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An experimental study has been conducted to examine the interaction of compressible flow structures such as

shocks and vortices with a two-dimensional ejector geometry using a shock-tube facility. Three diaphragm pressure

ratios of P4=P1 � 4, 8, and 12 have been employed, where P4 is the driver gas pressure and P1 is the pressure within

the driven compartment of the shock tube. These lead to incident shockMach numbers ofMs � 1:34, 1.54, and 1.66,

respectively. The length of the driver section of the shock tube was 700 mm. Air was used for both the driver and

driven gases. High-speed shadowgraphy was employed to visualize the induced flowfield. Pressure measurements

were taken at different locations along the test section to study the flow quantitatively. The induced flow is unsteady

and dependent on the degree of compressibility of the initial shock wave generated by the rupture of the diaphragm.

I. Introduction

S TUDIES of shocks expanding into confined regions lack
detailed quantitative data of major flowfield features that evolve

in time. The transient behavior of shock waves and detonations has
been the subject of many investigations. These include phenomena
such as shock reflection, diffraction, and shock/vortex interactions.
Shock wave reflections have been studied both experimentally and
analytically by Ben-Dor et al. [1], Ben-Dor and Takayama [2], and
Henderson and Lozzi [3]. The shock diffraction pattern over corners
at different Mach numbers has been studied experimentally by
Skews [4,5] andGriffith and Brickl [6]. Shock diffraction from small
to larger areas has been studied by a number of authors, such as
Chang and Kim [7] and Jiang et al. [8]. The main focus of these
studies has only been a specific aspect of shock wave behavior, that
is, diffraction, reflection, or shock/vortex interaction.

Detonation diffractions from small to larger areas have especially
attracted the attention of many researchers. Detonations are distin-
guished from shockwaves by the presence of an intrinsic length scale
associated with a reaction zone [9–11]. The study into the evolution
of detonation waves that suddenly expand has been motivated not
only by the need to suppress accidental detonations but also in the
interest of the applicability of such flows to the concept of pulse
detonation engines (PDEs) [12–19].

Pulse detonation engines are currently being investigated as a new
technology for aerospace propulsion [20]. Because of the inherently
unsteady nature of PDEs, one of the main challenges of making
practical engines is minimizing the losses at the inlet and outlet.
Ejectors are fluid pumps that are used to entrain secondary flows
using a primary flow. For propulsion applications, this entrainment
can augment thrust compared to that generated by the primary flow
alone and thereby increase performance. Of course, high thrust
augmentation for PDE-ejector applications is only achievable once
the gas dynamics and the flow interactions of the PDE-ejector system
are understood [21].

Nondetonational computational studies have highlighted the
importance of the starting vortices, precursor shocks, and direct

pressure loads created by the gas dynamic (shock-tube) processes
within the ejector to the overall thrust-augmentation performance of
the system. These data will be valuable for calibrating computational
fluid dynamics codes and ultimately for the optimization of PDE-
ejector configurations for propulsion applications [22].

The present study examines, both qualitatively and quantitatively,
the interaction of compressible structures such as shocks and vortices
with a 2-D ejector configuration. These structures are generated by
the passage of shock waves through a converging nozzle with an
ejector placed at the exit. The interaction of the flow features with the
test section generates multiple shock waves which travel both
upstream and downstream. The behavior of these shocks will have a
significant impact in the performance of multicycle PDEs, especially
on parameters related to the purging period where adequate pressure
levels are vital [23] and where convergent nozzles are used at the
nozzle exit to preserve chamber pressure. The presence of these
shocks also plays an important role in the noise levels produced by
PDEs which must meet standard noise regulations [24].

II. Experimental Setup

Experiments have been carried out using a cylindrical shock tube
made of seamless pipe to generate the shock waves. The internal and
external diameters of the shock tube were 30 and 38 mm,
respectively. Driver gas pressures of P4 � 4, 8, and 12 bar were
examined, with the pressure in the driven section P1 being ambient.
Air has been used as both the driver and driven gases. Using Eq. (1),
the driver pressures correspond to theoretical Mach numbers of
Ms � 1:31, 1.49, and 1.61, respectively [25]:
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whereMs is the incident shockMach number, � is the ratio of specific
heats, and a is the velocity of sound. The subscripts 1 and 4
correspond to the driver and driven gases, respectively.

