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Inside the dual-mode scramjet engine, the shock train will move to a new location when the backpressure changes.
Few works focus on the response of the shock train position to the backpressure cyclic variation. This work aims to
investigate the behavior of the shock train under such backpressure conditions. Experiments were carried out in a
Mach 3 direct-connect facility. The isolator is equipped with a ramp that is used to improve the isolator performance.
The static pressures along the wall centerlines were measured. The schlieren imaging was used to provide flow
visualization. The results show that a significant hysteresis occurs in the shock train position during the backpressure
cyclic variation process. It is found that a large-scale subsonic wake flow region forms behind the ramp when the shock
train reaches the ramp trailing edge. The capability of the ramp to retain the existence of the wake flow determines the
occurrence of the hysteresis. The effects of the ramp height and width on the hysteresis were examined. Based on the
experimental data, the oscillation characteristics were discussed by using wavelet analysis and cross-spectrum
analysis. The coupled oscillation between the shock train oscillation and the backpressure oscillation was observed.
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w = ramp width

X = streamwise coordinate. mm

A = difference between two values

o = boundary layer thickness; 5.4 mm

(% = ramp angle

T = time delay, ms

) = the direction of increasing throttling ratio
l = the direction of decreasing throttling ratio
Subscripts

c = critical state

p = outlet area with plug

t = outlet area without plug

0 = total or stagnation state

+ = downstream propagation

= upstream propagation

1. Introduction

N A scramjet engine, the isolator section locates between the

lower-pressure inlet and the higher-pressure combustor and plays
a crucial role in matching different combustion modes of the com-
bustor. The combustion process creates a backpressure environment
to cause the formation of multiple coupled shock waves, which is
often called a shock train [1,2]. The shock train decelerates the
airflow and increases static pressure, thereby supplying suitable air-
flow to the combustor. If the backpressure is varied, the shock train
moves to a new location for pressure balance. Controlling the shock
train is very important because a large upstream movement of the
shock train may cause an undesired inlet unstart, which results in
substantial engine thrust loss and even combustor flameout. There-
fore, many methods are developed to detect the leading shock, and
thereby the location of the shock train in the isolator [3—5]. The shock
train properties are needed to study to ensure sufficient flow to the
combustor and to avoid unstart. Matsuo et al. [1] and Gnani et al. [2]
reviewed numerous previous studies.

Understanding the flow mechanism of the shock train propagation
is important for better understanding the dynamics of inlet unstart.
In a real inlet/isolator configuration of the hypersonic flight vehicle,
the shock train encounters complex incoming flow conditions,
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for example, a complex background-shock system generated by the
inlet compression surface. Tan et al. [6] showed that due to its
interaction with the background shocks, the shock train moves
upstream unsteadily and slowly when passing the position where
the background shocks impinge on the wall. Wagner et al. [7,8]
studied the behavior of the upstream-moving shock train by raising
a flap at the exit plane of the isolator to increase the backpressure.
They found that upstream propagation of the shock train was seen to
be highly associated with background-shock-induced separation. Xu
etal. [9] and Li et al. [4,10] analyzed the rapid movement of a shock
train when it passed the background-shock impingement point on the
wall. They confirmed that the shock train movement is closely related
to the wall-pressure gradient distributions.

Effective flow control devices (such as the swept ramp [11], micro-
ramp [12,13], vortex generator [14,15], and bleeding [16,17]) may be
used to prevent or delay the inlet unstart and to improve the perfor-
mance of the isolator. These devices also can generate shocks and
expansion waves that would propagate into the isolator. These back-
ground waves can distort the shock train structures [6] and determine
the motion path of the upstream moving shock train [6,18]. Chang et al.
[19] outlined the research progress on the flow control of the inlet and
isolator. Lin et al. [11] and Cao and Zhang [20] used a swept ramp to
improve isolator performance and to shorten the isolator length. Lin
etal. [11] observed that at increasing backpressure, once the shock train
reaches the trailing edge of the ramp, a wake flow region forms and the
shock train has only one oblique leading shock originating from the
ramp tip. This leading shock stays attached to the ramp trailing edge
until the backpressure reaches the unstart limit, causing a sudden
upstream movement of the shock train. Cao and Zhang [20] also
observed that an optimized ramp can shorten the shock train length
and improve the performance of the isolator to resist the backpressure.
In their experiments at a Mach number of 1.98, the isolator with an
optimized ramp was 12% shorter than that without a ramp.

