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Introduction

E XPERIMENTAL studies using supersonic mixing con� gura-
tions have revealed varying degrees of shock-induced mix-

ing augmentation.1¡3 Increases in turbulent activity through shock
impingement have been observed4; however, it appears that such
changes in turbulent activity do not necessarily translate into sus-
tained mixing augmentation downstream.5 Theoretical and experi-
mental studies indicate that mixing augmentation can be sustained
by the interaction of an oblique shock wave with a discrete fuel
jet, which induces signi� cant streamwise vorticity.6;7 However, in a
numerical study of shock-induced mixing augmentation of square
fuel jets,8 it was found that the major contribution to the mixing
augmentation was actually from the vorticity ampli� cation associ-
ated with the shock-induced convergence of the jet rather than the
induced streamwise vorticity.

To investigatethe in� uenceof shockcompressionon the develop-
ment of the postshockmixing region,an inviscidanalysisdescribing
the steady interaction of an oblique shock wave and a planar mix-
ing region was developed.9 This model can be used to estimate
parameters such as the shock trajectory, the strength of waves re-
� ected from the interaction process, and the postshock vorticity.
The present work examines the application of the inviscid interac-
tion model in a hypersonic con� guration and focuses on the details
of the shock wave–mixing region interaction process.

Experimental Apparatus
Gun Tunnel Facility

The present experiments were conducted in the University of
Oxford gun tunnel facility.10 The gun tunnel was operated with the
Mach 7 contourednozzle (throat of 19.1-mm diam, exit of 211-mm
diam), using nitrogen as the test gas. The nozzle reservoir pressure
remained constant (to within §3%) for approximately 25 ms (the
test time) and all of the data were obtained during this period. A
Ludwieg tube supplied gas mixtures of hydrogen and nitrogen to
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the strut injector (Fig. 1). This Ludwieg tube was operatedsuch that
the injectionpressurewas constant (to within §2%) for the duration
of the 25-ms test time.

Table 1 provides estimates of the primary and secondary stream
� ow parameters based on various pressure and temperature mea-
surements described in Ref. 11. The primary stream temperature
and velocity presented in Table 1 are based on experimental total
temperaturemeasurements12 and are slightly lower than anticipated
(in Ref. 11) due to cooling effects within the gun tunnel barrel,
which were not included in the original estimates.

Planar Duct Model
A planar duct (164 mm high, 80 mm wide) with a central strut

injector and a shock-inducingwedge was located at the exit of the
Mach 7 gun tunnel nozzle, as shown in Fig. 1. The central strut
injectorhad a small contouredMach 3 nozzle,which was coupledto
the Ludwieg tube.The Mach 3 nozzlewas designed(usinga method
of characteristics) to produce an approximately parallel � ow at the
exit plane of the strut injector. The strut injector had an asymmetric
pro� le (Fig. 1c) to avoid strong pressure disturbances generated
by the injector impinging on the shock-inducing wedge. Inviscid
calculations indicated that the asymmetric geometry of the strut
injector’s leading edge would not induce measureable differences
in the primary stream � ow properties on either side of the injection
nozzle.13

Instrumentation
Schlieren photographs were obtained using a horizontal knife

edge system with an argon jet light source, which had a spark dura-
tion of approximately0.1 ¹s. Pitot pressuremeasurementswere ob-
tained using a probe (having an external diameter of approximately
1.6 mm) that traversed the mixing region during the test time.14

Static pressures were measured at 10-mm intervals on the 15-deg
shock-inducing wedge using a subminiature piezoresistive device
that was located in recessed holes, each with an ori� ce diameter of
approximately 1 mm.

Results
Shock Trajectory

Examples of the schlieren images obtained are given in Fig. 2. It
appears that shock surface ripples are generated as the shock inter-
acts with the mixing region.These ripples (which appearas multiple
shock paths on the schlieren images) persist into the freestream on
the upper side of the mixing region. Repeated schlieren images of
the same mixing case and cinematographic results indicate that the
shock surface ripples are an unsteady feature. Hence, the observed
shock wave–mixing region interaction process has both unsteady
and nonplanar components.

Mach number distributions, e.g., Fig. 3a, were calculated from
pitot pressure measurements (reported in Ref. 11) by assuming the
static pressure across the mixing region was constant and equal
to the undisturbed freestream value. The analytical shock–mixing
region interaction solution9 was coupled with a method of char-
acteristics (MOC) code13 to calculate the shock trajectory and the
postshock� ow based on the experimentallyderivedpreshockMach
number distributions. For the case 4 � ows, the MOC results are
compared with the experimentalmeasurements (from the schlieren
images) in Fig. 3b. The wedge angles speci� ed in the MOC cal-
culations were slightly higher than the nominal turning angles of
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Table 1 Estimated � ow parameters

