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Fin Leading-Edge Sweep Effect on Shock–Shock
Interaction at Mach 6

Scott A. Berry¤ and Robert J. Nowak†
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The effects of � n leading-edgesweep on peak heating rates due to shock–shock interaction have been experimen-
tally examined in the NASA Langley Research Center 20-Inch Mach 6 Tunnel. The shock interaction was produced
by the intersection of a planar incident shock (16.8-deg shock angle relative to the freestream, generated by a 9-deg
wedge) with the bow shock formed around a 0.5-in.-diam cylindrical leading-edge � n. Heating distributions along
the leading-edge stagnation line have been obtained using densely spaced thin-� lm resistive-type sensors. Schlieren
images were obtained to illustrate the very complex shock–shock interactions. The � n leading-edgesweep angle was
varied from 15 deg swept back (relative to the normal to the freestream) to 45 deg swept forward for a freestream
unit Reynolds number of 2 £ 106 /ft. Two models were utilized during the study, one with 0.025-in. spacing between
gauge centers, and the other with 0.015-in. spacing. Gauge spatial resolution on the order of 0.015 in. appeared to
capture the narrow heating spike accurately. Peak heating due to shock interaction was maximized when the � n
was swept forward 15 and 25 deg, both promotingaugmentationsover seven times the baseline value.The schlieren
images for these cases revealed Type IV and Type III interactions, respectively.

Nomenclature
Ch = nondimensionalStanton number, q=½1u1.ht2 ¡ h1 )
Chref = reference Stanton number, measured for each run from

undisturbed end of model
h t2 = stagnation enthalpy behind normal shock, Btu/lbm
h1 = freestream enthalpy, Btu/lbm
L = length of leading edge, 4 in.
M1 = freestream Mach number
Pt1 = stagnation pressure, psi
q = heat transfer rate, Btu/ft2 ¢ s
Re1/ft = freestream unit Reynolds number, ft¡1

Tt1 = stagnation temperature, ±R
T1 = freestream temperature, ±R
t = time, s
u1 = freestream velocity, ft/s
x = distance measured from incident shock location, in.
¯ = incident shock angle relative to the freestream, deg
± = shock generator angle relative to the freestream, deg
¸ = � n sweep angle relative to the normal to the freestream

(where positive is de� ned as swept back and negative
as swept forward), deg

½1 = freestream density, slug/ft3

Introduction

H YPERSONIC � ight vehicles are characterizedby shock wave
systems that, in general, lie close to the body and often gen-

erate highly complex two- and three-dimensionalshock–shock in-
teraction regions with potentially high heating levels on surfaces
near the interaction. This was clearly evident on the � rst manned
hypersonic test vehicle, the X-15, where on a � ight in which a ram-
jet test article was attached to the ventral � n, structural damage to
the engine pylon occurred as a result of shock impingement and the
test article was lost in � ight. Designers of subsequent hypersonic
� ight vehicles,such as the ShuttleOrbiter, have, at some point in the
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design process, had to consider the possible rami� cations of shock
interactions on the aerothermal loads to the vehicle. The effect of
shock interactions is especially important in the design of future
hypersonicair-breathingcruise vehicles such as the (now canceled)
National Aerospace Plane (NASP) (see Fig. 1), where the leading
edges of the scramjet inlet will have to be designed to endure sus-
tained and augmented heat loads.

Edney1 described the six basic interaction types (see Fig. 2). Of
the six, the Type IV interaction has generally been identi� ed as the
case with the highest heating augmentation, because a highly en-
ergized supersonic jet is produced that can directly impinge on the
surface.Heating level augmentationsof over an order of magnitude
higher than stagnation-point heating values have been reported in
recent shock interactionstudies.2 A vast majority of the most recent
studies, however, have dealt with the two-dimensional interaction,
typi� ed by the so-calledshock-on-cowlwork initiated in support of
the NASP program. The two-dimensional interaction is generated
by a planar bow or compression shock intersecting a shock formed
around the engine cowl leading edge, which is parallel to the plane
of the incident shock. As a consequenceof the NASP program, the
two-dimensionalinteractionhas beenextensivelyexaminedthrough
a series of experimental and computational studies (see, for exam-
ple, Refs. 2–6). These recent studies have provided, among other
things, an increased understandingof the details of the interactions
and an appreciationfor the instrumentationspatial density required
to accurately de� ne the heating peak and distribution.

Contrary to the recent experimental and computational efforts
conducted on the two-dimensional interaction, the three-dimen-
sional shock-on-�n interaction has not been as extensively exam-
ined. The three-dimensional interaction is typically generated by
the intersection of a planar incident shock with a shock formed
by a wing or strut leading edge, which is in a plane perpendicu-
lar to the incident shock. Early three-dimensional experiments7¡10

were focused on the problem of shock interaction on swept-back
wings, struts, or � ns. At the time, there were few applications that
requiredswept-forwardleadingedges;as a consequence,these stud-
ies did not address the forward sweep cases where the potential is
strongest for a Type IV interaction to generate a supersonic jet that
impinges normal to the surface.The heating distributionassociated
with this strong Type IV would require very closely spaced instru-
mentation to accurately measure the strong and narrow peak. For
current applications, such as the internal surfaces of scramjet en-
gines, swept-forward leading edges (relative to the incident shock)
and strong Type IV interactions are possible. Thus, for conditions
where the Type IV interaction heating would be maximized, an
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corresponding to a � n sweep of ¡38 deg is an example of a Type II
interaction, and the image correspondingto a � n sweep of ¡39 deg
is an example of a Type I interaction. Both of these cases were
acquired at a freestream unit Reynolds number of 2 £ 106/ft.

Concluding Remarks
A study to examine the effect of � n leading-edgesweep angle on

the shock interactionprocess has beenperformed in the NASA Lan-
gley ResearchCenter 20-InchMach 6 Tunnel.The shock interaction
was produced by the intersection of a planar incident shock and a
bow shock formed around a 0.5-in.-diam cylindrical leading-edge
� n. The � n sweep anglewas variedfrom15deg sweptback to 45deg
swept forward. Heating distributionsalong the stagnationline of the
swept � ns subjectedto a 16.8-deg(relativeto the freestream� ow) in-
cidentshockwereobtained.These distributionswere complemented
with schlierenphotographyto illustrate the complex interactions.A
� ner � n sweep-angle increment was used than in previous three-
dimensional studies, with emphasis placed on the forward-swept
cases, which potentiallyproduce the highest peak heating augmen-
tations. Also, a signi� cant improvement in the spatial density of
the thin-� lm gauges, critical to the accurate measurement of peak
heating values, was accomplished for the present study.

The results indicate that for three-dimensionalshock interactions,
heatingaugmentationsdrasticallyincreasewhen the leadingedgeof
the � n is swept forward toward the incidentshock.Peak heatingwas
maximized when the � n was at ¸ D ¡ 15 and ¡25 deg. A Type IV
interaction occurred when the � n sweep angle was nearly perpen-
dicular to the incident shock .¸ D ¡15 deg). This produced a peak
heating augmentationon the order of 7 times the baseline value. (If
lateral conduction effects could be properly taken into account, the
peak heating levelsmight be more on the orderof 10 times the base-
linevalue.)An equallyhighpeakheatingvaluewas measuredat a � n
sweep angle that produceda Type III interaction.¸ D ¡25 deg). Us-
ing theleadsas a scalereferencein the schlierenimages,at least three
gauges were within the width of the jet associatedwith the Type IV
cases,which is an indicationthat the gauge resolutionwas adequate.
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