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Experimental, Analytical, and Computational Methods Applied
to Hypersonic Compression Ramp Flows

G. Simeonides*
von Kdrmdn Institute for Fluid Dynamics, B-1640 Rhode St-Genese, Belgium

W. Haaset
Dornier Luftfahrt GmbH, D-88039 Friedrichshafen 1, Germany

and
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Experimental data on fully laminar and transitional shock-wave/boundary-layer interactions in two-dimen-
sional compression corners are provided and used for the validation of two full Navier-Stokes solvers, as well
as for checking the capabilities and limitations of simple analytical prediction methods. Viscous pressure
interaction, free interaction, and inviscid oblique shock theory are found to predict well the pressure levels on
the flat plate upstream of the interaction, within the separated region, and downstream of the interaction,
respectively. The reference temperature theory is found to perform well in attached flow regimes both upstream
and downstream of the interaction region and to provide the basis for a universal peak heating correlation law.
Full Navier-Stokes computations are necessary, however, to predict the extent of the interaction region and the
associated influence on the pressure distribution (control effectiveness) as well as the detailed heat transfer
distribution. To achieve this, very fine gridding coupled with the use of strict convergence criteria (based on the
evolution of the location of the separation point rather than on standard density residuals) is shown to be
necessary. It is finally shown that, although sophisticated turbulence models need to be further developed before
the detailed characteristics of fully turbulent shock-wave/boundary-layer interactions may be predicted, transi-
tional interactions (where transition typically occurs in the neighborhood of reattachment) may be adequately
handled by algebraic turbulence models "switched on" just downstream of reattachment.

Nomenclature
C = Chapman-Rubesin linear viscosity law constant
Cf = skin friction coefficient [Eq. (2)]
CH = heat transfer coefficient [Eq. (3)]
cp = specific heat at constant pressure
Kp = pressure coefficient [Eq. (1)]
L = distance of hinge line from leading edge
LPk = growth length of reattaching boundary layer to

location of peak heating
M = Mach number
7VLsep = number of mesh points along the wall in the

separated region
Nssep = number of mesh points in the boundary layer

at separation
p = pressure
qs = heat transfer rate into model surface
Re = Reynolds number
^unit = unit Reynolds number (per meter)
T — temperature
u = velocity
x = distance from leading edge
OL = ramp deflection angle
OLS = deflection angle of dividing streamline
7 = ratio of specific heats
ds = shear layer thickness at reattachment
p = density
rw = wall shear stress
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Subscripts
e = at edge of boundary layer
pk = at peak heating
r = recovery (adiabatic wall)
reat = at reattachment
ref = reference boundary layer
sep = at separation
w = wall
0 = reservoir (total)
oo = freestream

Superscript
* = at Eckert's reference temperature

I. Introduction

R ECENT years have seen the development of a number of
concepts for novel space transportation systems with

widely varying mission requirements that, however, all aim to
optimize the performance of such systems and to provide easy
and cost-effective access to space. Many of the proposed
systems rely on the concept of reusability, which, effectively,
translates to lifting re-entry space planes similar to the opera-
tional U.S. Space Shuttle Orbiter. Others aim for a lifting
ascent as well, with the aid of airbreathing or rocket propul-
sion, and for an overall operational performance and simplic-
ity similar to that of current commercial airliners.

One of the most critical areas in the design of hypersonic
aircraft is the design of control surfaces,1'2 where it is well
known that strong shock-wave/boundary-layer interactions
occur upon their deflection, giving rise to a loss of control
effectiveness and high heating rates.3"5 As a consequence, a
significant worldwide research effort has been undertaken to
provide a better understanding of the relevant flow processes
and reliable prediction techniques, with particular emphasis
placed on the development and validation of computational
fluid dynamics (CFD) methods.2'5-8
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Two categories of hypersonic space planes may be distin-
guished in the modern trends. First, there are lifting re-entry
vehicles, such as the European Hermes space plane and the
U.S. HL-20 Personnel Launch System, which are very similar
to the Space Shuttle Orbiter, although their small scale poses
severe heating problems in nose and leading-edge areas and
gives rise to significant uncertainties in the design of control
surfaces as the laminar (due to the small scale) oncoming
boundary layers are by far more prone to separation in regions
of shock-wave/boundary-layer interaction than turbulent
boundary layers. Furthermore, transition is often promoted
by the process of shock-wave laminar boundary-layer interac-
tion, a phenomenon that has so far received limited attention
(because of its inherent difficulties) despite its relevance to
efficient control surface design.

The second category of hypersonic space planes includes
lifting ascent/re-entry vehicles, such as the U.S. National
Aerospace Plane and the German Sanger. The associated high
Reynolds numbers encountered during the lifting ascent of
such vehicles are expected to yield turbulent flows over many
of their wetted surfaces, so that the accurate modeling of
turbulence9 becomes very important in the efficiency of the
design.

The present paper addresses the deflected control surface
problem, as simulated by flat-plate/two-dimensional com-
pression ramp configurations (Fig. 1), at Mach numbers of 6
and 14 with Reynolds numbers to the hinge line in the range
0.3 x 106 to 2.5 x 106 and wall-to-total temperature ratios be-
tween 0.1 and 0.85. The test cases considered involve ramp
deflection angles between 7.5 and 25 deg approached by lami-
nar boundary layers which, in the laboratory, give rise to
two-dimensional fully laminar or transitional shock-wave/
boundary-layer interactions, including cases with extensive
separation. Fully turbulent interactions, with the inherent
need for turbulence modeling within separated flow regions, are
not considered.