The preceding discussion shows that substantial research has been
performed to investigate the behavior of the shock train at increasing
backpressure conditions. For the situation after flow control failure,
the majority of the past studies focused on the inlet unstart/restart
dynamics [21-23], whereas few studies paid attention to the response
of a shock train at an upstream location (without causing inlet unstart)
to the backpressure reduction. That is, the behavior of the shock train
movement during a cyclic variation process of backpressure is sel-
dom studied. Combustion experiments [24,25] observed that com-
bustion hysteresis occurs in the ramjet/scramjet mode transition
when the fuel equivalence ratio changes cyclically. However, these
studies are mainly focused on the effect of combustion and did not
analyze the shock train movement. The reason for combustion hys-
teresis is not clear. Huang et al. [26] found in a numerical study that
hysteresis in the shock train position occurs during the backpressure
cyclic variation process. They observed that once the shock train
moves upstream and interacts with the background shocks, it may
recede downstream along a different trajectory. However, the mecha-
nism of the hysteresis remains unclear. A detailed investigation is
needed to better understand the hysteresis. Therefore, the first objec-
tive of this paper is to confirm whether a simple geometry for
improving isolator performance can cause hysteresis in the shock
train position. The second objective is to investigate the effect of the
geometric configuration on the hysteresis. A better understanding of
the flow structure in a realistic system with a flow control device
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could aid in the detection of shock train location. A better under-
standing of the overall shock train physics can be developed.

II. Experimental Setup
A. Test Facility

The current experiments were conducted in a Mach 3.0 blowdown-
type wind tunnel at the Institute of Mechanics of the Chinese Academy
of Sciences. The schematic design of the test facility is shown in Fig. 1.
The test facility consists of a plenum, a modular two-dimensional
nozzle, a constant area isolator, and a downstream part. The plenum
is used to stabilize the total pressure of the airflow. The nominal Mach
number of 3.0 was selected, and the corresponding nozzle was installed
in the wind tunnel. The area of the rectangular exit of the nozzle is
40 x 80 mm?. The isolator with a constant area is 40 mm in height H,
80 mm in width W, and 470 mm in length. The x direction is oriented
streamwise with the origin (x = 0 mm) at the nozzle exit. An optical
window in the sidewalls has a length of 230 mm and a height of 40 mm.
The downstream part has a length of 390 mm. To choke the exit flow
and to vary the isolator backpressure, and thereby change the shock
train location, a cone plug is installed at the downstream part of the duct
exit to form a geometrical throat. The plug moves along the axial
direction. When the exit area for airflow is reduced, the backpressure
increases, and vice versa.

B. Diagnostic Techniques and Instrumentation

High-speed wall static pressure measurements are used to study
the pressure fluctuations induced by the shock train flow. The meas-
urement data are collected with high-sensitivity absolute pressure
transducers. Ten pressure transducers are installed at the bottom wall
of the isolator: one is placed in the downstream part (B11), and four
sensors are placed in the ring direction of the B12 position in Fig. 1.
Due to improper operation, the transducer at port B4 was broken in
some tests; and in other tests, the transducer at port B10 was broken.
Thus, only nine data points are obtained in each test. The pressure
transducers have a pressure range of 500 kPa and a diaphragm
resonance frequency of approximately 50 kHz in a cylindrical hous-
ing with a diameter of 2.0 mm. The pressure sensors have a quoted
comprehensive accuracy of £0.025% of the full-scale range. A
stainless-steel tube (inner diameter of 1.6 mm, and 20 mm long) is
used to connect the pressure transducer and the pressure tap. The
pressure tap diameter is 0.8 mm on the flow side of the isolator wall,
and its length is about 3 mm. Consequently, for the current flow
conditions, the cutoff frequency is about 2.4 kHz (Helmholtz reso-
nance frequency). In current experiments, the pressure is sampled
at 3.9 kHz.

A conventional Z-type schlieren setup with a vertical knife edge is
used to visualize the flowfield. The images are recorded with a Basler
acA1920-155um camera at a rate of 100 Hz with an exposure time of
34 us. The camera field of view covers 50 mm in height and 240 mm
in length. The image size is 900 X 180 pixels, and the image reso-
lution is approximately 4 pixels/mm.

