlyin situationswith
large reversed-�ow regions.14 It is believed that this dif� culty may
be due in part to the disparity between the time-mean and instanta-
neous shock-systemstructure. In addition, the models and resultant
computationsoften fail to account for compressibilityeffects or the
three dimensionality of the � ow� eld.

A “very large-eddy simulation” of a 24-deg compression ramp
at Mach 2.8 was performed by Hunt and Nixon15 and indicated a
correlation between upstream � uctuations and shock wave motion.
For the Mach 3.0 � ow past an 8-deg ramp, no separationwas found
in the LES of Urbin et al.16 Some preliminary results were later
obtained at a ramp angle of 25 deg.17 Adams18;19 carried out a DNS
for an 18-deg compression ramp at Mach 3.0, which indicated a
small region of reversed mean � ow, but no large-scale shock wave
motion. This result was veri� ed by the DNS and LES of Rizzetta
et al.4;20

The objective of the present effort is to provide an extensive nu-
merical investigation of supersonic compression-ramp � ow� elds.
LES at a freestream Mach number of 3.0 are carried out for ramp
angles of 8, 16, 20, and 24 deg. Details of the computations are
summarized, and results for each case are compared to each other
and with experimental data that were collected at higher Reynolds
numbers. Both mean � ow14;21 and � uctuating measurements9;10 are
available for this purpose.

Governing Equations
The governing equations employed for the simulations are the

unsteady three-dimensional compressible Favre-� ltered Navier–
Stokes equations. These were written in nondimensional variables
and solved in conservative form. The entire set of these equations
may be found in Refs. 4 and 20 and is not reproduced here.

Spatially underresolved stresses in the LES are represented by
the Smagorinsky dynamic SGS model, which was � rst proposed
by Germano et al.3 for incompressible � ows. The present compu-
tations incorporateYoshizawa’s22 treatment of the stress tensor and
extensions of the dynamic model by Moin et al.23 for compressible
applications.A comprehensivedevelopmentof the model equations
appears in Refs. 4 and 20.

Table 1 Compression ramp � ow conditions

Reference l , m M1 Re Re±0 Reµ 0

Present 2:4 £ 10¡4 3.00 6:5 £ 103 2:08 £ 104 1:696£ 103

Smits and Muck9 1.0 2.79–2.87 6:3 £ 107 1:58 £ 106 –1:64 £ 106 8:19 £ 104

Dolling and Murphy10 1.0 2.90–2.95 6:5 £ 107 8:13 £ 105 –1:44 £ 106 3.86–6:91 £ 104

Settles and Dodson21 1.0 2.84–2.87 6:3 £ 107 1:45 £ 106 –1:64 £ 106 7.56–8:19 £ 104

Numerical Method
Time-accuratesolutionsto thegoverningequationswere obtained

numerically by the implicit approximately factored � nite differ-
ence algorithm of Beam and Warming,24 employing Newton-like
subiterations,25 which has evolved as an ef� cient tool for gener-
ating solutions to a wide variety of complex � uid � ow problems.
Spatial derivativesare representedby a compact approximationthat
is used in conjunctionwith a 10th-ordernondispersive� lter. Subit-
erations are used to achieve second-order temporal and sixth-order
spatial accuracy. In the region of strong shock waves, the compact
differencingof convective� uxes is replaced locally by a third-order
Roe upwind-biased evaluation. References 4 and 20 provide more
complete details of the numerical method.

The aforementioned features of the numerical algorithm are
embodied in an existing fully vectorized, time-accurate, three-
dimensionalcomputer code FDL3DI,26 which has proven to be reli-
able for steady and unsteady� uid � ow problems, including the sim-
ulation of � ows over delta wings with leading-edge vortices,27¡30

vortexbreakdown,28¡30 DNS of transitionalwall jets31 and synthetic
jet actuators,32 and DNS and LES of subsonic33 and supersonic
� ow� elds.4;20

Details of the Computations
Reference conditions for the computations considered here are

found in Table 1 and are identical to those employed for the DNS
and LES of � ow past an 18-deg compression ramp considered in
Ref. 4. Also appearing in Table 1 are correspondingconditions for
associated experimental investigations to which computations will
be compared. In the results that follow, large-scale variables were
decomposed into time-mean values and � uctuating components,
such as, for example,

Qu D um C u0 (1)