The driver length was 700 mm. An industrial film diaphragm
divided the two sections of the shock tube. The thickness of the
diaphragm used was 23, 55, and 75 �m for P4=P1 � 4, 8, and 12,
respectively. This is the minimum thickness that can sustain the
desired pressure without spontaneously rupturing. The bursting of
the diaphragm was initiated manually with a plunger. The setup is
similar to that described in [25–27].

To study the different aspects of shock wave behavior, the model
shown in Fig. 1 was employed [28]. This is attached to the circular
shock tube via an adaptor, which gradually changes the nozzle shape
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from circular to rectangular, allowing for the two-dimensional study
of the flow [29]. A similar approach has been employed by Allgood
et al. [22] to produce a 2-D test section. The test section is divided
into three parts. As the shock wave enters the test section, it first
encounters a concave surface converging into an area of uniform
cross section with a contraction ratio of 6:1 and a throat height of
H � 9:6 mm. The shock then diffracts into a region bounded by
solid straight walls on the top and bottom surfaces representing the
ejector walls. The test section had a nominal width of 2 �H.

Optical grade Perspex sheets with a thickness of 10mmwere used
on both sides of the nozzle to allow the visualization of the flow. The
reason for choosing the relatively thick Perspex sheets was due to the
high pressures encountered during the experiments. To maintain a
good seal between the nozzle geometry and the Perspex sheets on
either side, a thin layer ofHermetite instant rubber gasketwas applied
on the nozzle walls. The instant gasket has a high-pressure and
temperature tolerance, providing an ideal seal.

High-speed shadowgraphy [30] was employed to visualize the
flow. Although a qualitative technique, shadowgraphy can offer
great insight into the fluid dynamic structure of the flow. Pictures
were captured, in time sequence, by delaying the triggering of the
light source using a signal synchronization unit.

The Shimadzu HyperVision camera was also used to produce a
motion picture of the flowfield. Illumination for the Shimadzu
camera was provided via a 300 W continuous xenon lamp, and the
optical arrangement was identical to the shadowgraphy setup, with
the exception of the light source.

Wall pressuremeasurements were conducted by placing a number
of transducers along both the upper and lower confining walls of the
ejector and also on the side wall of the chamber. Their locations are
marked in Fig. 1. Transducers T1–T5 are positioned along the side
wall, whereas transducers T6 and T7 were placed on the upper and
lower ejector walls. The side wall transducers were placed 40 mm
from each other, with the first transducer placed 10 mm from the
entrance of the test section. Transducer T6 is located 20 mm
downstream of the exit of the uniform-area section, with transducer
T7 placed 40 mm further down. The transducers were calibrated
using a deadweight tester [31]. The data were recorded and stored by
means of a high-speed data acquisition system (National Instruments
PCI–6251) via a signal conditioner (National Instruments SCXI–
1520). The system had the capability of collecting data at a frequency
up to 50 kHz. The stored data were then processed using MATLAB.

The repeatability error was found to be approximately 	4% for
the shadowgraphs. This was calculated by taking three images
having identical time delays and comparing the distance that
the shock wave has moved relative to the entrance of the test
section. This takes into account 1) setting the same driver pressure,
2) having the same delay time output from the delay generator, and
3) triggering the light source to capture an image.

The pressure readings presented are the average of three test runs
performed for each driver pressure. For each pressure measurement,
a total of 20,000 data points were collected over a period of 0.5 s. The
repeatability of the pressure readings was deduced by comparing
every 2000th point of the data range collected for three randomly
chosen transducers. This gave amaximumerror of 1%. In all the error

calculations, the mean value was used to compare the offset of the
individual values [32].