A linear position sensor is used to record the position of the plug in
the axial direction. The throttling ratio TR is introduced to quantify
the backpressure instead of a measured pressure value because the
downstream part is too short. Therefore, the pressure values at port
B12 cannot be reliably used as backpressure. The throttling ratio is
definedby TR = 1— (A, /A,), where A, is the actual throat area with
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- 28385 BI
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Fig.1 Schematic of the test facility. Transducer locations are labeled B1 to B12.
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Fig.2 Schematics for ramp model.

a plug, and A, is the maximum area without a plug. By moving the
plug upstream, the TR is increased and leads to an increase in back-
pressure. The plug position has a measuring accuracy of +0.02 mm.
When the plug moves at a speed less than or equal to 30 mm/s, the
reported 7'R has an uncertainty of approximately +0.02 with a 95.4%
confidence interval for the present test conditions.

C. Ramp Model and Experimental Conditions

The ramp geometry configurations are shown in Fig. 2. The size
refers to the configurations of fuel injectors and flow control devices
[24,25]. The ramp is installed on the bottom wall. The ramp angle 6 is
fixed to be 10 deg. A full ramp has the same width w as the isolator
width W. The partial ramps are symmetric about the central plane,
and their width is smaller than W. The ramp height % of 6.61 mm is
selected as the baseline height in the present study. All these ramps
are mainly installed at a position of 288.5 mm from the isolator
entrance. Additional tests are conducted to estimate the effect of
the ramp installation position and to visualize more downstream flow
structures. For these tests, the baseline ramp is used and installed at a
position of 130 mm from the isolator entrance.

For the present study, the Mach 3.0 airflow is selected as the
incoming flow condition, and the total temperature and total pressure
inside the plenum are set at 7 = 298 K and P, = 0.93 MPa,
respectively.

III. Results and Discussions

The flowfield inside the isolator with the baseline full ramp was
investigated first. The throttling ratio TR is increased (1) and
decreased (|) stepwise, keeping the backpressure constant at each
test point for a certain period. The variation of the TR with time is
shown in Fig. 3. After the wind tunnel starts, the plug stays at a
location with TR = 0.430 where the shock train forms downstream
of the ramp. Then, the TR is increased stepwise to the highest value of
0.579, and then it is decreased again in the same steps. When the TR
increases, the backpressure increases too.

Instantaneous schlieren images showing the flow structures at con-
stant TR = 0.430 (TR increasing phase) and the corresponding time-
averaged wall-pressure distribution along with their instantaneous
fluctuation range are shown in Fig. 4. The pressure level on the ramp
surface is calculated by the oblique shock relations and the averaged
pressure measured at ports B1 ~ B2 because no transduces are installed
on this surface. As can be seen, the shock train position changes
significantly with time. At ¢ = 70, the shock train is in the most
downstream position captured by the camera. At this moment, the full
ramp generates a strong background shock (named the ramp shock
hereinafter) that impinges on the top wall and induces shock-wave/
boundary-layer interaction. Thus, the separation bubble, the separation
shock, and a reattachment shock associated with the separation bubble
can be seen in the image. Both shocks impinge on the lower wall at a
downstream position. Due to the sudden expansion at the trailing edge
of the ramp, a typical backward-facing step flow pattern forms, con-
sisting of the expansion fan, a small separation zone, and a reattach-
ment shock behind the ramp. The lowest static pressure is measured at
port B4 (x = 330 mm) in the separation zone. At this moment, only
the upper leading shock can be seen and the bottom leading shock is
outside of the schlieren image. At ¢t = t1, due to the backpressure
perturbation, the shock train moves to the most upstream position. The
bottom leading edge of the shock train is upstream of the bottom wall
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0.579
—m—TR —n
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—10.430 0.4308—1
3 4 5 6 7 8 9 10
£(s)

Fig. 3 The histories of the throttling ratio during a test with the full
ramp inside the isolator.

impingement points. The analysis of the unsteady behavior will be
addressed later.

A. Flowfield Hysteresis Occurring in the Shock Train Movement

The shock train structure and its response to backpressure variation
and the corresponding wall-pressure distributions are shown in Fig. 5.
Since the flowfield is highly oscillatory at some TR conditions,
schlieren images of the transient flowfield are selected in consistency
with the trend of backpressure change. The unsteady flowfield
characteristics at these TR conditions will be discussed in the next
subsection.