In what follows, examples of experimental, analytical, and
computational results are discussed, emphasizing validation
issues. A synthesis that may provide useful hints to the de-
signer of control surfaces is also presented.

II. Description of the Experiments
Experimentally, the problem has been treated in the two

hypersonic wind tunnels of the von Karman Institute (VKI),
namely, the Mach 6 H-3 blowdown and the Mach 14 Longshot
heavy piston gun tunnels.10 Surface pressure and heat transfer
distributions have been measured by a variety of measurement
techniques,10 and the data have been complemented by
schlieren and surface oil flow and sublimation visualizations.
Repeatability and flow establishment (in the Longshot inter-
mittent tunnel) have been demonstrated. Two-dimensionality
has been checked for the cases chosen for code validation
purposes. Specifically, the insensitivity of centerline pressure
and heat transfer distributions to the use of side plates cover-
ing the recirculation zone has been demonstrated,11'12 which is
a necessary and sufficient condition for two-dimensionality in
the centerline region of the model insofar as finite span effects

are concerned. The uncertainties in the measurements and in
the definition of the test conditions have been determined to
reflect the current state of the art in hypersonic testing.10'15

Three test cases are considered for the purposes of code
validation, all involving flat-plate/two-dimensional ramp con-
figurations with the flat plate at zero incidence and a nomi-
nally sharp leading edge tested in perfect gas flow conditions.
First, a Mach 6 (±1% nonuniformity, particularly evident
near the axis of the tunnel) fully laminar test case with a ramp
deflected to 7.5 deg and the hinge line located at 40 mm
downstream of the leading edge is considered.16 The unit
Reynolds number is 10 x 106/m (±10% uncertainty/nonre-
peatability), the total temperature of the flow is 470 K (±3%
uncertainty/nonrepeatability), and the model surface temper-
ature is equal to the adiabatic wall temperature. The uncer-
tainty of the surface pressure measurements is estimated to
±5% that, combined with the aforementioned flowfield non-
uniformity, may yield an overall uncertainty in the pressure
coefficient of the order of ±10%. The mean model leading-
edge thickness in the experiment was 80 /mi, which at Mach 6
has a negligible effect on the data.16

The second and third test cases involve flat-plate/15-deg
ramp configurations at Mach 14 (±1.5% uncertainty/nonre-
peatability), with a unit Reynolds number of 6.5 x 106/m
(±13% uncertainty/nonrepeatability), an equivalent perfect
gas total temperature of 2385 K (±9% uncertainty/nonre-
peatability), and a model surface temperature of 295 K.11'13"15

The Mach number nonuniformity in the test section is within
the uncertainty/nonrepeatability band. In the second test case
the hinge line is located at 70 mm downstream of the model's
leading edge, giving rise to a fully laminar shock-wave/
boundary-layer interaction. In the third test case the hinge line
is located at 200 mm downstream of the model's leading edge,
and laminar-turbulent transition is exhibited in the close vicin-
ity of reattachment. The measurements are characterized by
uncertainty levels of ± 16% on the pressure coefficient on the
low-pressure flat-plate part of the model, ±6% on the pres-
sure coefficient on the ramp, and ±13% on the heat transfer
coefficient over the entire measurement domain. These esti-
mates reflect the uncertainties in the measurements and in the
determination of the relevant flow conditions, as well as the
contribution of flowfield nonuniformity.

The model leading-edge thickness in the experiment corre-
sponding to the second test case was characterized by a mean
value of 70 /mi and a spanwise variation of ± 10 /mi. For the
third test case, the pressure data were collected over a model
with a leading-edge thickness distribution of 55 /mi ± 3 /mi
and the heat transfer data over a model with a leading-edge
thickness distribution of 35 /mi ± 10 /mi.11 Contrasting the
pressure data with the heat transfer data in the third test case,
it has been concluded that such model leading-edge thickness
variations have little effect on the location and extent of the
interaction.

Three criteria have been employed to detect the occurrence
of laminar-turbulent transition in the Mach 14 experiments:
the presence of a granular structure within the boundary or
shear layer in schlieren photographs, the noise pattern in
24-kHz surface temperature time traces, and the comparison
of the measured heat transfer data downstream of the interac-
tion region to the reference temperature predictions discussed
in Sec. III. For the first test case at Mach 6, the low strength
interaction over the 7.5-deg ramp configuration has been de-
termined to be fully laminar16 on the basis of criteria estab-
lished by Ginoux.17

For the comparisons that follow, the data are presented in
coefficient form. The pressure coefficient is defined as

P -

Fig. 1 Flat plate/two-dimensional ramp geometry.