III. Results and Discussion

A. Effect of Area Change

Chisnell [33] derived a first-order relationship between changes in
area and shock strength for a shock moving through a small area
change. He found that

Af�z� � constant (2)

where A is the area, and the Chisnell function f�z� is given in Eq. (3)
in terms of the shock strength z� p2=p1, p2 and p1 being the
pressures upstream and downstream of the shock, and the specific
heat ratio �:
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Given the value of the shock strength on encountering an area
change and the ratio of the areas at the ends of the variable area
section, the strength of the shock emerging from this section is
obtained from Eqs. (2) and (3).

As the shock enters the rectangular inlet of the test section from the
circular shock tube, its strength increases by 5.5, 6.6, and 8.1%,
respectively, for P4=P1 � 4, 8, and 12, due to the area reduction
of 22%.

Discrepancies between this theoretical analysis and experimental
results may be attributed to the disturbances generated by the motion
of the incident shock. As these disturbances move through the
nonuniform medium behind the shock, their strengths change and
further disturbances are reflectedwhichmove through the fluid in the
same direction as the shock. This was shown to be the case in the
experimental studies performed by Bird [34]. The strength of a
shock wave in an area change is nonuniform, but can be assigned an
average value, predicted by Chisnell’s theory. In a situation where
the strength varies rapidly along the shock front, this bears little
relevance to the true unsteady shock strength at a given point on the
front. The average value approximates to the unsteady strength only
when applied to a portion of the shock front acrosswhich the strength
is not changing rapidly [35].

B. Converging-Concave Section

As the incident shock travels along the concave surface, it is again
strengthened by the area reduction of the converging nozzle and
becomes even stronger [22,33–36]. The physical processes oc-
curring in a gas behind a shock wave lead to a noticeable change in
flow pattern, more intensive reflected waves, and higher flow
turbulence. Because there is always a certain degree of roughness on
even the very smooth walls of the test section, the flow structure
behind the wave is defined by microdisturbances that exist on the
walls. As a result of superposition of such patterns from many
random disturbances on the wall, the flow structure behind the shock
wave will be made up from the following disturbance mesh (Fig. 2):
lines of tangential discontinuities (I), transverse sonic waves (II), and
themesh ofMach lines for the case of supersonic flow (III). As stated
by Korobeinikov [37], the visibility of the different disturbances
depends strongly on the apparatus used to visualize the flow. For
example, if the schlieren method is used with a vertical knife edge,
the incident wave and the Mach-line mesh become prominent, and,
when the knife edge is horizontal, the transverse waves stand out

Fig. 1 Schematic diagramof the shock-tube test section (H� 9:6 mm).
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clearly. Because in our case shadowgraphy has been used, we would
have expected all the flow features as shown in Fig. 2b to be
noticeable. However, the lack of adequate spatial resolution in the
present study is due to the relative thick sheets of Perspex windows.

Previous studies have reported that a regular reflection (RR)
transitions into an irregular reflection (IR) with an increase in the
effectivewedge angle and vice versa. The reflection of a planar shock
wave over a concave surface goes through four sequence of events: a
directMach reflection (DiMR), in which the triple point moves away
from the reflecting surface; amomentarily stationaryMach reflection
(StMR), where the triple point moves parallel to the reflecting
surface; an inverse Mach reflection (InMR), where the triple point
moves toward the reflecting surface; and, finally, termination of the
InMR and the formation of RR. Because the RR configuration,
formed after the termination of an InMR, has a special structure
associated with it, it is referred to as a transitioned regular reflection
(TRR). The reflection process over a concave wedge can be
summarized as follows [38]:

DiMR ! StMR! InMR! TRR

C. Uniform-Area Section

As the transitioned regular reflection pattern moves along the
channel, as shown in Fig. 3 for the P4=P1 � 12 case, the reflected
waves that were once part of the Mach reflection (discussed in
Sec. III.B), move toward each other and collide head on. As the
reflected waves pass each other, they create two focal points, one at
the front, just behind the incident shock, and the other at the rear, just
before the entrance into the concave section. These waves thenmove
toward the channel walls and are again reflected from them. The
head-on collision, passing and reflecting from the walls, like a
bouncing motion, is continuously repeated and gives rise to an even
more complicated structure.