A computationaldomain size was taken to be similar to that stud-
ied by Adams18;19 and Rizzetta et al.,4;20 which is given in terms of
the mean incoming boundary-layerthickness ±0 as

L x D 31:2±0; L y D 4:7±0; L z D 2:9±0 (2)

where L x , L y , and L z , are streamwise, vertical, and spanwise ex-
tents, respectively.The verticalextent L y correspondsto the domain
height at the in� ow location. Grid spacing is uniform in the stream-
wise direction at the wall, except in the region near the corner. Be-
yond the streamwiseextent L x noted in Eq. (2), themesh was rapidly
stretched in the streamwise direction to the out� ow boundary. This
rapid stretching,in conjunctionwith the � lter utilizedby the numer-
ical method, was employed to provide a nonre� ective buffer zone.
In the vertical directionat the in� ow boundary,geometric stretching
of the y grid lines was enforced,with a constant mesh spacing ratio
of 1.017.

For each ramp angle, two-dimensionalcomputationalgrids were
generated in x– y planes by an elliptic solver using automated
software34 to maintain orthogonality between grid lines and at do-
main boundaries. The two-dimensional grids were then uniformly
distributed along the span, where constant spacing and a � ve-grid
plane overlap was employed at domain boundaries to facilitate ap-
plication of periodic conditions. Dimensions of the grids for these
computationswere .421 £ 151 £ 81/ pointsin .i; j; k/, respectively,
that correspondto the streamwise,vertical,and spanwise directions.
In the 24-deg case, a coarse mesh consisting of .211 £ 76 £ 81/
points was also constructedby removing every other grid line in the
i direction. The minimum vertical spacing at the wall was main-
tained, and j grid lines were regenerated.At the in� ow location, the
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� ne grid had the following minimum spacings in wall units:

1xC D 16:8; 1yC D 1:4; 1zC D 8:3 (3)

Based on the mean incoming pro� le, 79 of the 151 vertical grid
points were within the boundary layer.

In� ow data for the compression-rampsimulations were obtained
from a spatially evolving � at-plate simulation, which was used to
producepro� les of the dependentvariables.This computation itself
requireda separatecalculationto effect transitionon theplate.These
pro� les are identicalto thoseusedfor simulationsof the18-degramp
case computed in Refs. 4 and 20, which were generated to match
Reµ from the DNS of Adams.18;19 A descriptionof the development
of the in� ow pro� les can be found in Ref. 35, along with more
complete details of computed results. Mean incoming boundary-
layer parameters appear in Table 2.

The spanwise averaged mean streamwise in� ow velocity pro� le
is compared to the data of Settles and Dodson21 in Fig. 1. Because
of the low Reynolds number, the slope of the computed pro� le
in the near-wall region is not as steep as the experimental value.
Corresponding pro� les of the � uctuating streamwise velocity and
Reynolds stress are also presented in Fig. 1. The absence of a near-
wall peak in the experimental pro� le of the streamwise velocity is
likely due to the limitation of the hot-wire probe used to take the
measurements, as was indicated in Ref. 9.

For all simulations, including those used to construct in� ow data,
the time step was speci� ed as 1t D 0:1. To initialize each computa-
tion, preliminary solutions were � rst generated on a coarse compu-
tational mesh, which was obtained by removing every other i and j
grid line.Thesecoarse-meshsolutionswere interpolatedto the nom-
inal grid.Every case was then allowed to evolve forone periodof the
cycled in� ow pro� les (2267 time steps) to attain a turbulent equi-
librium state. This corresponded approximately to 2.3 � ow times
through the streamwise extent L x noted in Eq. (2). Solutions then
continued to evolve for an additional 5.5 periods of the in� ow data,

Table 2 Mean incoming
boundary-layer parameters

Parameter Value

±0 3.202
µ0 0.261
±¤

0 0.834
C f 0 2:634£ 10¡3

Reµ0 1696

Fig. 1 Spanwise-averaged time-mean tangential velocity, � uctuating tangential velocity, and Reynolds-stress pro� les for in� ow.

corresponding to 12,469 time steps and 12.5 � ow-through times,
over which statistical information was recorded.

