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Abstract

The self-induced oscillations in supersonic
opposing jet to supersonic free stream have
been investigated.  In opposing jet flows in
supersonic flows the flow fields have stable
region and unstable region, depending on the
ratio of total pressure of free stream to total
pressure of opposing jet.  In the present  study
the ratio of total pressure of free stream to total
pressure of opposing jet , P0j/P0,  are selected as
0.469, 0.655,  0.984 and 1.51 .  Free stream
Mach number and opposing jet Mach number
are 2.5 and 1.5  respectively.  The experimental
model consists of semi-spherical nose and
cylindrical body.  The flow fields  are visualized
by the Schlieren technique and  recorded by
high speed video camera.   Also pressure
fluctuations on the model surface are measured.
The results show that there are two features in
self-induced shock wave oscillations and bow
shock wave oscillation is observed in lower total
pressure ratio and recompression shock wave
oscillation is observed in higher total pressure
ratio. Also the peak frequencies for both cases
are different.  The pressure time history and
instantaneous flow pattern show good
correlations.   The global properties of self-
indeuced shock wave oscillation of opposing
jets in supersonic flows have been revealed.

Nomenclature

D Diameter of jet-nozzle exit [mm]
M ∞ Free stream Mach number
Mj Mach number of opposing jet
P Static pressure [Pa]
P0j Jet-plenum stagnation pressure [Pa]
P0 Free-stream stagnation pressure [Pa]
Re Reynolds number

Subscript
j Opposing jet
0 stagnation condition
2 condition after normal shock wave in
            supersonic free stream

1 Introduction

The supersonic opposing jet to supersonic free
stream has been considered to be useful to
reduce the pressure distribution on the body
surface or the surface aerodynamic heating
loads.  However, when the supersonic opposing
jet is applied into supersonic free stream, the
interaction of self-induced oscillations in
supersonic opposing jet to supersonic free
stream occurs and the interaction problem has
been one of the most difficult problems on
unsteady supersonic flow.  There are many
researches on those interacting flow fields [1]-
[22].

Also recently various types of space
transportation systems have been proposed and
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Fig.1 Schematic diagram of the flow field

the developments of some of space
transportation systems are in progress.  One of
the promising space transportation systems is
vertical take-off and landing space
transportation system such as DC-X projects in
United Staed.  The transportation system is
nominated one of the Single-Stage-To-Orbit
space transportation systems.  In the operation
in return phase to the ground the vehicle uses
the opposing jet to reduce the descending speed.
In this situation supersonic opposing jet is
applied into supersonic free stream from the
bottom surface of the vehicle and interacts with
supersonic free stream as shown in Fig. 1.  The
opposing jet generates the detached shock wave
and recirculating region on the bottom surface.

Fig.2 Relation between surface pressure and total pressure of the opposing jet[22]
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Fig.3 Schematic diagram of model

In those situation detached shock wave
oscillates when total pressure ratio, P0j/P0,  is
small.  Those phenomena are understood as
self-induced oscillations in supersonic opposing
jet to supersonic free stream.

In the present study the self-induced
oscillations in supersonic opposing jet to
supersonic free stream have been investigated.
In opposing jet flows in supersonic flows the
flow fields have stable region and unstable
region, depending on the ratio of total pressure
of free stream to total pressure of opposing jet
as shown in Fig. 2.  In the present  study the
ratio of total pressure of free stream to total
pressure of opposing jet , P0j/P0,  are selected as
0.475, 0.658,  0.910 and 1.507.  Free stream
Mach number and opposing jet Mach number
are 2.5 and 1.5  respectively.  The experimental
model consists of semi-spherical nose and
cylindrical body.  The flow fields  are visualized
by the Schlieren technique and  recorded by
high speed video camera.   Also pressure
fluctuations on the model surface are measured.
The results show that there are two features in
self-induced shock wave oscillations and bow
shock wave oscillation is observed in lower total
pressure ratio and recompression shock wave
oscillation is observed in higher total pressure
ratio. Also the peak frequencies for both cases
are different.  This also relates different
unsteady properties and flow physics of self-
induced shock wave excitation. The pressure
time history and instantaneous flow picture
show good correlations.   The global properties
of self-indeuced shock wave oscillation of
opposing jets in supersonic flows have been
revealed.

2 Experimental apparatus and procedures

2.1 Experimental model and wind tunnel
The model, which is used in the present
experiments, is shown in Fig. 3.  The diameter
of the model is 50 mm.  The nose region is a
semi-sphere followed by circular cylinder.  In
the center axis a conical nozzle, whose exit
Mach number is 1.5 and throat diameter is 5
mm, is set at the top of the model.  The pressure
holes are prepared on the surface of the model.
The location of the pressure hole is indicated by
the angle, θ, measured from the center axis.  In
the present experiments θ is selected as 27.5
degrees.  The four pressure holes are prepared
on the model surface.  Each hole is loacated at
the same angle from the top of the model with θ
of 27.5 degrees and 90 degrees difference apart
along circumferential line.