The location where the reflected wave is attached to the incident
shock wave varies as the flow travels further downstream. At one
instance, the reflected and incident shock waves make contact along

the surface of the channel, giving rise to a regular reflection pattern,
whereas, at a later time, this attachment point moves along the
incidentwave away from thewall as the reflected and incident shocks
merge at the stem of the newly formed Mach reflection. The wave
reflecting from the opposite wall behaves in a similar manner. The
development of the Mach reflection depends on the competition
between the convergence of the reflected waves from the walls and
acceleration of the shock on the centerline, which determines
whether the three shock intersections cross or remain uncrossed. The
slip stream formed inMach reflection causes the flow to separate and
a vortex forms along the wall [39,40]. This pattern is repeated on the
opposite surface, which explains the pair of vortices visible behind
the incident shock in Fig. 3.

D. Diffraction Region

When the shock wave pattern reaches the end of the constant-area
nozzle, a diffraction occurs, that is, turning of the wave around the
vertex. The diffraction pattern for a driver pressure ratio of 8 is given
in Fig. 4a, with the schematic of the diffraction pattern shown in
Fig. 4b. In Fig. 4b,AN is the diffracted shock wave,ARO is the front
of the reflected expansion wave which propagates back into the
oncoming flow, and AL is the contact surface which separates that
part of the flowfield processed by the diffracting shock wave from
that processed by the incident wave [41]. During diffraction, one end
of the contact surface bends around the vortex while it is attached to
the incident wave at the other end.

Because of the increase in the surface area of the diffracted shock
and the rapidly expanding flow in the gas behind the wall shock, the
diffracted shock is attenuated [35]. Although the diffraction of the

Fig. 2 Flow features in the convergent concave section for P4=P1 � 8,

a) shadowgraph, and b) schematic of the observed flow features.

Fig. 3 Flow pattern in the constant-area section, P4=P1 � 12.

Fig. 4 Shock diffraction for P4=P1 � 8, a) shadowgraph, and b) sche-

matic of the diffracted flowfield.
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shock wave at a convex corner results in its distortion and the loss of
its intensity, these changes are only experienced by that region of the
shock front within which there is interaction with the centered
rarefaction fan from the wedge apex [42].

The reflected shock outlined in the shadowgraph of Fig. 4a and
represented by M in the schematic of Fig. 4b, are segments of the
reflecting waves inside the uniform-area section that bounce up and
down continuously.

E. Overall Flow Analysis

Figure 5 shows the flow features described in our forthcoming
analysis, with some key features highlighted in the image. These
include the formation of vortices from the nozzle exit due to
baroclinic effects, shock reflections from the ejector walls by the
consecutive diffracted shock waves, and, finally, the spade-like

shock structures formed by diffraction and focusing of the shocks
upstream through the converging-concave section.

Figures 6–8 represent the shadowgraph series of the events
unfolded for driver pressure ratios of 4, 8, and 12, respectively. Each
frame is labeled with the corresponding time, in milliseconds,
relative to the time the shock front first appears in the test section.
This happens to be the first frame in Fig. 6. Because the initial phase
of the flow at the two higher driver pressures is similar to the lower
pressure case, the images of Figs. 7 and 8 are chosen to focusmore on
the later stages of the flow.

Although the middle segment of the incident shock in Fig. 6a is
plane, the edges have undergoneMach reflection. This is inferred by
the darkened regions at the point of contact between the shock wave
and the section walls. As the transitioned regular reflection enters the
uniform-area section, the two reflected shocks cross over and reflect
from the opposite walls. The first crossing is evident in Fig. 6b.