Figures 5a—5d correspond to the increasing phase of the TR, and
Figs. 5e-5h correspond to the decreasing phase. For 0.430 <
TR < 0.4941, from the perspective of time averaging, the shock train
moves slightly forward. The bottom leading shock of the shock train
fluctuates around the impingement point of the separation shock.
Overall, the flowfields at this 7R range seem similar to those in Fig. 4.
The difference in flowfields is the farthest position that the shock train
can reach. Because the TR is further increased from 0.494 to 0.579,
the shock train reaches the ramp trailing edge. Then, the bottom
leading shock of the shock train is anchored at the ramp trailing edge,
and a free shear layer forms at the tip of the ramp as shown in Fig. 5d.
A large-scale separation zone, named the wake flow region, forms
downstream of the ramp. Meanwhile, the expansion fan is replaced
by a trailing shock at some moment due to the pressure rise in the
wake flow region. The pressure profiles at TR = 0.579 show that the
time-averaged static pressure behind the ramp is greater than that
calculated for the ramp surface. At t = ¢1 (Fig. 5d), a large-scale
separation bubble (LSB) is visible on the top wall, and the trailing
shock seems to coincide with the bottom leading shock of the shock
train; whereas the trailing shock disappears at t = ¢2 (Fig. 2e) and the
shock train does not seem to be visible in the schlieren field of view.
Besides, the flowfield is divided into two parts by the shear layer, with
the upper part being the supersonic core flow and the bottom part
being the subsonic wake flow.

As the TR is decreased from 0.579 to 0.430, the backpressure is
decreased. At TR = 0.494 | and 0.478 |, there is still no shock train
structure visible in the flowfield, as indicated by Figs. 5f and 5g.
However, the flowfield structures are almost unchanged, and the
oscillation seems to be very weak. Interestingly, the subsonic bottom
wake flow region still exists behind the ramp and the static pressure
behind the ramp step remains at a high level. The backpressure can
propagate to the ramp trailing edge by passing through the subsonic
wake flow region. The separation shock and the reattachment shock
hit on the outer edge of the wake flow region. Then, a reflected shock
propagates downstream. As the TR is further decreased from 0.478 to
0.430, the wake flow region has disappeared.
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Fig.4 Instantaneous schlieren images and time-averaged wall-pressure distribution with the fluctuation range at TR = 0.430 (pressure value on ramp
surface calculated by oblique shock relations).
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Fig.5 Schlieren images and the corresponding time-averaged wall-pressure distributions at different 7T R.

By comparing the flowfield structure in the shown images and the
wall-pressure distributions at the same TR condition, it can be found
that a hysteresis phenomenon occurs in the shock train movement
during the cyclic variation process of backpressure. The flow struc-
ture inside the isolator depends not only on the TR condition but also
on whether the TR is increasing or decreasing.

Based on the aforementioned analysis, it can be found that the
wake flow plays an important role in causing hysteresis because it
appears and disappears at different TR conditions. To more closely
examine the flow structure inside the subsonic wake region,
the experiment was repeated after adjusting the shading of the knife
edge of the schlieren imaging device. Figure 6 shows the flow
structure within the wake flow region at TR = 0.494 | and 0.579.
Based on the density gradient distribution, it can be seen that the wake

flow region consists of a shear layer and a separation zone behind the
ramp step. The shear layer originates from the tip of the ramp, then
fully develops, and finally seems to attach to the bottom wall. The
separation shock impinges on the shear layer and then reflects. The
impingement point becomes the highest point of the shear layer.
Limited by the technique of schlieren imaging, the three-dimensional
structure of the separation zone and the shear layer are not obtained.
But, Fig. 6 clearly shows the vortical flow structure of the flowfield in
the wake flow region. The spanwise structures of the vortical flow
may be very complicated.

Since the shock train is not visible at 7R = 0.494 | and 0.478 |, an
additional experiment was performed to investigate the flow structure
downstream of the wake flow region by moving the full ramp upstream
to a new location of x = 130 mm. With the TR test points adapted



Downloaded by PEKING UNIVERSITY on October 20, 2021 | http://arc.aiaa.org | DOI: 10.2514/1.J060051

HUANG ET AL. 3877

At TR=0.494]

Shear layer

Separation zone*

Secondary vortex

300

x(mm)

At TR=0.579, t=tl

At TR=0.579, =2

Separation shock \

Reflected sh

/ Impmwement point

300
x(mm)

Fig. 7 Flowfield downstream of the wake flow region at TR = 0.668 |.