The skin friction coefficient is defined as

Cf= ,/ " .2

0)

(2)
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The heat transfer coefficient is defined as a modified Stanton
number of the form

(3)

Finally, it is noted that a much larger number of experi-
ments11'12'15 have been conducted at Mach numbers of 6 and
14, and the results have been successfully compared with the
analytical predictions discussed in Sec. III. Although the bulk
of this database involves transitional shock-wave/boundary-
layer interactions, which have not been used for code valida-
tion purposes for the moment, the data have served the devel-
opment and validation of a peak heating correlation that is
discussed later. In addition, they have provided evidence on
the level of striation heating that is often observed in reattach-
ing flows and have allowed for the determination of an upper
limit on the heat transfer rate that is briefly addressed in Sec.
V.11'12

III. Description of the Analytical Predictions
Analytically, it has been found that viscous pressure interac-

tion theory,18 combined with the blast wave theory prediction
for the pressure induced by a small leading-edge bluntness,19

performs satisfactorily in predicting the pressure distribution
over the flat-plate part of the models upstream of the onset of
the interaction. Free interaction theory4 has also been found to
predict well the plateau pressure level within the separated
flow region.

The reference temperature method20'21 has been successfully
employed to predict the heat transfer distributions over at-
tached flow regions, that is, upstream and downstream of the
interaction region, including the high heating rates on the
deflected ramp downstream of reattachment for both laminar
and turbulent reattachment cases. The general reference tem-
perature result is given by

^I x (c*r

where n = 0.5, A = 0.332, and s = Pr2/3 for a laminar bound-
ary layer, and n = 0.2, A =-0.0296, and s = 1 for a turbulent
boundary layer at high Mach numbers.

Now, application of Eq. (4) to a reference boundary layer,
typically taken as one over a flat plate at zero incidence with
freestream edge conditions and with the origin of the bound-
ary layer at the leading edge of the flat plate, gives a reference
value for the heat transfer rate (or coefficient) that would
occur, in the absence of an interaction, at the location of peak
heating on the respective deflected ramp. An estimate for the
heat transfer coefficient at the location of peak heating, corre-
sponding to the peak ramp pressure and with the origin of the
ramp boundary layer also taken at the leading edge of the flat
plate, may be similarly obtained from Eq. (4). Finally, if the
thinning of the reattaching ramp boundary layer, caused by
the reattachment compression, is accounted for by taking its
virtual origin in the vicinity of the reattachment point rather
than at the leading edge of the flat plate, then the growth
length at the location of peak heating used in the Reynolds
number term of Eq. (4) is Lpk rather than xpk.

Taking the ratio of the latter peak heating estimate to the
former reference value yields a theoretically based correlation
for peak heating11'22:

tfref
(5)

with a - 0, B = 1, and n = 0.5 for fully laminar interactions
with a laminar reference level, a = 0, B = 1, and n = 0.2 for
fully turbulent interactions with a turbulent reference level,

and a = 0.3, B = 0.072, and n = 0.2 for turbulent peak heat-
ing with a laminar reference level.

The length scale Lpk, that is, the effective growth length of
the reattaching boundary layer, has been found11'12 to be well
approximated by the method proposed by Bushnell and Wein-
stein23 as

sin (a - as)
(6)

where the thickness of the shear layer at the reattachment
point 5S may be computed by the compressible Blasius result,
and the deflection angle of the separated shear layer from free
interaction theory. The velocity ratio upk/u^ may often be
neglected, inducing an error typically of the order of 10%, and
the pressure ratio ppk/prefmay be approximated by the invis-
cid pressure ratio through a single inviscid shock or a two-
shock system (separation shock plus reattachment shock) or as
the pressure ratio through an isentropic compression. The use
of a reference Reynolds number to correlate turbulent ramp
data to a laminar flat-plate reference heating level is also
noted.

For fully laminar or fully turbulent interactions and neglect-
ing the velocity ratio term, Eq. (5) reduces to

<7ref

Xpk
(7)

which is equivalent to the numerous pressure interaction semi-
empirical peak heating correlations summarized by Hung24

but includes an additional term that represents the relative
growth lengths of the reference and ramp boundary layers. It
is recalled that such semi-empirical correlations have been very
successful for fully turbulent interactions with a value of the
exponent (1 - n) close to 0.8 (that is the theoretical reference
temperature value) but have been a complete failure for fully
laminar interactions where exponents (1 — n) in the range
0.7-1.9 have been determined24 as opposed to the theoretical
value of 0.5. In addition, correlations for peak heating in
transitional interactions (with a turbulent ramp peak heating
level and a laminar reference level), such as the one proposed
by Hung and Barnett,25 have also presented severe limitations
in their performance.12 Accounting for the thinning of the
reattaching boundary layer caused by the interaction process
in the form of Eqs. (5) or (7), on the other hand, has been
found to provide the grounds for a universal peak heating
correlation in regions of both two- and three-dimensional
shock-wave/boundary-layer interactions.11'12'22 The results of
this improved correlation are presented in Sec. V.

Finally, what is currently not possible with simple semi-em-
pirical and/or analytical methods is the accurate prediction of
the extent of the separated region and the location of the
separation point, since a universal correlation law has yet to be
developed. This, in turn, makes the incorporation of CFD
methods in the design process necessary, particularly insofar
as the prediction of control effectiveness, which strongly de-
pends on the geometric characteristics of the interaction (as
opposed to peak heating), is concerned. Clearly, full Navier-
Stokes solvers need to be critically validated before being
relied upon by the designer, and this forms one of the primary
objectives of the present paper.