The planar shock wave undergoes transition to a cylindrical shock
front as it diffracts out of the nozzle and into the ejector (Fig. 6c). The
expansion of the shock due to the area change occurs in two phases.
The axial shock strength (i.e., the shock front along the centerline
axis) remains roughly constant before decreasing rapidly [35,43].
This is due to the fact that the shock remains planar until the “critical
shock” is reached. The critical shock is defined as the shockwave that
first becomes fully nonplanar (curved). In general, the distance that a
shock has to travel to attain symmetry decreases as the initial Mach
number increases.

Two vortex cores of opposite circulation are formed at the corner
of the area expansion and are convected downstream and expand

Fig. 5 Shock diffraction into the open-area section.

Fig. 6 Time-resolved shadowgraphs for diaphragm pressure ratio of P4=P1 � 4: a) 0, b) 0.06, c) 0.12, d) 0.20, e) 0.27, and f) 0.42 ms.
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outward slightly (Figs. 6c and 6e). For weak incident shock waves,
the vortex is nearly circular, whereas, for higher Mach numbers
(Figs. 7a and 8a), the vortex cores are stretched downstream, an
observation consistent with the numerical work of Sun and
Takayama [44].

The segments of the bouncing reflected waves inside the uniform-
area section move backward into the oncoming flow; these form a
pattern which appear as a trail of spades (Figs. 6c, 7a, and 8a). The
features explained so far, both in the converging section and the
uniform-area section, are present for all three driver pressures.

The initial incident wave and the first set of reflectedwaves exiting
the nozzle go through a regular reflection pattern upon collision with

the wall as they develop a cylindrical shape. The diffracted
cylindrical shock wave encounters the wall head on with an initial
reflection angle of 90 deg. As the shock wave propagates outward,
the point where it touches the reflecting surface encounters an ever-
decreasing effective reflecting wedge angle, and the reflection type
transitions to Mach reflection [45–50]. In Figs. 6e, 7b, and 8b, the
Mach stem is clearly visible for the precursor shock front.

Once the precursor shockwave diffracts into the open channel, the
front attachment point between the reflected shock and the incident
shock wave travels with it (see Fig. 3). At the same time, the rear
attachment pointmoves further into the constant-area channel.When
this happens, the shock focusing that occurs from the fusion of the

Fig. 7 Time-resolved shadowgraphs for diaphragm pressure ratio of P4=P1 � 8: a) 0.13, b) 0.22, c) 0.26, and d) 0.37 ms.

Fig. 8 Time-resolved shadowgraphs for diaphragm pressure ratio of P4=P1 � 12: a) 0.12, b) 0.19, c) 0.21, and d) 0.29 ms.
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two reflected shocks does not occur anymore and the shocks moving
back into the oncomingflowstart to fade away, signaling the decay of
the shock strength [40].We can see this by comparing Figs. 6c and 6d
for the driver pressure ratio of 4, Figs. 7a and 7b for the driver
pressure ratio of 8, and Figs. 8a and 8c for the driver pressure ratio
of 12.

Another feature that is present in the current study is the presence
of an embedded shock wave or a “diaphragm shock” [7]. This is
similar to the embedded shock within axisymmetric vortex rings in
shock-tube studies performed by authors such as Baird [51], Minota
[52], Broadbent andMoore [53], and Kontis et al. [26]. This shock is
evident as a dark vertical line downstream of the nozzle exit in
Figs. 6f and 7b, and forms once the original vortex cores have
pinched off from the shear layer. For the highest driver pressure, this
shockwave does not appear to be stable for long and dissipates due to
the interaction between the shock reflection patterns that occur
outside the uniform-area nozzle.

In Fig. 7b, we see the result of the interaction between a shock
wave and a vortex, namely, the phenomenon of “shock splitting”
[54]. The reflected shockwaves from the upper and lowerwalls of the
ejector interact with the two vortex cores and their propagation is
altered, an observation consistent with Ellzey et al. [55]. Focusing on
the lower vortex core, which is rotating clockwise, we notice that the
portion of the reflected shock wave to the right of the core travels
more slowly; at the same time, the portion of the reflected shock to
the left of the core, which has just been reflected from the underside
of the nozzle, is also slowed down. The shock wave splitting
phenomenon produces secondary shock waves, which add to the
complexity of our already intricate flow. This interaction is also
visible in Fig. 6d, with its effects noticeable in Figs. 8b and 8c.