adequately, acomparable hysteresis to that in Fig. 5 is observed. Figure 7
presents a schlieren image of the wake flow region and its downstream
flowfield for a decreasing TR (] ) when the wake flow region is about to
disappear. It can be found that the shock train forms downstream of the
wake flow region. That is, the leading edge of the shock train locates
downstream of the wake flow region instead at the ramp trailing edge.
This is assumed to be the reason why there is no shock train visible in the
flowfield in Figs. 5e-5g. Unusually, the bottom leading shock consists
of not a single shock originating from the bottom wall but of converging
compression waves originating from the edge of the wake flow region.
The subsonic wake flow “bridges” the ramp and the shock train.
Consequently, the backpressure can propagate upstream to the ramp
through the subsonic flow region. If the backpressure increases slightly
at this moment, the shock train would suddenly move upstream and the
flowfield (similar to Fig. 5d) would form with the shock train anchoring
at the ramp trailing edge. The shock train seems to cross the impinge-
ment point and suddenly reach the ramp trailing edge. This demon-
strates that the long, narrow subsonic wake flow region plays a crucial
role in causing the hysteresis in the shock train movement.

B. Unsteadiness of Flowfield During the Shock Train Movement

The shock train is an inherently unsteady system. For the shock
train inside a constant section area isolator under the uniform inflow
condition, it is called self-excited oscillation [1]. In this subsection,
the oscillation characteristics of the flowfield mentioned before are
presented.

Figure 8 presents the wavelet analysis results of the fluctuating
static pressure signal p’ of port B10 (marked in Fig. 9). Port B10 is
the most downstream measurement point on the bottom wall and
experiences all flow oscillations throughout the full test period.

The p’ is the fluctuation relative to the average pressure calculated
by the 1000-order one-dimensional median filter. The continuous
wavelet transform is performed with the Morlet method, with the
wave number being set as 20.

As indicated by the wavelet analysis results, at 0.430 < TR <
0.494 1, the flowfield oscillates with a dominant frequency between
320 and 360 Hz. The dominant frequency becomes slightly higher as
backpressure increases. At 0.494 1< TR < 0.548 1, the dominant fre-
quency gets unspecific. At r = 6.022 s (TR = 0.548 1), the shock
train reaches the ramp trailing edge and another strong oscillation stage
begins. The majority of the power is confined to a frequency around
252 Hz. When the backpressure is slightly decreased from 0.579, this
strong oscillation disappears at TR = 0.534 | (+ = 7.184 s). Sub-
sequently, the flowfield enters the hysteresis stage where no dominant
frequency is observed until the wake flow region disappears at TR =
0.446 | (r = 9.390 s), when the backpressure is sufficiently low. Now,
the dominant oscillation frequency is again 320 Hz.

At 0.430 < TR < 0.494 1, the flowfield oscillations are compa-
rable. Thus, only the instantaneous flow structures of the shock train
at TR = 0.494 1 are further analyzed and presented in Fig. 9. These
images demonstrate the transient process that belongs to Fig. 5c. As
can be seen, the bottom leading shock of the shock train oscillates
around the impingement point on the bottom wall. For a uniform
incoming flow, the time-averaged position of oscillating leading
shocks of a shock train is only determined by backpressure [1,27].
Under the condition of background shocks, the leading shocks would
fluctuate around the impingement point of these shock waves as if the
shock train were “trapped” by the adverse pressure gradient generated
by these shocks [9,10]. The dominant frequency is 358.6 Hz at this TR
condition (0.4941). Therefore, the schlieren images recorded at 100 Hz
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Fig.8 Wavelet analysis of the fluctuation pressure at port B10 during the full test period. The color represents the mean-squared amplitude of the power

spectral density (PSD = power spectral density).
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Fig. 9 Instantaneous schlieren images to demonstrate the fluctuation of the bottom leading shock around the impingement point of the background

shocks at TR = 0.494 1.

cannot be used for a deeper analysis of the oscillation. Figure 10
presents the cross-spectrum results of the pressure signals at ports
B10 and B12. The cross-spectrum analysis provides a frequency-
dependent evaluation of the correlation between two time-varying
signals. Coherence (denoted by Co hereinafter) describes the correla-
tion between these two signals. The time delay (denoted by 7 herein-
after) can be used to determine which signal fluctuates first. The results
show that for the dominant frequency 358.6 Hz, Co = 0.57 and
7 = 0.99 ms, indicating that port B12 fluctuates before port B10 and
that the source of the shock train oscillation is the backpressure
oscillation. However, the backpressure oscillation is not inherent in
the system but is coupled with the oscillation of the leading shock
around the impingement point. This coupled oscillation is established

— N W

(=]

Time delay (ms). >0 :
-1 B12 fluctuates before B10 '
) S >
Co between signal B12, B10 f

7 (ms)

1000

J(Hz)