At the in� ow boundary, instantaneous values obtained by the
aforementioned procedure were prescribed for all dependent vari-
ables. Simple extrapolation was employed at the out� ow plane
downstream of the stretched-mesh region. On the solid surface, the
no-slipconditionwas enforcedtogetherwith a fourth-order-accurate
representation of zero normal pressure gradient. The isothermal
temperature T D 2:522 was also speci� ed along this surface, corre-
sponding to the previous computations of Adams18;19 and Rizzetta
et al.4;20 Because the top of the computational domain was located
above the shock, simple extrapolation was applied along the up-
per boundary. At the spanwise ends of the domain, periodicity was
implemented using the overlapping grid planes.

Results
Because the LES were carried out at a Reynolds number that was

considerablylower than those at which experimentswere performed
(Table 1), only qualitative agreement can be expected between nu-
merical solutions and measured data. Furthermore, differences in
the in� ow pro� les that were observed in Fig. 1 will contribute to a
disparity. In the results to follow, comparison of time-mean quan-
tities will be made with the experiment of Settles et al.,14 which
is documented in Ref. 21. Some time-mean velocities and pro� les
of � uctuating quantities are compared with the measurements of
Smits and Muck,9 who collected data for Á D 8, 16, and 20 deg. A
ramp angle of 24 deg was not considered in this experiment due
to physical constraintsof the data collectingsystem. Measurements
of � uctuating surface pressure for a ramp angle of 24 deg from
the investigation of Dolling and Murphy10 is also utilized in this
study. In all of the experiments, sidewall end plates were utilized
at the spanwise edges of the ramp con� guration, which were not
modeled by the periodic conditions employed for the simulations.
As noted earlier, a more comprehensive presentation of numerical
results appears in Ref. 35.

Spanwise averaged time-mean surface pressure distributions are
shown in Fig. 2. The pressure coef� cient has been normalized by
the inviscid rise, C pi , in each case to account for variations in the
freestream Mach number between computations and experiment.
An appreciable boundary-layer displacement effect occurs in the
numerical solutions becauseof the low Reynolds number employed
for the LES. This causes a rise in Cp on the � at-plate region up-
streamof the cornerand an overall turningof the inviscid� ow that is
appreciablygreater than the theoretical value in some cases. As the
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Table 3 Separation
pressure coef� cients

Á Cpsep

16 0.060
20 0.061
24 0.064

Fig. 2 Spanwise-averaged time-mean surface pressure coef� cient
distributions.

Fig. 3 Spanwise-averagedtime-mean skin-friction coef� cient distribu-
tions.

ramp angle increases, the turning due to boundary-layer displace-
ment is a smaller fraction of the total turning, so that this effect is
diminished. For this reason, numerical results compare more favor-
ably with experimentsat ramp angles of 20 and 24 deg than at 8 and
16 deg.

Corresponding skin-friction coef� cient distributions are com-
pared in Fig. 3. To compensate for differences in the in� ow pro� les
between computationsand measurements,C f has been normalized
by its value upstream of the interaction region, C f1 . In all cases, the
streamwise extent of the interaction is greater for the numerical so-
lutions than it is for the experiments because the Reynolds number
is lower (see Ref. 36, Fig. 3.62). The downstream rise of the skin
friction that is evident in the experimental data is not present in the
computations.

Values of the time-mean pressure coef� cient at the separation
location have been recorded in Table 3. Although a slight rise in
Cpsep is noted for increasingramp angle, its approximatelyconstant
value con� rms the self-induced separation concept of Delery.37

Fig. 4 Effect of grid resolution on spanwise-averaged time-mean
surface pressure and skin-friction coef� cient distributions for 24-deg
compression ramp.

Fig. 5 Spanwise-averaged time-mean tangential velocity pro� les for
20-deg compression ramp.

Becauseof the extensivecomputationalresourcesrequiredto per-
form these simulations,a comprehensivegrid resolutionstudycould
not be performed. Additionally, although there exists no concept of
grid independence for LES in the absence of explicit � ltering,38 it
is bene� cial to carry out coarse-grid computations for the purpose
of determining their suitability for practical applications. Figure 4
illustrates the effect of grid resolution for the 24-deg ramp-angle
case on the surface pressure and skin-friction coef� cients. Here,
the coef� cients have not been normalized as was done earlier, so
that the effect of grid re� nement may be more directly assessed.
Although reasonable results are still obtained in the coarse-grid so-
lution, some loss of accuracy is apparent. In particular, the small
pressure plateau region near the corner is less well de� ned in
Fig. 4.