The supersonic wind tunnel of ISAS (The
Institute of Space and Astronautical Science)  is
used in the present experiments.  The test
section is 600 mm by 600 mm.  The free stream
Mach number can be changeable from 1.5
through 4.0.  The model is set in the wind tunnel
and compressed air is supplied from the outside
pressure reservor to obtain the opposing jet
through pressure settling equipment.  The
surface pressure fluctuations are measured by
using high frequency response pressure sensors.
Also for the flow visualization conventional
Schlieren technique is used.  The flow field are
recorded by using high speed digital video
camera,  whose top sampling rate is 24.7  µsec.

2.2 Testing conditions and procedures

In the present study  free steam Mach number is
kept as 2.5 and opposing jet mach number is
kept as 1.5.  The ratio of total pressure of free
stream to total pressure of opposing jet , P0j/P0,

are selected as 0.475, 0.658,  0.910 and 1.507.

case M• Mj P0j/P0 Re
A 0.0 0.0
B 2.5 0.0 0.475 1.64x106

C 2.5 1.5 0.658 1.64x106

D 2.5 1.5 0.910 1.65x106

E 2.5 1.5 1.507 1.65x106

Table-1 Testing condition
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The testing condition is shown in Table-1.
In the Table case A is no wind with no jet and
case B is wind with no jet.  Those cases are
selected to obtain signal noise level and surface
pressure fluctuations without opposing jet.
In the table Case C is selected to observe
unstable condition of the flow field.  Case D is
selected to observe quite unstable condition.
Case E is selected to observe stable condition of
the detached shock wave and unsteady
condition of recompression shock wave on the
body surface.

3 Experimental Results and discussion

3.1 Flow visualization
The representative flow patterns are shown in
Fig. 4.  The supersonic flow without opposing

jet is shown in Case B.  The detached shock
wave is very clear and stable.  In cases of C and
D detached shock wave is invisible.  The results
show the detached shock wave is oscillating
back and forth to the free stream.  In case E
detached shock wave is clear and recompression
shock wave is invisible.  The results show the
recompression shock wave is oscillating in the
recirculating region.

3.2 Pressure fluctuations and  spectrum of
fluctuating pressure
The temporal pressure fluctuations for Cases of
B, C, D and E are shown in Fig. 5.  In case B of
no opposing jet pressure fluctuations are quite
small.  However, in cases of C, D and E
pressure fluctuations are  quite large.    Those
are due to oscillating detached shock wave or

Fig.4 Representative flow patterns
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s 
Fig.5 Temporal pressure fluctuation

Fig.6 Spectrum diagram of the pressure fluctuations
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recompression shock wave.  Also the temporal
pressure history show moderate high frequency
compared with case B for cases C and D and
quite high  frequency compared  for case E.  For
the amplitude of the pressure fluctuation the
amplitudes of case C and D is larger than the
amplitude of case E.  Those properties are quite
clear after conducting spectrum analysis.  The
results are shown in Fig. 6.  In cases of C and D
peak frequencies are  2993 and 2435 Hz.
However, in case E  peak frequency is 16505
Hz.  The results show that oscillating detached
shock wave generates moderate higher
frequency pressure fluctuations and larger
amplitude of the pressure   fluctuations on the
model surface.  On the other hand oscillating
recompression  shock wave generates  higher
frequency pressure fluctuations and smaller

amplitude of the pressure   fluctuations on the
model surface.

The instantaneous pressure time histories
of case C at four pressure holes, whose
circumferential locations are 90 degrees apart
and  apex angles are 27.5 degrees all tother, are
shown in Fig. 7.  The two temporal pressure
histories, which are separated 180 degrees in
location of the same circumferential location,
show 180 degrees phase lag.  Also the results
show that there is some circumferential
movement of the detached shock wave.  The
series of instantaneous Schlieren pictures of
case C for the same condition are shown in Fig.
8.  Each frame number is indicated in the Fig. 7.
The results show the maximum pressure is
observed when the detached shock wave is
closer to the model surface and the minimum
pressure is observed when the detached shock
wave is far from the model surface.

Fig.7 Instantaneous pressure time histories of case C at four pressure holes and the two temporal pressure histories
of channel 1 and 3, which are separated 180 degrees in circumferential location
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4 Conclusions

Self-induced shoch wave oscillations
phenomena in supersonic opposing jet to
supersonic free stream are investigated in the
present study.  In the present  study unstable
flow conditions are selected and the flow fields
are visualized by the Schlieren technique and  
recorded by high speed video camera.   Also
pressure fluctuations on the model surface are
measured.
The results show that there are two features in
self-induced shock wave oscillations and bow
shock wave oscillation is observed in lower total
pressure ratio and recompression shock wave
oscillation is observed in higher total pressure
ratio. The peak frequencies for both cases are
different.  This also relates different unsteady
properties and flow physics of self-induced
shock wave excitation. The global properties of

self-indeuced shock wave oscillation of
opposing jets in supersonic flows have been
revealed.
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