Fig. 10 B12 and B10 cross-spectrum results of time delay, coherence,
and cross-power spectral density (cross spectrum computed using Welch
averaging method with a Hanning window and 50% overlap; spectrum
resolution is 7.6 Hz).

between the outlet plane (the exit of the downstream part) and the
impingement point of the background shock. The dominant frequency
can be estimated by f = ¢(1 — Ma?)/2L [28,29], where ¢ is the
average sound speed, Ma is the average Mach number, and L is the
distance between the impingement point and the outlet plane. In
the current experiments where Ma is about 0.1, € is about 330 m/s,
and L is about 0.43 m, the estimated frequency is 380 Hz and only
slightly higher than the measurement value. In addition, the frequency
estimation equation predicts that the frequency increases with decreas-
ing Ma, which is consistent with the current experimental results,
where the frequency increases from 320 to 360 Hz. As the TR
increases, the flow within the downstream part section will decelerate,
Ma becomes smaller, and the oscillation frequency is higher.

At 0.494 1< TR < 0.548 1, the dominant frequency is indefinite
because the shock train can interfere with the separation zone behind
the ramp step to change the oscillation characteristics. As shown in
Fig. 11, the pressure signal at port B4 shows several spikes in that
throttling ratio range. The schlieren image at# = 5.88 sindicates that
the shock train interferes with the separation zone through the corner
flow. But, the backpressure is still too small to anchor the shock train
at the ramp trailing edge.

When the wake flow region forms (0.548 1< TR < 0.579), the
complete flowfield becomes highly oscillating. The transient flow-
field is shown in Fig. 12. The size of the separation bubble on the top
wall changes drastically. This is related to the trailing shock, because
when this shock disappears, the LSB quickly becomes smaller.
Together with the flow structures shown in Fig. 7, it can be seen that
the position of the shock train changes significantly. To determine the
source and propagation direction of the pressure perturbation,
Fig. 13a shows the time delay and coherence of the cross-spectra
analysis between the pressure signal at port B4 and that at other ports.
It is found that all the coherence coefficients between port B4 and
other ports are greater than 0.9 and that the pressure at port B12 starts
to fluctuate before the others. Figure 13b presents the pressure time
histories at ports B4 ~ B10. The wall-pressure time histories prove
that the pressure begins to decrease at port B10 (or even port B12) and
the pressure begins to increase at port BS. Thus, this strong oscillation
is closely related to the backpressure oscillation. Unusually, the time
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Fig. 11 Pressure signal at port B4 and the corresponding flowfield
evolution.

delay is negative between ports B4 and B5 and at least three times
larger than that between two adjacent ports in the region between port
B6 and port B11. From the time delay results, the pressure at port B4
fluctuates before port BS. The propagation velocity in the adjacent
region behind the ramp is different from that downstream of this
region. This is because that the region ahead of port B6 is the
separation zone but the downstream of this zone is the reattached
shear layer flow, as can be seen in Fig. 6. The speed of the pressure
perturbation propagation in the wake flow region can be estimated
from the time delay and the distance between two adjacent measuring
ports. In the region between ports B6 and B9, the upstream propa-
gation velocity (denoted by V_) is about —175 m/s, whereas the
downstream propagation velocity (denoted by V) is about 526 m/s
from ports B9 to B11. The propagation distance L between the outlet
and the ramp trailing edge is about 0.5 m. Consequently, the domi-
nant frequency can be estimated as f=1/(L/V_+L/V,) =
263 Hz, which is very close to the wavelet analysis results (252 Hz).

Based on the preceding analysis, the sequence in Fig. 12 is consid-
ered as follows. At some point, the pressure perturbation generated in
the exit travels upstream and creates the trailing shock. Then, the LSB
appears subsequently. The LSB pushes the separation shock upstream.
Consequently, the impingement point of the separation shock on the
shear layer moves upstream. This is followed by a pressure drop in the
wake flow region. Thus, the trailing shock disappears and is even
replaced by an expansion fan. Then, the LSB gets smaller. Once the
pressure perturbation arrives again, the trailing shock will be created
again, and then the new oscillation period starts. This oscillation is a
self-sustaining phenomenon and is not the same as the shock train self-
excited one that is usually observed. It is also a coupled oscillation
between the shock train position oscillation and the backpressure
oscillation.