Pro� le informationnormal to the wall surface for all ramp angles
is presented in Figs. 5–11. Seen in Figs. 5 and 6 are spanwise aver-
aged time-mean velocity pro� les at two representative streamwise
locations downstream of the corner. Also provided are the data of
Settles and Dodson.21 Although the measured and computed results
are qualitatively similar, the LES pro� les are much less full than
their experimental counterparts in all cases. This is because the in-
comingupstreamnumericalpro� leswere less full, and the Reynolds
number is much lower.

Pro� les of the spanwise averaged time-mean � uctuating tangen-
tial velocity are indicated in Figs. 7 and 8, along with the data of
Smits and Muck.9 Whereas a near-wall peak in the pro� les is ab-
sent in the experiment, the comparison with computations for ramp
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Fig. 6 Spanwise-averaged time-mean tangential velocity pro� les for
24-deg compression ramp.

Fig. 7 Spanwise-averaged � uctuating tangential velocity pro� les for
16-deg compression ramp.

Fig. 8 Spanwise-averaged � uctuating tangential velocity pro� les for
20-deg compression ramp.

angles of 16 and 20 deg is generally favorable.Reynolds stress pro-
� les are found in Figs. 9 and 10. Here, the disparity between the
simulations and the measurements is considerable. In addition to a
near-wall peak, the numerical results attain much higher levels than
the experimental data. With reference to Fig. 1, a similar disparity
was found in the in� ow Reynolds stress pro� les.

Spanwise-averaged time-mean turbulent kinetic energy pro� les
for all ramp angles are shown in Fig. 11, where

Fig. 9 Spanwise-averaged � uctuating Reynolds-stress pro� les for
16-deg compression ramp.

Fig. 10 Spanwise-averaged � uctuating Reynolds-stress pro� les for
20-deg compression ramp.

K D .u0u 0 C v 0v0 C w0w0/m (4)

As expected, the turbulence energy level increases with increasing
ramp angle due to the adversepressuregradient incurredby stream-
line curvature and by increasing shock strength.

Comparisons of computed surface pressure � uctuations with
the data of Dolling and Murphy10 for Á D 24 deg are made in
Figs. 12–16. The normalized wall pressure standard deviation is
calculated as

s D
³

1
pwm1

´"
NX

n D 1

pn
w ¡ pwm

N ¡ 1

# 1
2

(5)

and appears in Fig. 12. Here, N is the total number of samples that
corresponds to one per time step in the present case (N D 12,469)
and pwm1 is the mean wall pressure just upstream of the interaction.
The value of s upstream of the interaction (s1 ) has been removed
from the standard deviation to account for differences in the in-
coming states between the computation and the experiment. Apart
from the disparitynear separation(X=±0 ¼ ¡2:0), the comparison is
quite favorable. The disparity is caused by differences in the shock
wavemotionbetweenthe respectiveresults,whichwill be illustrated
subsequently.

Presented in Figs. 13 and 14 are the wall pressure skewness and
kurtosis, de� ned, respectively, as

Sk D
³

1
N s3

´ NX

n D 1

¡
pn

w ¡ pwm

¢3
(6)
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Fig. 11 Spanwise-averaged time-mean turbulent kinetic energy pro-
� les for 8-, 16-, 20-, and 24-deg compression ramps.

Fig. 12 Spanwise-averaged surface pressure standard deviation dis-
tribution for 24-deg compression ramp.

K u D
³

1
Ns4

´ NX

n D 1

¡
pn

w ¡ pwm

¢4
(7)

The computed skewness seen in Fig. 13 is much like that of the
experiment, except, once again, for the sharp peak near separation.
Somewhat more disparity occurs in the kurtosis. Differences in the
upstream state are apparent.

The wall pressure intermittency is displayed in Fig. 15, where 0
is designated by Dolling and Murphy10 as the fraction of time that
the � ow� eld is in an undisturbed state. The quantity is de� ned as

0 D time[pw > .pwm1 C 3s1/]
total time

(8)

It is observed in Fig. 15 that the experimental distributions have
a steeper rise that occurs farther downstream than the numerical
result. This is due to the more extensive interaction region of the
low Reynolds number LES.

Instantaneous surface pressure time histories are compared in
Fig. 16 at a location near the time-mean separation point. The
timescale of Dolling and Murphy10 has been nondimensionalized
using the freestream velocity and the boundary-layer thickness to
compare to the computed result. Mean pressure values of the two
distributionsare in good agreement, as was demonstratedby Fig. 2.
The � uctuating components,however, indicatevery different shock
motion in each case. High-frequency oscillations exhibited in the
numerical simulation are quite similar to those of the incoming
boundary layer, thus signifying no large-scale shock excursions.