IV. Description of the Computations
Computationally, the problem of shock-wave/boundary-

layer interaction in compression corners has been treated by
two Navier-Stokes solvers, one developed at Dornier26"30 and
one at the VKI.31~33 In both codes, the two-dimensional un-
steady full Navier-Stokes equations are integrated by means of
time-marching finite volume shock-capturing methods based
on cell-centered unknowns. The discretization of the convec-
tive terms is based on either a central (for the Dornier code) or
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an upwind (for the VKI code) evaluation of the cell face
fluxes. A standard nonlinear blend of second- and fourth-or-
der artificial dissipation terms is employed to stabilize the
central discretizations in the Dornier code. The VKI solver
makes use of the flux difference splitting technique to evaluate
the cell face fluxes; higher order schemes coupled with total
variation diminishing (TVD) properties are implemented on
the basis of the MUSCL approach. Both codes employ multi-
stage Runge-Kutta integration schemes for the time discretiza-
tion. The Cebeci-Smith turbulence model34 is implemented
in the Dornier code together with a transition "switch." The
boundary-layer length scales are computed by the method
proposed by Stock and Haase.35

The time evolution of the numerical solutions is, in both
codes, monitored by means of an L2 norm of the normalized
density residuals. An overall decay of the residuals by three to
four orders of magnitude is generally considered to yield a
satisfactory steady-state solution. However, the extent of the
separated region and the location of the separation point have
exhibited a considerable sensitivity to further reduction in the
residuals. Therefore, the establishment of the steady-state lo-
cation of the separated point is believed to be a more appropri-
ate convergence criterion, as will be discussed later. Still, it is
noted that such an approach is likely to yield significant in-
creases in computational time when noting the asymptotic
behavior of convergence histories.

The Mach 6, 7.5-deg ramp test case has been computed by
both codes. The Dornier computations have been conducted
on a series of four meshes to check that the solution is inde-
pendent of further grid refinement. The four mesh levels,
employed with two multigrid (V) cycles, involve a total num-
ber of points of 62 x 12, 124 x 24, 248 x 48, and 496 x 96; in
the finer mesh, the normal mesh size at the wall was 5 x 10~6

m. The VKI computation has been performed on 190 x 60
mesh points, with the normal mesh size at the wall set to
6.7 x 10~5 m. It is noted that the computational domain in the
Dornier computations extended to 120 mm downstream of the
leading edge as opposed to 80 mm in the VKI computations.

The fully laminar Mach 14, 15-deg ramp test case has also
been computed with both codes. The Dornier computations
again include an extensive grid dependence study with compu-
tations performed on meshes with 44 x 20, 88 x 40, 176 x 80,
and 352 x 160 points. The wall normal stepsize in the finer
mesh was again 5 x 10~6 m. The VKI computations have been
performed at two mesh levels, namely with 84 x 30 and
190 x 60 mesh points. The first normal stepsize at the wall in
the case of the finer grid was 3 x 10"5 m. The computational
domain in the Dornier computations and in the coarse grid
VKI computations extended to 250 mm downstream of the
model leading edge. The fine grid VKI computations were
performed over a length of 210 mm from the model leading
edge.

Lastly, the transitional Mach 14 test case, with the hinge line
of the 15-deg ramp located at 200 mm downstream of the
model leading edge, has been computed only by the Dornier
code. Fully laminar computations have been performed in a

Table 1 Mesh resolution

Test case
Case 1
Mach 6
7.5 deg ramp

Case 2
Mach 14

forward
15 deg ramp

Case 3
Mach 14

rear
15 deg ramp

Code
VKI

DORNIER
DORNIER
DORNIER

VKI
VKI

DORNIER
DORNIER
DORNIER
DORNIER

VKI
DORNIER
DORNIER

Mesh
190 x
125 x
249 x
497 x

84 x
190 x
89 x

177 X
353 x
62 x

124 x
248 x

level
60
25
49
97
30
60
41
81

161
31
62

124
248 x 64

NLsep

51
13
50
103
15
43
16
43
92
no
51
84
80

Msep

20
13
26
53
13
28
28
55
109

sep."
43
87
35

Fig. 2 Coarsened version of VKI 190 x 60 grid employed in the Mach
14 forward ramp computation.

Fig. 3 Coarsened version of Dornier 248 x 64 grid employed in the
Mach 14 rear ramp computation.

mesh series with 61x31, 124x62, and 248x124 mesh
points. An additional mesh of 248 x 64 points has been em-
ployed to perform fully laminar and fully turbulent computa-
tions, as well as to check the influence of *'switching on" the
turbulence model just downstream of the laminar reattach-
ment (note that transition in this experiment was detected to
occur in the close vicinity of reattachment). In the latter case,
the first wall normal stepsize was 5 x 10~5 m. The computa-
tional domain for this test case extended to 400 mm down-
stream of the model leading edge.

More information about the mesh resolution achieved in the
various computations discussed herein is provided in Table 1.
The number of mesh points included in the boundary layer at
the separation point and the number of mesh points between
the predicted separation and reattachment points are given as
representative of the mesh resolution in the wall normal and
streamwise directions, respectively.

The grids employed in the present study are illustrated in
Figs. 2 and 3. Figure 2 shows a coarsened version of the fine
190 x 60 VKI grid employed in the second test case with the
Mach 14 forward 15-deg ramp. Figure 3 shows a coarsened
version of the 248 x 64 Dornier mesh employed in the third
test case with the Mach 14 rear 15-deg ramp. The Dornier
meshes were generated by an algebraic grid generation tech-
nique in which the outer boundary of the meshes was fitted
close to the shock shape to optimize the mesh point distribu-
tion in the computational domain. The mesh lines were geo-
metrically stretched in the wall normal direction. The VKI
grids were generated by an analytic technique based on poten-
tial theory. In this case, orthogonal and smooth meshes are
warranted, but a roughly constant normal extent of the mesh
is imposed over the entire length of the computational domain
(apart from the vicinity of the hinge line). The mesh lines were
exponentially stretched in the wall normal direction.