The overall flow structure is greatly influenced by the shock
strength. This is due to the nonlinear interactions of the many
flowfield elements which are confined in a limited flow passage [7].
The number of waves behind the diffracted precursor shock wave
increases as higher Mach numbers are explored (see Fig. 8a). Each
time a wave is diffracted from the uniform-area section (as a
consequence of the continuous bouncing motion of the two reflected

waves within the section), a shock focusing also takes place, which
travels back into the oncoming flow. As far as shock-vortex
interactions are concerned, weak interactions involve slight
deformation of the shock and the acoustic wave generation, whereas
strong interactions involve significant deformation of the shock
wave due to the vortex and may include the production of secondary
shocks [56].

As the incident shock reaches the uniform-area section, a region of
turbulent flow builds up at the entrance of the test section (Figs. 7a
and 8a). This region propagates downstream with time and is also
more intense with increasing shock strength [57]. The turbulent
region is believed to be generated because of the 1mm step thickness
that exists between the test section and the Perspex sheets on either
side. The motion of this turbulent region is limited by the upstream
motion of the diffracted spade structures. As the spade structures
approach the inlet of the test section, the precursor shock begins to
flatten due to the high-speed opposing flow. By looking at Figs. 8a–
8c, we see that the original convex to the left shock front has become
almost planar. In Fig. 6c, this convex portion does not exist. The
intermediate pressure ratio also has the same characteristics as the
higher pressure ratio case.

Figure 9 presents the sequence of images taken by the Shimadzu
HyperVision camera at 125 kfps for a diaphragm pressure ratio of 8.
The time frames presented show the key stages of the flow
development. Because the imaging was performed at a high rate, the
quality of the images is lower than the shadowgraphs. Following the
sequence, we see the reflected shocks of the three-shock Mach
configuration approaching each other in Fig. 9a. The shocks pass one
another and are just about to make contact with the upper and lower
walls in Fig. 9b. It is at this point where the trailing edges of the two
reflected shocks first make contact with each other and begin to form
the precursor front, convex to the left. The flow pattern that develops
can be followed through the rest of the images. As the reflected
shocks approach the corner, as is the case in Fig. 9c, and reflect from
it, there is a slight gap along the centerline of the nozzle; now, if the
shock waves are strong enough, they will bridge this gap and form a
uniform front that has the ability to withstand the high-speed

Fig. 9 Formation of the precursor spade structure for diaphragm pressure ratio of P4=P1 � 8.
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opposing flow that is simultaneously entering the test section.
However, due to the relatively weak shock strength of the lower
driver pressure, this front dissipates.

The supersonic air exiting the nozzle results in the generation of
oblique shock structures at the two higher driver pressures in Figs. 7c
and 8c. As time goes by and the morphological shock structures
move further downstream into the ejector, a chain of small vortices
begins to form at the location of the shear layers. These are formed
once the fluid through the uniform-area section encounters the area
change and begins to form a “starting jet” [54]. The formation of the
starting jet gives rise to these vortices generated due to the formation
of a shear layer between emerging and external fluids. This is best
illustrated in Fig. 7d.

Each time a new wave diffracts into the open-area channel and
travels toward the ejector walls, it first passes the preceding waves
that have already been reflected from the walls, and this leads to the
creation of more crossovers, both in the positive and negative flow
directions. The reflected waves, from the upper and lower ejector
walls, travel toward the center of the model and interact with the
vortex cores. As alreadymentioned, the reflected shocks that interact
with the vortex cores go through shock splitting. As a result, they are
separated from the rest of the flow and generate standing shock
waves above and below the turbulent region in the center of the
model. These shocks can be seen in Figs. 7d and 8d, but do not exist
for the diaphragm pressure ratio of 4. The turbulent region along the
center of the model is created due to the dissipation of the vortex
cores.