The preceding analysis indicates that when the hysteresis occurs in
the shock train movement inside the isolator with a ramp, it can be
detected from the oscillation characteristics of the pressure signal at

a)1=6.65s

b) = 6.66 s B4 B9
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Fig.13 Representations of a) time delay between pressure signal at port
B4 and that at other ports; and b) pressure time histories at ports B4 ~
B10 at TR = 0.579.

port B10. This finding could be used to interpret the monitored flow
conditions in a real isolator.

C. Effect of Ramp Height and Width on the Hysteresis

To quantify the effect of different ramp configurations on the
hysteresis, the critical throttling ratio 7R, at which the wake flow
region either appears or disappears is used. An arrow behind repre-
sents whether the TR is increasing or decreasing. The TR, 1 reflects
the capability of the ramp flow to overcome the backward-facing step
without separation, and the TR, | reflects the capability of the ramp
for holding the wake flow region. The difference ATR,. between
these two TR, can be used for quantification of the hysteresis when
the inflow conditions are the same among different tests.

To determine the TR, precisely, the plug moves continuously
and slowly at a speed of 6 mm/s to provide sufficient time for the
shock train response to the backpressure variation. Since all the
pressure signals, the linear position sensor, and the schlieren images
are simultaneously sampled, the TR, can be obtained from the record
of the position sensor signal. The existence of the wake flow region
mainly depends on the backpressure magnitude. Thus, the TR, does
not depend on whether the plug moves continuously or in intervals.

Figure 14 shows the TR histories of two tests. The original
TR signal that samples at 3.9 kHz was subject to strong electromag-
netic interference. Thus, it was smoothed by the 1000-order one-
dimensional median filter. The smoothed curves of different tests
have a good agreement. After determining the time instant when the
wake flow appears or disappears, the TR, can be determined accord-
ingly from the smoothed signal.

Four full ramps with different heights were tested first to study
their effect on the hysteresis. Each ramp model was tested at least
three times. The ramp height is normalized with the boundary-layer
thickness (5.4 mm) not far upstream of the ramp (x = 240 mm),

d) £=6.68 s B4 B9

Fig. 12 Instantaneous schlieren images at TR = (.579.
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Fig. 14 The original signal and filtered signal of TR collected from
two tests.
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Fig. 15 The critical TR versus the normalized ramp height.

which is determined via pitot probe measurements. Figure 15 shows
the change of TR, 1, TR, |, and ATR,. with the normalized ramp
height. As indicated by the trendline for ATR,., the hysteresis effect
becomes more pronounced as the ramp height increases. The TR, |
decreases as ramp height increases, whereas the TR, 1 is almost
unchanged. Figure 16 presents the time-averaged pressure profiles
before the wake flow region either forms (Fig. 16a) or disappears
(Fig. 16b). The pressure data are averaged for a period of 10 ms (see
schematic in the figure) before the critical point TR, is reached and
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used for the critical pressure at each port. The pressure at port B12 is
the averaged value of four transducers and can be roughly regarded as
the backpressure. Figure 16a indicates that the backpressure levels
are almost the same in the cases with different ramp heights. Only the
backpressure in the case with §/h = 0.90 is slightly higher than the
others, resulting in a relatively high TR, 1. In the investigated cases,
the pressure distributions indicate that the capability of the ramp flow
to overcome the backward-facing step without separation is nearly
independent of the ramp height. On the other hand, Fig. 16b indicates
that the critical backpressure (port B12) decreases with the ramp
height, indicating that the capability of holding the wake flow region
depends on the ramp height. The difference in this capability leads to
the different hysteresis effects.

Eight partial ramps with different widths (w/W < 1) were further
tested to study their effect on the hysteresis. These partial ramps have a
baseline height of #/6 = 1.22. In Fig. 17, the schlieren images in the
case with the ramp width of w/W = 0.5 are presented to illustrate the
shock train structure and its response to the TR variation. The TR is
increased stepwise first and then decreased in the same intervals, which
are adapted to the current test setup. As expected, this partial ramp also
causes hysteresis in the location of the moving shock train. The flow-
field shows a very similar evolution process of shock train structures
compared to that in Fig. 5. The wake flow still plays a crucial role in
causing hysteresis, as shown in Figs. 17d—17i. The difference is that the
shock train is always visibleat TR = 0.687 (Figs. 17d and 17¢) and the
flowfield is unstable but no specific frequency is found. However, after
the TR is decreased to 0.545, the flowfield oscillation similar to that in
Figs. 5d and Se appears as shown in Figs. 17f and 17g. The corre-
sponding dominant frequency is 268 Hz. This coupled oscillation does
not appear when the shock train has just reached the ramp trailing edge
but when the TR is decreased from a higher level. This phenomenon
holds for the cases with w/W = 0.375 ~ 0.875. As the TR is further
decreased to 0.446 (Figs. 17h and 17i), the flowfield oscillation
becomes very weak but the shock train still can reach the ramp trailing
edge at some moment due to the weak backpressure perturbation.
Overall, although the flowfield is unstable the oscillation intensity is
relatively weak for the reduced width from the power spectrum analysis
results (not shown here).