V. Discussion of Results
A. Experiments vs Analytical Predictions

Typical pressure distributions measured along the centerline
of the flat plate and flat-plate/15- and 25-deg ramp configura-
tions at Mach 14 are shown in Fig. 4. The flat-plate data are
compared with the combined viscous pressure interaction18

and blast wave bluntness19 predictions. Also shown are the
free interaction predictions for the plateau pressure level4 and
the inviscid ramp pressure level obtained from oblique shock
theory. The "peak" ramp pressure levels, too, have been
estimated from oblique shock theory on the assumption of a
two-shock system, where the strength of the separation shock



SIMEONIDES, HAASE, AND MANNA: HYPERSONIC COMPRESSION RAMP FLOWS 305

1 1 1 1 I |- - • T • - 1 "' "" '

o FLAT PLATE
A 15° RAMP
+ 25° RAMP 25°

HINGE _ ̂
LINE

PLATEAU PRESSURE
PREDICTIONS K

+ I* X

+ "" T ' &T l^ *T

- ^-frA^xAA A A

I I I I

+""4"{< 2 5o
\ + + __ _15° r /

A \ 4 A A A A /J^_

A \\ /^~
\\ INVISCID

+A PEAK RAMPJ RAMP
A PRESSURE LEVEL PRESSURE

LEVEL

-o —————— Q— , ——————
f °

FLAT PLATE PREDICTION

l I I I
0.16 0.20 0.24 0.28 0.32 0.36 0.40

DISTANCE FROM THE LEADING EDGE / m

Fig. 4 Measured pressure distributions over flat plate and flat plate/
2D ramp configurations at Mach 14 and Reunit = 6.5 x 106/m, and
comparison with anayltical predictions.
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Fig. 5 Measured heat transfer distributions over flat plate and flat
plate/2D ramp configurations at Mach 14 and Reunit = 6.5 x 106/m,
and comparison with anayltical predictions.

gives the predicted plateau pressure level. Clearly, all predic-
tions are in good agreement with the measurements.

Typical measured heat transfer distributions along the cen-
terline of the flat plate and flat-plate/15- and 25-deg ramp
configurations at Mach 14 are shown in Fig. 5. Data with the
15-deg ramp configuration are shown for two locations of the
hinge line. The measurements are compared with the reference
temperature predictions of Eq. (4). The flat-plate data, which
remain laminar over the entire measurement domain, compare
well with the predicted laminar distribution. On the forward
15-deg ramp, the measurements initially compare well with the
laminar reference temperature predictions, but at approx-
imately 120 mm from the leading edge laminar-turbulent tran-
sition is occurring, and the heat transfer distribution rises
from the laminar predictions to the turbulent predictions. The
importance of accounting for the thinning of the reattaching
boundary layer, caused by the interaction process, by shifting
its virtual origin to the vicinity of reattachment is again
stressed.

In the rear ramp experiments, laminar-turbulent transition
has been detected in the close vicinity of reattachment11;
hence, the measured data on the ramp compare well with the
respective turbulent reference temperature predictions. It is
noted that the solid line reference temperature ramp predic-
tions assume the inviscid pressure level on the ramp. However,
a pressure overshoot has been measured just downstream of
reattachment (Fig. 4) that, in the case of the 25-deg ramp is
significant. Evidently, accounting for the actual pressure dis-
tribution in the 25-deg ramp prediction of Fig. 5 yields an
improvement in the comparison to the measured heat transfer
data.

With reference to Fig. 5, it is also noted that the predictions
of Eq. (6) for Lpk are in good agreement with the measured
distance of the location of peak heating from the reattachment
point. The latter has been found, from the comparison of the
reference temperature predictions to the ramp heat transfer
data, to closely represent the location of the virtual origin of
the reattaching boundary layer. In other words, Eq. (6) is seen
to provide a good approximation to the effective growth
length of the reattaching boundary layer to the location of
peak heating.

Furthermore, high-resolution spanwise measurements on
the rear 15-deg ramp are shown in Fig. 5 to illustrate that
significant spanwise heat transfer variations may occur in
reattaching flow regions and downstream. These variations
have been attributed to the Gortler instability and the associ-
ated formation of contrarotating vortices.36 However, an ex-
tensive parametric study of the resulting heat transfer varia-
tions performed in the present investigation11'12 has shown
that, even in the presence of important steady spanwise heat
transfer variations, the local turbulent heating level on the
ramp is not significantly exceeded. Moreover, when a fully
turbulent boundary layer develops over the entire span of the
ramp, spanwise heat transfer variations have been found to
reduce effectively to zero. A major conclusion of this work11'12

has, therefore, been that the local turbulent heating level on
the ramp, as given by the reference temperature theory (ac-
counting for the actual conditions at the edge of the ramp
boundary layer and for the location of its virtual origin), may
provide an adequate estimate for an upper limit of the (time-
averaged) heat transfer distribution on the ramp downstream
of the region of interaction.

