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EXPERIMENTAL STUDY OF FORCED SHOCK TRAIN
OSCILLATION IN ISOLATOR UNDER
ASYMMETRIC INCOMING FLOW
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Abstract: To analyze the response of the wall pressure fluctuation in an isolator when the shock train is subjected
to a periodic motion at a low frequency, the isolator experiment is conducted in a blow-down supersonic wind tun-
nel at free stream Mach number of 1. 98 under asymmetric incoming flow. Experimental results show that: The
isolator effectively isolates the periodic back pressure fluctuation from affecting upstream undisturbed flow; The
wall pressure fluctuations are due to the propagation of wave fronts with the second acoustic mode, but they are
subjected to an oscillating shock train in the most part of the shock oscillation region; The attenuation of wall
pressure fluctuations on the lower wall with thick boundary layer accords with the exponential law, but it fluctu-
ates on the upper wall with thin boundary layer in the shock oscillation region.
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INTRODUCTION forced shock train oscillation in the isolator.

When the back pressure fluctuation of the

To prevent the pressure rise associated with isolator periodically changes, the length of the

the precombustion shock train from affecting the shock train in the pipe cyclically changes. In the

flow through the scramjet inlet, a constant (or forced shock train oscillation region (Fig. 1),the
nearly-constant) area duct called an isolator is in- pressure is periodically affected by the shock
serted between the inlet and the combustor of the
wave, and then the complex flow phenomena ap-
scramjet engine. In fact, the low-frequency oscil- pear. Previous researches about the steady back

lation burning often occurs in the ramjet combus- 6-8]

pressure-** prove that the isolator can isolate the

tor with the low frequency and the large ampli-

o chamber pressure from affecting the inlet. But
1-2

tude pressure fluctuation''*. So., the isolator has

the ability of isolating the pressure fluctuation

to withstand the pressure peak from the combus- . .
P p from affecting hypersonic inlet has not been

tion chamber, and sustain its large amplitude of .
’ g p known. The back pressure fluctuation propagates

the pressure fluctuation to ensure that the inlet . .
upstream in the subsonic boundary layer, and

can work normally and continuously. Therefore . .
Y Y ’ then what is the law of the attenuation of the pr-

it is very interesting to experimentally investigate
Changes in shock train length

the isolator flow phenomenon influenced by the f——+ y
low-frequency pressure fluctuation in the combus- - ><— - ‘_ —){ - _ _l ST

tion chamber. However, the study of this type of A S A x
pipe flow is mostly concentrated in transonic l l

channel”®, For supersonic combustion ramjet Forced shock train oscillation region

engines, there are a few researches about the Fig.1 Sketch of forced shock train oscillation in isolator
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essure fluctuation? To address the above prob-
lems, this paper designs the isolator experiment
under the asymmetrical incoming flow'’!. Then,
the propagation mode and the attenuation of the

back pressure fluctuation are analyzed.

1 EXPERIMENTAL APPARATUS

Experimental equipment composes of the
high-pressure gas source, the control valves, the

settling chamber, the Laval nozzle, the boundary

spillage window, and the generator of back pres-
sure fluctuation. From left to right in Fig. 2,
high-pressure air flows through a Laval nozzle to
form supersonic flow, and then it flows through a
certain length of the boundary layer development
The bound-

ary layer of the upper wall can be excluded

section to form thick boundary layer.

through the spillage window at the entrance of
the isolator to form the asymmetry supersonic

flow and to simulate the actual thick boundary

layer development section, the isolator with layer on the forebody of a vehicle.
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Fig. 2 Schematic sketch of isolator

In order to produce the periodic back pres-
sure fluctuation,a tail cone (Fig. 3) is controlled
by the straight line stepping motor. The curve
shapes of the design displacement of the tail cone
are the sine wave and the saw tooth wave respec-
tively, and the frequencies are 2 and 4 Hz (Fig.
4).

The test section has a 45 mm by 20 mm cross
section, and its lenghth is nominally 300 mm with
glass schlieren windows taking photographs. The
expansion angles of the lower and the upper walls
are about 0.5° The length of the boundary layer
development section is 250 mm.

A total pressure probe is placed at the set-

tling chamber upstream to measure the total pres-

Fig. 3 Generator of back pressure fluctuation

sure of the gas entering the nozzle. In order to

measure the parameters of the boundary layer, a
probe which can move up and down is located at
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Fig. 4 Displacement of tail cone
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the entrance. Pressure taps are located along the
centerline of the lower and the upper walls of the
isolator, with a minimum space of 11 mm. Mea-
surements of the wall static pressure are made
with a TSI98RK electronic scanning valve cali-
brated within +0. 05% of their full-scale valves.
Six dynamic pressure sensors are located on the
position named by number 1 to 6 in Fig. 2. The
displacement of the tail cone is measured through
the displacement sensor. Dynamic pressure data
is recorded by the LMS SCADAS III multi-chan-
nel data acquisition system. The sampling fre-
quency is 4 096 Hz.