F. Pressure Measurements

The pressure history along the side wall for all five transducers is
shown in Fig. 10a for the case of P4=P1 � 12 during the total run
time of the shock tube, and in Fig. 10b for the first 10 ms of the flow.
The pressure traces of P4=P1 � 4 and 8 appear qualitatively similar
and vary only in magnitude. Closely examining these plots, we can
pinpoint interesting features that correlate with the shadowgraphs.
The pressure oscillation of transducers T1 and T2 in Fig. 10b, after
the passage of the incident shock wave, are due to the passage of the
focused shock structures. Because the transducers are placed along
the centerline of the nozzle, it would be reasonable to assume that
each pressure variation corresponds to a focal point. The oscillations
of transducer T3 are more frequent, due to the consecutive shock
reflections from the upper and lower walls of the uniform-area
channel.

To better understand the pressure variation of transducers T4 and
T5 along the side wall, we must refer back to Figs. 6 and 8. The first
pressure changes recorded by these transducers are due to the
diffracted precursor shock front and themultiplewaves that follow it.
These fluctuations are more intense and also more frequent at the
higher pressure ratio. This is also evident if we compare the
shadowgraphs of Figs. 6d and 8a. The pressure fluctuations of
transducer T5 are more pronounced compared with transducer 4.
Because transducer T5 is placed approximately 40 mm downstream
of transducer T4, this gives the flow more time to generate more
reflected waves from the ejector walls, leading to higher com-
pression. The interaction between the turbulent vortical region in the
middle of the test section and the reflected shocks from the ejector
walls gives rise to the fluctuating pressure profiles of transducers T4
and T5, especially at higher flowMach numbers, due to the severity
of the interaction.

In Fig. 10a, the arrival of the original incident shock wave is the
first phenomenon captured by the transducers. As is expected, the
arrival time varies for the different pressure ratios; it occurs after
3.50, 3.10, and 2.85 ms for driver pressure ratios of 4, 8, and 12,
respectively. The first two transducers seem to have a gradual
pressure increase until a first maximum (A), a reduction (B), and
afterward increase again (C).

The pressure rise A is due to the upstream traveling flow that fills
the shock tube. Because of the depletion of pressurized air, the
pressure drops toB until the initially upstream travelingwaves reflect
from the shock-tube end wall and move into the area convergence,

which causes the pressure to increase to point C. As the air depletes
from the shock tube, the pressure gradually approaches ambient.
Table 1 provides the percentage drop in pressure as a result of the
aforementioned flow behavior for the different diaphragm pressure
ratios.

The PDE operation is controlled by three time periods, one of
which is the purging period �purge, during which a small amount of
cold air is injected to prevent preignition of fresh reactants [58]. The
pressure within the chamber must not be higher than the stagnation
pressure of the inlet air to allow for purging and refilling. Therefore,
the pressure rise caused by the upstream traveling flow plays an
important role in the optimum performance of multicycle PDEs.

As the flow along the centerline travels downstream and begins to
dissipate, the pressure traces of transducers T4 and T5 show an
oscillation of pressure due to the separation of the boundary layer

Fig. 10 Pressure history along the side wall. P4=P1 � 12, a) total run

time, b) first 10 ms of measurement. T1� 10 mm, T2� 50 mm,

T3� 90 mm, T4� 130 mm, and T5� 170 mm. Transducer locations

are depicted in Fig. 1.

Table 1 Transducer T2 pressure variation (see Fig. 10)

Pratio First Pmax, bar % Pdrop Second Pmax, bar

4 1.24 9.11 1.18
8 1.52 10.53 1.47
12 1.77 10.28 1.72
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formed on the side wall. The separation of the boundary layer is
caused by the passage of the vortical field that originated from the
exit of the uniform-area section. For the 12 bar driver pressure, these
effects aremore pronounced in the pressure history, due to the greater
momentum of the flow. These oscillations are below atmospheric
and, as the driving force which is the expanded flow from the driver
section diminishes, the pressure gradually approaches ambient.