Noting the successful application of the reference tempera-
ture method to the prediction of the heat transfer distribution
(in attached flow regions) over a wide variety of geom-
etries,11'12 Eq. (5) has been employed to correlate laminar and
turbulent peak heating data measured in regions of two- and
three-dimensional shock-wave/boundary-layer interactions.
The result is illustrated in Fig. 6, where more than 200 data
points from 23 references have been assembled.22 The data
cover a Mach number range of 5-20 and five orders of magni-
tude variation in Reynolds number, which implies a range of
shock-wave/boundary-layer interactions from fully laminar
cases in the strong viscous interaction regime to transitional
and, eventually, fully turbulent cases. The geometries consid-
ered include two- and three-dimensional flat-plate/ramp con-
figurations, flat plates with swept or unswept impinging
shocks, regions of glancing shock interaction (flat plates with
vertical fins), and a double ellipsoid configuration. A laminar
boundary layer developing over a flat plate at freestream
conditions has been chosen as the reference case in this corre-
lation.

B. Experiments vs Computations
L Mach 6, 7.5-Deg Ramp Laminar Test Case

The computed pressure distributions for the first test case
(Sec. II) are compared with the measured data in Fig. 7. The
Dornier computations demonstrate that a grid-independent
solution has been attained by the two finest meshes and is in
close overall agreement with the measurements. The modest
discrepancy (of the order of 10%) observed between the CFD
predictions and the measured pressure distribution for a short
distance downstream of reattachment lies within the experi-
mental uncertainty. The VKI computations, performed on a
similar mesh to the second finest Dornier mesh (noting the
different computational domains and grid stretching), also
show good agreement with the measured data as well as with
the grid-independent Dornier solution (on the two finest
meshes).

The corresponding computed skin friction distributions are
shown in Fig.8. Clearly, the coarser Dornier mesh performs
reasonably well in predicting the skin friction distribution over
the attached flow region upstream of the onset of the interac-
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Fig. 6 Correlation of laminar and turbulent peak heating data referenced to laminar flat plate heating level.
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Fig. 7 Comparison of measured and computed pressure distribu-
tions over the flat plate/7.5 deg ramp configuration at Mach 6 with

10 x 106/m and adiabatic wall temperature.
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Fig. 8 Computed skin friction distributions over the flat plate/7.5
deg ramp configuration at Mach 6 with Reunit = 10xl06/m and
adiabatic wall temperature.
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Fig. 9 Computed (laminar) pressure distributions over the flat plate/
15-deg ramp configuration at Mach 14 with Reunit = 6.5 X 106/m and
TV/Jo = 0.12.
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Fig. 10 Comparison of measured and computed (laminar) heat
transfer distributions over the flat plate/forward 15 deg ramp config-
uration at Mach 14 with Reunit = 6.5xl06/m and TW/TQ = 0.12.
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tion, indicating that the flat-plate boundary layer is ade-
quately resolved and the velocity profile and its gradient at the
wall are correctly computed. The correct prediction of the
location of the separation point and the extent of the sepa-
rated region, however, requires the use of highly refined grids.

Concerning time convergence, it is noted that the standard
engineering convergence criterion of an L2 norm reduction in
the normalized density residuals by three to four orders of
magnitude may be inadequate, and convergence of the loca-
tion of the separation point may form a more appropriate
criterion for separated flow situations. Indicatively, the nor-
malized density residuals in the single mesh VKI computations
had to be reduced by six orders of magnitude to achieve the
converged (in terms of the location of the separation point)
results of Figs. 7 and 8. The multigrid approach employed in
the Dornier computations makes use of the coarse grid solu-
tions to accelerate convergence. In this case, the normalized
density residuals at the end of the finest grid computation have
decreased by three orders of magnitude relative to the initial
(coarser grid) solution used to start the fine mesh computa-
tion.

2. Mach 14, Forward 15-Deg Ramp Laminar Test Case
The computed pressure distributions for the second test case

outlined in Sec. II are presented in Fig. 9. The corresponding
comparison between the measured and computed heat transfer
distributions is shown in Fig. 10. With reference to the Dor-
nier computations, it is noted that a grid-independent solution
has again been attained with the two finer meshes, which
predicts well the location of the separation point (as deter-
mined from the schlieren photograph, Fig. 11) and is in rea-
sonable agreement with the heat transfer measurements on the
ramp up to approximately 0.12 m downstream of the leading

edge. It is noted that the separation point in the schlieren
photograph is allocated at the midpoint between the intersec-
tion of the separation shock with the flat plate and the inter-
section of the separation shock with the bright line represent-
ing a line toward the edge of the oncoming boundary layer.

The subsequent discrepancy in Fig. 10 is due to the occur-
rence of laminar-turbulent transition detected in the experi-
ment,11 whereas laminar flow has been assumed throughout
the computational domain (see also the comparison of the
measured heat transfer data to the reference temperature the-
ory, Fig. 5). Transition in this case is occurring a substantial
distance downstream of reattachment, and hence it is insignif-
icant to the characteristics of the interaction. In addition, the
process is taking place in an almost zero pressure gradient
region where, at high Mach numbers, it requires a substantial
length to be completed.