Fig. 13 Spanwise-averaged surface pressure skewness distribution for
24-deg compression ramp.

Fig. 14 Spanwise-averaged surface pressure kurtosis distribution for
24-deg compression ramp.

Fig. 15 Spanwise-averaged surface pressure intermittency distribu-
tion for 24-deg compression ramp.

This pressure time history is much like the DNS of Adams19 for an
18-degcompressionramp. By contrast, the low-frequencymodes of
the experimental distribution represent extensive movement of the
shock, where the time between crossings of the mean value line is
proportional to the distance traveled.

Spanwise turbulent kinetic energy spectra at X=±0 D 2:1 and
Y=±0 D 0:5 for all ramp angles are provided in Fig. 17. In Fig. 17,
instantaneous spectra have been temporally averaged, and Ek has
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Fig. 16 Midspan surface pressure time history at X/±0 = ¡ ¡ 2:1 for
24-deg compression ramp.

Fig. 17 Spanwise turbulent kinetic energy spectra at X/±0 = 2:1 and
Y/±0 = 0:5 for 8-, 16-, 20-, and 24-deg compression ramps.

Fig. 18 Instantaneous Mach number contours at midspan location for
8-, 16-, 20-, and 24-deg compression ramps.

been normalized by its value at k3 D 1. Little dependence on ramp
angle is evident.

Found in Fig. 18 are instantaneous Mach number contours at
the midspan location for all four ramp angles. It can be seen that
the postshock Mach number in the inviscid portion of the � ow� eld
decreasesas the compressionramp angle increases,as expected.Re-
gions of low-speed � ow in the corner region are apparent, the extent
of which increaseswith increasingramp angle.A close inspectionof

Fig. 19 Instantaneous total pressure coef� cient contours at the span-
wise boundary and isosurface for 24-deg compression ramp.

Fig. 18 evidences that the normal extent of the large-scalestructures
increases with increasing Á. Presented in Fig. 19 are instantaneous
total pressure coef� cient contours at the spanwise boundary and an
isosurface.The level of the isosurface corresponds to a value of the
total pressure coef� cient near the outer edge of the boundary layer.
The intermittent nature of the boundary-layeredge is apparent.

Summary
A high-order� nite differencemethodwas used to performLES of

the Mach 3.0 � ow past compression ramps of 8, 16, 20, and 24 deg.
Spatial derivativeswere representedby a 6th-ordercompact scheme
that was used in conjunction with a 10th-order nondispersive � lter.
The inviscid regions immediately surrounding shock waves were
treated by a third-order Roe upwind-biased evaluation of the con-
vective � uxes. Spatially underresolved stresses in the large-eddy
formulation were accounted for by the Smagorinsky dynamic sub-
grid model.

Extensive comparisons were made between numerical simula-
tions and experimental data. It should be emphasized, however, that
signi� cant differencesexisted in these respectiveinvestigations.No-
table among these was the Reynolds number, which was two orders
of magnitude greater in the experiment. The experimental con� gu-
ration employed sidewall end plates, which were not modeled in the
computations. In addition, nondimensional incoming pro� les used
in the simulations could not duplicate those of the experiment.

Computed time-mean surface pressure distributions compared
reasonably well with experimental data for all ramp angles. Nu-
merical skin-friction distributions did not reproduce the postshock
increase that appeared in measured results.A mesh resolutionstudy
indicated that coarse-grid simulations might be useful for practical
applications,particularly for preliminary design purposes.

Although similar in shape, LES pro� les of time-mean tangential
velocity at speci� c streamwise locations only qualitatively resem-
bled those of the experiments. The � uctuating component was in
better agreement with the data for ramp angles of 16 and 20 deg.
Numerical Reynolds stress pro� les poorly predicted the experiment
in all cases.

Comparisons with unsteady surface pressure measurements for
the 24-deg ramp case were encouraging.Although it appeared that
the numerically observed shock wave motion was somewhat differ-
ent from that of the experiment, distributionsof standard deviation,
skewness, kurtosis, and intermittency were in correspondencewith
the data, except in the immediate vicinity of the mean separation
point.
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