The total pressure of the tunnel free-stream
entering the test section is 360 000 Pa. The in-
coming flow is cold, and the total temperature
curve is about 300 K. The isolator entrance flow
contains one thick boundary layer with a thick-
ness of 26.5 % of the duct height. The Mach
number on the core flow at the isolator entrance is
about 1. 98.

2 EXPERIMENTAL RESULTS

2.1 Pressure fluctuation

Figs. 5, 6 are the lower and the upper wall
pressure fluctuations when the shape of the back
pressure curve is saw tooth. Figs. 7, 8 are the
lower and the upper wall pressure fluctuations for
the sine wave back pressure, and the number of
the curve is the sensor number. Figs. 5-8 show
that the appearing time of the wall pressure fluc-
tuation peaks in (measuring points 2 and 3, 5 and
6 ) both the saw tooth and the sine wave is the
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Fig. 8 Upper wall pressure fluctuation for sine wave
back pressure
same, and no phase difference exists. And at the
same position along the flow direction (measuring
points 2 and 5, 3 and 6), the appearing time of
pressure fluctuation peaks is also the same.
These phenomena indicate that the wall pressure
fluctuation is mainly induced by the forced oscilla-
tion of the shock train in the forced shock train

oscillation region.
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Under the condition of the saw tooth, the
wall pressure fluctuation amplitude at the
forepart of the isolator (25 kPa, measuring point
2) is less than the wall pressure fluctuation am-
plitude in the rear of the isolator (145 kPa, mea-
suring point 3). The amplitude of pressure fluc-
tuation (70 kPa, measuring point 5) on the upper
wall in the shock wave oscillation region is also
smaller than that of the pressure oscillation am-
plitude (88 kPa, measuring point 6). This indi-
cates that the pressure fluctuation amplitude in-
creases along the flow direction in the forced
shock train oscillation region. However, the pres-
sure fluctuation amplitude (145 kPa, measuring
point 3) at the end of the shock wave oscillation
region is larger than the pressure {luctuation am-
plitude (56 kPa, measuring point 4) at the tail of
the isolator. This shows that the wall pressure
fluctuation amplitude reduces along the flow di-
rection between the end of the forced shock train
oscillation region and the end of the isolator. It is
noteworthy that the wall pressure oscillation am-
plitudes of the isolator are large, and the maxi-
mum amplitude of the wall pressure fluctuation is
3. 16 times than the static pressure at the entrance
of the isolator.

The experimental results under the sine wave
condition are similar to the results under the saw
tooth wave. The maximum fluctuation amplitude
is 3.22 times than the static pressure at the en-
trance of isolator.

Fig. 9 shows the pressure fluctuation at 191
and 290 mm from the entrance on the lower wall.
The pressure fluctuations have the time delay,
AT =9. 4 ms, so the average propagation velocity
of the pressure oscillation in the subsonic bound-
ary layer traveling upstream is about 10.5 m/s.
Fig. 10 is the pressure fluctuation at 125 and 180
mm. It is also known that the upstream pressure
fluctuation peak value have the time delay, AT =
9.7 ms. The mean propagation velocity is found
to be about 5.7 m/s for the upstream propaga-
tion. Under the sine wave condition, the time de-
lay of the pressure oscillation peak value also ex-
ists (Figs. 11 and 12), and the average propaga-

tion velocity is approximately 4. 6 m/s.
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Fig. 9 Wall pressure fluctuation at 191 and 290 mm
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From the analysis we can know that the
mean propagation velocities are found to be the
second characteristic wave velocity c-u, here ¢ is
the local sonic speed, and « the local flow speed.
Therefore, low frequency back pressure oscilla-
tion propagates upstream by the second character-
istic wave in the subsonic boundary layer, and af-
fects the upstream wall pressure oscillation. But
in the primary region of the shock oscillation, the
second characteristic wave is difficult to be ob-
served, because the wall pressure oscillation is in-

fluenced by the forced shock train oscillation.