Figure 11 shows the pressure history of transducers T6 and T7,
placed along the lower wall of the ejector. The reason for choosing
these two locations is to capture the regular and Mach reflection of
the diffracted shock front. In Fig. 11a, the first pressure change
corresponds to the passage of the precursor shock wave that has
gone through a regular reflection at this point. The magnitude of
this change is greater and occurs earlier at higher driving pressures.
The precursor shock is quickly followed by, depending on the
driving pressure, a number of diffracted shocks that also have a
regular reflection pattern upon collision with the wall. These
secondary diffracted waves originate from the constant-area channel
(Sec. III.C).

The passage of the precursor reflected wave from the location of
the transducer gives rise to two features: first, an increase of pressure
due to its arrival [59], and, second, a decrease in pressure due to the

expansion of the flow as a result of the reflected shock moving away
from the wall toward the center of the section and also the
simultaneous movement of the flow downstream [35].

The pressures corresponding to the passage of the Mach stem
given in Fig. 11b are higher compared with the regular reflection.
This is due to the fusion between the incident and the reflectedwaves,
resulting in a stronger front that is normal to the surface. The effect of
the continuous shock passages becomes weaker as the shocks travel
downstream, because the volume of air expanding from the shock
tube, which acts as the driving force, vanishes.

The pressure history for total run time of the transducers shown in
Fig. 11 is presented in Fig. 12. It can be seen that the directed flow
into the ejector causes a significant vacuum pressure on the ejector
wall (Fig. 12a); at higher shock-tube driver pressures, the inlet
suction increases. The increase in static pressure of transducer 7 in
Fig. 12b is attributed to mixing as the flow travels through the ejector
and the pressure gradually approaches ambient

IV. Conclusions

A two-dimensional air-ejector system, with incident shock waves
generated using a shock tube having diaphragm pressure ratios of

Fig. 11 Pressure history for the first 10 ms of measurement for a) transducer 6 and b) transducer 7 on the ejector bottom wall for different driver

pressures.

Fig. 12 Pressure history for the total run time: a) transducer 6 and b) transducer 7 on the ejector bottom wall for different driver pressures.
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P4=P1 � 4, 8, and 12, has been investigated. The test section allows
for the study of many compressible flow elements: shock reflections,
both regular and irregular (Mach reflection), vortex generation,
shock/vortex interaction, and shock diffraction. The combination of
these features gives rise to a complex flowfield that has been studied
qualitatively by shadowgraphy and quantitatively by means of
pressure measurements. Perhaps a feature that has not been
documented before, as far as the authors are aware, is the merger of
two reflected shocks at their ends that gave rise to a single front
propagating into oncoming flow. This only occurred at the two
higher driving pressures. In multicycle PDEs, the combustion
products must be purged after the first cycle for the nozzle to remain
effective, and the effects of the upstream traveling flow become
important.

Side wall pressure measurements at the nozzle inlet indicated the
cumulative pressure rise each time a shock focus passed. For each
focal point present in the convergent section, a diffracted wave was
generated; this was due to the continuous reflection of the shocks
within the uniform-area section at the nozzle exit. Upon collision
with the confined walls of the chamber, the diffracted waves
underwent regular reflection with transition to irregular reflection
further downstream. The pressure as a result of the passage of the
Mach stem was shown to be higher than the regular reflection case.
This is due to the fusion between the incident and reflected waves.

An embedded or diaphragm shock is formed due to the existence
of a locally supersonic flow and balances the higher backpressure at
the nozzle exit. The stability of this shock is greatly influenced by the
surrounding flow. Because the chamber is a confined one, the
successive reflections of the diffracted shocks from the ejector walls
continuously bombard the flow phenomena created along the model
center; these include the primary vortex cores, the sheet of
subvortices generated behind them, and the diaphragm shock.

Pressure-sensitive paint studies will be conducted to provide
global pressure data on the side wall of the test section, and these will
be compared with the shadowgraph and discrete pressure data
presented in the current paper. This will provide more quantitative
data for the process of design optimization.
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