The VKI fine grid computation (190 x 60 mesh points) is
seen to underpredict the extent of the interaction and to be in
close agreement with the Dornier solution on the 88 x 40
mesh. As with the Mach 6 test case discussed in Sec. V.B.I, it
is recalled that the normal mesh resolution of the VKI fine
mesh is very similar to the 40-point resolution of the 88 x 40
Dornier mesh, due to the different normal extents of the
computational domain and the different stretching employed
in the two cases. Consequently, there are strong indications
that normal mesh resolution is significantly more important
than streamwise mesh resolution. To be sure, for a computa-
tional domain characterized by a length-to-height ratio of
about 4, the VKI meshes involved a ratio of the number of
points in the streamwise direction to the number of points in
the wall normal direction of the order of 3, whereas the
Dornier meshes involved a ratio of only 2. It follows from
Figs. 9 and 10 that a mesh point ratio of the order of one-half

- Calculation - Mesh Level 352x160 DORNIER

Calculation - Mesh Level 190x60 VKI

Fig. 11 Comparison of computed (laminar) density contours with the schlieren photograph for the Mach 14 forward 15 deg ramp test case.



308 SIMEONIDES, HAASE, AND MANNA: HYPERSONIC COMPRESSION RAMP FLOWS

(or less) of the length-to-height ratio of the computational
domain may be more appropriate for this type of computa-
tions. It may also be postulated that the quality of the VKI
computations (in terms of the prediction of the extent of the
interaction) may be justifiably enhanced if the number of
mesh points in the wall normal direction is increased to the
detriment of resolution in the stream wise direction.

The importance of grid resolution in the wall normal direc-
tion is further manifested by the coarse grid VKI results.
Although the pressure distribution in the attached low-pres-
sure gradient regions is well predicted by both codes on all
meshes, including the 84 x 30 VKI mesh (Fig. 9), clearly the
heat transfer distribution in the latter case is underpredicted
relative to the finer VKI mesh computation and the Dornier
computations (Fig. 10). It is also noted that all results but the
one on the VKI coarse mesh are in good agreement with the
reference temperature predictions shown in Fig. 5. This phe-
nomenon has been encountered in many similar high Mach
number computations7'8 and is attributed to an insufficient
resolution of the very strong normal temperature gradients in
the near wall part of the attached boundary layer.

Finally, a surprising aspect (at first glance) of the compari-
son between the coarse and fine grid computations of VKI
may be that the predicted extent of the interaction is not
significantly altered with mesh refinement. This, however,
should not be viewed as a grid-independent prediction of the
location of the separation point, and the poor performance of
the coarse grid computation in the attached flow regions (the
flow over which is due to strongly influence the interaction/
separation characteristics) should be kept in mind.

3. Mach 14, Rear 15-Deg Ramp Transitional Test Case
The measured and computed laminar pressure and heat

transfer distributions for the third test case of Sec. II are

i~ - .
0 MEASUREMENTS VKI

———— MESH LEVEL : 248 x 124 DORNIER
- — — MESH LEVEL : 124 x 62 DORNIER
- - - MESH LEVEL : 61 x 31 DORNIER

——B— MESH LEVEL : 248 x 64 DORNIER

0.00 0.20 . 0.30 0.4-0
DISTANCE FROM THE LEADING EDGE / m

Fig. 12 Comparison of measured and computed (laminar) pressure
distributions over the flat plate/rear 15 deg ramp configuration at
Mach 14 with Jteunit = 6.5xl06/m and TW/TQ = 0.12.
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Fig. 13 Comparison of measured and computed (laminar) heat
transfer distributions over the flat plate/rear 15 deg ramp configura-
tion at Mach 14 with /teunit = 6.5xl06/m and rw/Jo = 0.12.

MEASUREMENTS VKI ' j
CALCULATIONS DORNIER —— MESH LEVEL : 248 x 64
LAMINAR FLOW
TRANSITION AT x = 0.25 m (ANGLE OF ATTACK =-1°)
TURBULENT FLOW (TRANSITION AT x = 0.01 :
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Fig. 14 Comparison of measured and computed heat transfer distri-
butions over the flat plate/forward 15 deg ramp configuration at
Mach 14 with /teunit = 6.5xl06/m and Tw/To = 0.12, with turbu-
lence model "switched-on" at reattachment.

shown in Figs. 12 and 13. In this case, a grid-independent
solution has not been demonstrated, although, on the basis of
the Dornier grid-dependence study described in Sec. V.B.2,
the finer grid solution (on the 248 x 124 mesh) is believed to
closely represent the grid-independent solution. The discrep-
ancies found in the vicinity of peak pressure between the
pressure coefficient distributions predicted at different mesh
levels is due to the grid dependence of the extent of the
separated region and the consequent movement (with grid
refinement) of the separation and reattachment shocks and the
modification of the interaction between the two.

In addition, it is recalled that the shock- wave/boundary -
layer interaction in this case is transitional, in the sense that
the boundary layer is laminar at separation but transition has
been detected to occur in the close vicinity of reattach-
ment.11'13 Consequently, the finer grid laminar computation is
seen to overpredict the measured extent of the separated region.

Still, the most significant discrepancy between the laminar
computations and the transitional experimental data is that
the former computations strongly underpredict the measured
turbulent heat transfer distribution on the ramp. However,
with reference to Fig. 14, good agreement between experiment
and computation on the 248 x 64 mesh (as well as with the
turbulent reference temperature theory, Fig. 5) is found when
"switching on" the turbulence model in the computation just
downstream of the predicted laminar reattachment point.