2.2 Power spectrum

Fig. 13 is the power spectrum charts of the
pressure signal measured by number 1 to 6 sen-
sors on the saw tooth wave and the sine wave op-
erating mode, where the solid line is the saw
tooth wave condition, and the dashed line is the
sine wave condition in the chart. The power spec-
tral density value uses the total pressure dimen-
sionless. Under the saw tooth wave condition,
the power spectral density value of the pressure
signal measured by the first sensor has no obvious
located on the upstr-

peak value . This sensor is
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eam of the supersonic region, and is not influ-
enced by the forced shock train oscillation. The
second sensor is located on the forepart of the
shock oscillation region, so the power spectral
density value is large. It reaches the peak at the
excitation frequency, and the harmonic phe-
nomenon is obvious. The pressure signal power
spectrum value measured by the third sensor lo-
cated on the shock oscillation region terminal is
largest. It has the largest value at the excitation
frequency, but the harmonic phenomenon is not
obvious. The power spectral density value of No.
4 sensor located at rear part of the isolator is also
large. The value reaches the highest point at the
excitation frequency, but the harmonic phe-
nomenon is not obvious. On the upper wall, the
spectrum peak value of the measuring point 5 is
large, and the harmonic phenomenon is obvious.
The pressure signal of the measuring point 6 is
similar to that of the measuring point 3, and the
harmonic phenomenon is not obvious.

When the pressure oscillation propagates up-
stream, the harmonic phenomenon becomes obvi-
ous. This indicates that the pressure profile is
greatly disturbed and the harmonic component in-
creases a lot because of the shock train/boundary
layer interaction, when the pressure fluctuation
propagates upstream in the subsonic boundary
layer.

On the sine wave operating mode, the har-
monic phenomena of the pressure signal of the
measuring points 2 and 5 are not obvious, which
is different from the saw tooth wave. These phe-
nomena indicate that the back pressure profile has
the tremendous effect on the energy distribution
of wall pressure oscillation. Because the back
pressure fluctuation amplitude of the sine wave is
larger than that of the saw tooth wave, the spec-
trum value of the pressure signal is larger than
that of the saw tooth at the same measuring

point.
2.3 Pressure fluctuation variance

Fig. 14 is the charts of the pressure oscilla-

tion variance on the lower and the upper walls
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Fig. 14  Variance of wall pressure fluctuation in sine

wave

when the back pressure oscillation is the 2 Hz sine
wave, where X is the distance from the entrance,
and H the height of the isolator. From the exit to
the shock oscillation terminal on the lower wall,
the variance of the pressure oscillation quickly ris-
es. It indicates that the pressure oscillation ampli-
tude increases. But in the shock oscillation re-
gion, the variance of the pressure oscillation
rapidly drops, i.e. , the amplitude of the pressure
oscillation rapidly reduces, and the variance is e-
qual to zero in the upstream of the shock oscilla-
tion. This indicates that the pressure oscillation
does not propagate to the upstream of the shock
oscillation region. But the variance rule of the up-
per wall pressure oscillation has very large differ-
ence with the lower wall. In the shock oscillation
region, the variance of the pressure oscillation
presents the fluctuation shape. When the pres-
sure taps reach the front of the shock oscillation
region, the variance also approaches zero. About
this phenomenon, we extrapolates that the enor-

mous difference about the boundary layer thick-
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ness of the lower and the upper walls creates this
phenomenon.

Fig. 15 is the variance charps of the upper
and the lower wall pressure fluctuation on the
2 Hz saw tooth wave operating mode. As can be
observed that the variance of the lower wall pres-
sure fluctuation rapidly drops in the forced shock
train oscillation region, but the variance of the
upper wall pressure oscillation fluctuates.
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The following four curves in Fig. 16 are ob-
tained by fitting the lower wall pressure fluctua-
tion variance in the forced shock train oscillation
region. Attenuation of wall pressure fluctuations
accords with the exponential law on the lower
wall with thick boundary layer.

Summarizing the above analysis, we can see
that the isolator effectively isolates the periodic
back pressure fluctuation from affecting the up-
stream undisturbed flow. Attenuation of wall
pressure fluctuations in the forced shock oscilla-

tion region accords with the exponential law on
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Fig. 16 Fitted curve of wall pressure fluctuation vari-
ance
the lower wall. But it fluctuates on the upper

wall.

3 CONCLUSIONS

(1) The isolator effectively prevents the peri-
odic back pressure [luctuation from affecting the
upstream undisturbed flow. In the primary region
of the forced shock train oscillation, the wall
pressure oscillation is induced by the forced shock
train oscillation, thus the second characteristic
wave is difficult to be observed. But in the rear
part of the isolator as well as the forepart of the
forced shock train oscillation region, the second
characteristic wave obviously influences the up-
stream pressure oscillation.

(2) Attenuation of the pressure fluctuation
variance of the lower wall with thick boundary
layer accords with the exponential law in the
forced shock train oscillation region. But it fluc-
tuates on the upper wall with thin boundary lay-
er.

(3) The harmonic phenomenon is obvious
when the pressure fluctuation propagates up-
stream in the subsonic boundary layer. And the
back pressure profile has obvious effect on the

harmonic phenomenon.
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