Secondary stream
Parameter Primary stream Case 1 Case 2 Case 3 Case 4

M 7.11 (§0.04) 3.2 (§0.1) 3.2 (§0.1) 3.2 (§0.1) 3.2 (§0.1)
T , K 71 (§4) 93.1 (§5) 93.1 (§5) 93.1 (§5) 93.1 (§5)
p, kPa 1.58 (§0.06) 1.58 (§0.06) 1.58 (§0.06) 1.58 (§0.06) 1.58 (§0.06)
u, m/s 1220 (§30) 1300 (§100) 1050 (§80) 850 (§50) 640 (§30)
R, J/kg/K 297 1300 (§100) 800 (§60) 530 (§30) 297

a) Three-dimensional sketch with foreground side wall partially cut away

b) Side view illustrating some of the � ow features

c) Details of the strut injector (dimensions in millimeters)

Fig. 1 Illustration of the model used in the experiments.
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a) Composite image for 10-deg wedge, case 4

b) Details of interaction for 15-deg wedge, case 2

Fig. 2 Examplesof schlieren images (refer to Fig. 1b for interpretation
of features).

the shock-inducing wedges to include the displacement effects of
the boundary-layer growth. For each case, the � ow turning angle
was chosen so that the MOC shock calculation matched the aver-
age shock angle observed in the primary stream below the mixing
region.

The analysis provides a reasonable estimate of the experimental
shock trajectory (Fig. 3b). However, in the 10- and 15-deg-wedge
cases, the displacement of the shock wave on the upper side of the
mixing region was underpredictedby the MOC calculations. In the
5-deg case, there is good agreement between the theoretical predic-
tions and the experimental results on the upper side of the mixing
region; however, this agreement only arises because the theoreti-
cal prediction lies above the experimental results on the lower side
of the mixing region. Therefore, it is concluded that, in general, the
theoreticalmodel underestimatesthe shockdisplacementassociated
with the mixing region interaction.

Static Pressure Distribution
Static pressure measurements and MOC predictions for the

15-deg wedge case 1 experiments are given in Fig. 4. The dip in
static pressure arises because, typically, expansion waves are re-
� ected as an oblique shock enters regions of decreasingMach num-
ber and compressionwaves are re� ected as the oblique shock enters
regions of increasingMach number.9 The shock wave generated by
the coalescence of the re� ected compression waves (feature viii in
Fig. 1b) reaches the wedge upstream of the location indicated by
the MOC prediction (Fig. 4) because it was treated as a disturbance
traveling along the trajectory of the leading compression wave in
the MOC calculations.

Shock Interaction Process
From the schlierenphotographs,measurementswere made of the

total thickness of the mixing region, both with and without shock
impingement (Fig. 5). The broken lines in Fig. 5 were obtained by

a) Preshock Mach number distribution at x = 130 mm

b) Shock trajectory results

Fig. 3 Case 4 experiments.

Fig. 4 Static pressure measurements on the 15-deg wedge for the case
1 conditions (symbols) and prediction from the MOC calculations (line).

multiplyingthemixingresultswithoutshock impingement(the solid
lines) by a shock compressionfactorderivedfrom the theoreticalin-
viscid interactionanalysis.13 Obtaininga consistentmeasurementof
the total mixing region thickness from the schlieren images became
dif� cult in some instances where wave effects coincided with the
edge of the mixing region. Nevertheless, the differences between
the theoretical predictions and experimental measurements appear
signi� cant.
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a) 5-deg wedge

b) 10-deg wedge

c) 15-deg wedge

Fig. 5 Measurements and predictions of the mixing region widths
from the case 4 schlieren images:±, no shock impingement; , shock
impingement; ——, curve � t for no-shock-impingement experimental
data; and – – –, theoretical prediction for postshock region based on
inviscid compression model.

Conclusion
Schlieren measurements indicate that the interaction of the

oblique shock waves and planar mixing regions in the present study
is an unsteady,nonplanarevent. No signi� cant differencesin the in-
teraction processes were revealed by the schlieren visualization of
the four mixing cases. Static pressure measurements on the shock-
inducingwedge were predictedreasonablywell with the steady,pla-
nar interaction analysis. The steady shock trajectory analysis was
also in reasonableagreementwith the schlierenmeasurements;how-
ever, there was a tendency to underpredict the shock displacement
associatedwith the shock wave’s traverse of the mixing region. The
increased shock displacement relative to the theoretical predictions
is consistent with the appearance of postshock mixing regions that
are signi� cantly wider than the inviscid predictions. These effects
might be related to additional mass entrainment into the mixing re-
gion; however, additional quantitative measurements are needed to
examine this possibility and clarify the role of unsteady and non-
planar effects.
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Introduction

T HE shock wave re� ection phenomenon was � rst studied by
Ernst Mach. More than a hundred years ago, he recorded ex-

perimentally two different shock wave re� ection con� gurations, a
regular re� ection (RR) and a Mach re� ection (MR). Intensive re-
search of the re� ection phenomenonof shock waves was reinitiated
in the early 1940s by von Neumann. Since then, it has been realized
that the MR wave con� guration can be further divided into more
speci� c wave structures.1

The analytical models for describing the RR and the MR wave
con� gurations were initiated by von Neumann. They are known as
the two- and three-shock theories, respectively.Both theories make
use of the conservation equations across the oblique shock waves
together with appropriate boundary conditions.
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