In fact, it follows from Figs. 12-14 that, for cases with
laminar oncoming boundary layers, where the interaction pro-
cess is expected to promote laminar-turbulent transition (most
likely in the highly destabilizing reattachment region), the
approach adopted herein, of a laminar computation to the
reattachment point and switching to a turbulent computation
thereafter, may provide an estimate of the most adverse ef-
fects of the interaction. Specifically, a grid-independent, fully
converged laminar computation is bound to yield the largest
possible extent of the interaction and the associated most
adverse effect on control effectiveness. Such a laminar compu-
tation will also yield the minimum boundary-layer thickness in
the "neck" (peak heating) region just downstream of the
reattachment compression. This minimum boundary-layer
thickness combined with a turbulent computation (starting
from the laminar solution at reattachment) will, in turn, yield
an upper limit in heat transfer that, on the basis of experimen-
tal evidence,11'12 may not be significantly exceeded even in the
presence of significant striation (spanwise) heating variations.

Finally, it is noted that the 1-deg nose-down angle of attack
of the configuration has been employed in the "transitional"
computation of Fig. 14 (with the turbulence model "switched
on" at 0.25 m downstream of the leading edge) only as a crude
modeling of the modest (35 jLtm/55 jLtm) bluntness of the model
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leading edge in the experiment. This angle of attack has been
chosen because it yields a pressure rise on the flat plate up-
stream of the interaction similar to the one induced by the
leading-edge bluntness.

VI. Conclusions
A compression ramp database has been assembled from an

extensive series of experiments with laminar boundary layers
approaching the deflected ramps in the VKI Mach 6 and 14
hypersonic wind tunnels. Among these experiments, only the
Mach 6, 7.5-deg ramp experiments16 and one Mach 14, 15-deg
ramp case11 have exhibited fully laminar interactions and are,
therefore, particularly suitable for code validation purposes.
The remaining cases have also demonstrated that the laminar
oncoming boundary layers are especially prone to separation
and that laminar-turbulent transition is promoted by the inter-
action process, notably by the strong destabilizing effects of
adverse pressure gradient and concave flow curvature that
characterize the reattachment compression. Furthermore,
these experiments have provided a profound insight on the
phenomenon of striation heating and have demonstrated11'12

that the time-averaged local turbulent heating level is not
significantly exceeded by peaks in the resulting steady span-
wise heat transfer variations, even when these are of the order
of ±50%.

Analytically, viscous pressure interaction combined with
blast wave theory has been found to adequately predict the
pressure distribution along flat plates (upstream of the onset
of the interaction) induced by the growth of the boundary
layer and the finite leading-edge bluntness. Free interaction
theory performs well in predicting the plateau pressure level
within the separated flow region, and inviscid oblique shock
theory gives satisfactory predictions for the downstream ramp
pressure level, as well as for the peak pressure attained at the
end of the reattachment compression, provided that the type
of flow compression is qualitatively known (isentropic, two-
shock or single inviscid shock compression).

The reference temperature method has been shown to be
very successful in predicting the heat transfer distribution over
attached flow regions, both upstream and downstream of the
interaction, on the condition that the effective boundary-layer
growth length from its virtual origin and the correct flow
conditions at the edge of the boundary layer are employed. As
a result, a universal correlation law has been developed where,
on the basis of the reference temperature theory, more than
200 laminar and turbulent peak heating data have been suc-
cessfully correlated. Data included in the correlation have
been taken over two-dimensional and swept compression
ramp and impinging shock configurations, glancing shock
interactions, and even a double ellipsoid configuration at
Mach numbers between 5 and 20 and over a wide range of
Reynolds numbers.

What is currently not possible by analytical or semi-empiri-
cal means is the prediction of the location of the separation
point and/or the extent of the separated region. This is largely
due to the promotion of laminar-turbulent transition by the
interaction process, which implies that the development of a
correlation law should account for the parameters relevant to
the transition process that are currently not well understood.

Finally, on the computational side it has been demonstrated
that, in fully laminar interaction cases, full Navier-Stokes
solvers are performing very well and may be safely incorpo-
rated in the design process, provided that grid-independent
solutions are obtained and attention is given to convergence
criteria. It has been shown that monitoring of the evolution of
the location of the separation point with computational cycles
forms a more appropriate (and strict) convergence criterion
than the standard monitoring of normalized density residuals.
Although turbulence modeling within separated flow regions
is not yet sufficiently mature, CFD methods may be employed
to provide extreme limits for realistic cases where laminar-tur-
bulent transition is promoted by the reattachment process.

Specifically, a fully laminar computation may provide a
maximum extent of the interaction and yield the most detri-
mental effects on control effectiveness. Thereafter, "switch-
ing on" a standard, proven turbulence model in the attached
flow region just downstream of reattachment will give an
upper limit for the heat transfer distribution on the ramp. It is
noted that the (computed) boundary-layer thickness in the
"neck" region, which occurs at the end of the reattachment
compression, will be smaller in the case of a laminar develop-
ment of the boundary/shear layer to the reattachment point
than it would be if the flow was already turbulent upstream of
the interaction. Consequently, the resulting turbulent peak
heating level will again represent an upper limit, as it will
correspond to the minimum possible thickness of the reattach-
ing boundary layer in the "neck" region.
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