Since the partial ramp can introduce significant three-dimensional
effects into the flow, the schlieren imaging cannot provide enough
information to analyze the complicated flow structures inside the wake
region. Therefore, the effect of ramp width on the critical throttling ratio
TR, is mainly discussed rather than the flowfield structure. The corre-
sponding tests are performed with the same continuous TR variation
path as that in Fig. 14. The TR, variation with the ramp width is shown
in Fig. 18. The results show a complicated trend, especially for the
TR, | and ATR, values, probably due to the flow three-dimensionality.
Interestingly, the results show that the ATR.. slightly increases first, and
then it decreases sharply as the ramp width is reduced. When changing
the ramp width from w/W = 0.375 to 0.25, ATR, drops to zero
owing to the increase of TR, |, which means that the hysteresis
disappears. The rapid rise in TR, | indicates that the ramp width of
w/W < 0.25 is too small to maintain the existence of the wake flow
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Fig. 16 Critical time-averaged wall-pressure profiles at centerline and method for averaging pressure a) at slightly smaller than TR, 1, and b) at TR

slightly larger than TR, |. Time width for averaging data is 10 ms.
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Fig. 18 The critical TR versus the normalized ramp width.

region to cause hysteresis. On the other hand, the TR, 1 increases
slightly as the ramp width decreases due to the three-dimensional flow
effects introduced by the partial ramp. In this situation, the partial ramp
serves as a vortex generator and induces streamwise vortices. The
vortices contribute to the boundary layer to resist the separation induced
by the shock train. Thus, for a smaller ramp width, the wake flow region
forms at a higher backpressure (TR, 1). This trend continues until a
ramp width of w/W = 0.25.

From the preceding analysis, it can be concluded that the hysteresis
in the shock train position is influenced by the geometric changes of
the ramp and that it can be well characterized by the critical throttling
ratios at increasing and decreasing backpressures.

IV. Conclusions

Comprehensive experimental tests were conducted in a blowdown
direct-connect facility to investigate the shock train movement inside
a ramp-equipped isolator at a Mach-number-3.0 inflow condition,

f) TR=0.545], t =3

Fig. 17 Schlieren images to illustrate the shock train structures during a cyclic variation process of TR for the case with a ramp width of
w/W =0.5.

with emphasis on the hysteretic response of the shock train position to
the backpressure cyclic change. Various ramp configurations used
for flow control devices were tested to examine their effect on the
hysteresis. A moveable plug was placed in a throat at the duct exit to
shift the shock train to various positions. The schlieren imaging was
used for flow visualization. Wall static pressures along the centerline
on the isolator walls were measured to characterize pressure profiles
and oscillation properties. The major conclusions of the present study
are as follows:

1) The ramp configurations can readily induce hysteresis in the
shock train position during the backpressure cyclic variation process.
The occurrence of the wake flow behind the ramp step is the main
cause. The capability of holding the wake flow for the ramp deter-
mines whether the hysteresis will occur.

2) Decreasing the ramp height can effectively reduce the hysteresis
effect but decreasing the ramp width cannot unless the ramp width is
sufficiently smaller than the isolator width. Design of the ramp,
therefore, is a compromise between effectiveness and the drawback
of occurring shock train hysteresis.

3) Due to the hysteresis, the flow oscillation characteristics are
different between the increasing phase and the decreasing phase of
the backpressure. At the increasing stage, the coupled oscillation phe-
nomenon is observed. At the decreasing stage, no significant oscillation
is observed. This finding can be used to interpret the monitored flow
state in realistic situations.

Moreover, the present experimental work resulted in an in-
teresting finding that is very important for improving the design
of a flow control device. For the partial ramps, it is not generally
true that the smaller the width, the weaker the hysteresis. The
hysteresis effect will increase if the ramp width is not sufficiently
reduced; only if the ramp width is less than a critical value will the
hysteresis disappear. Future studies are needed to investigate
whether other flow control devices would cause similar hysteresis
that could be critical for their application. Besides, the effect of
hysteresis on scramjet performance also needs to be evaluated in
future studies.
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