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Abstract
The present study aims to investigate the reflection and refraction of a curved shock front as it slides along an air–water
interface, using the time-resolved shadowgraph technique. The curved shock front is generated from a free-piston shock tube.
The study successfully captured the propagation of a refracted shock wave in water along with that of the reflected shock
wave in the air. The refracted shock moves much faster than the incident shock due to a higher acoustic speed in the water. It
is seen that the reflected shock initially exhibits a regular reflection (RR), which then transitions to a Mach reflection (MR)
as it propagates along the interface. As the shock wave propagates along the air–water interface, the incident shock wave
angle with the interface keeps on increasing, leading to RR–MR transition. Shock polar analysis shows that as the Mach
reflection structure propagates further along the interface, it transitions from a standard Mach reflection to a non-standard
Mach reflection. It is seen that the distance the shock wave propagates along the interface before it transitions from RR to MR
increases with the increase in the interface distance (distance between the water surface and the shock tube axis). It is also
found that the reflection surface (water or solid) does not seem to have a significant effect on the shock transition criterion,
especially the distance at which the shock wave transitions from RR to MR.

Keywords Air-water interface · Mach reflection · Unsteady shock wave reflection · Shock wave refraction · Shock wave
transition

1 Introduction

The shock wave interaction with an interface and its sub-
sequent reflection is one of the most critical fluid dynamic
problems encountered in engineering applications with
supersonic flows. Due to its immense practical importance,
the shock wave reflection phenomenon over interfaces has
been widely investigated in the past, especially with solid
surfaces [1–3]. However, there are many practical situations
in which the shock wave interacts with a liquid interface,
such as an explosion over an ocean surface or an acciden-
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tal explosion in liquid storage tanks. This is of particular
interest to defense establishments such as battleships, where
the shock loading (produced by a nearby explosion over the
ocean surface or by gunfire) and the subsequent interfacial
instabilities can cause collateral structural damage as well as
stability issues. A proper understanding of shock reflection
characteristics over the water surface will be useful in the
design of many medical applications using shock waves as
well since the acoustic impedance of water is nearly the same
as that of human tissues [4].

It is to be noted that the shock wave interaction character-
istics with a liquid surface are expected to produce profound
changes compared to the interaction with a solid surface,
mainly due to the lower acoustic impedance offered by liq-
uid compared to solid. The most common difference is the
formation of a prominent transmitted shock wave into the
liquid surface compared to a solid surface [5], which may
induce significantly large pressure levels in the liquid. The
transmitted shock wave is generally termed as the refracted
shock wave. Hence, the flow physics of shock wave interac-
tionwith an air–liquid interface is dominated by the dynamics
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of the reflected aswell as refracted shockwaves, whereas, the
flow physics of shock wave interaction with a solid surface
is generally dominated by the dynamics of reflected shock
wave alone.

In the literature, the shock wave reflection characteristics
are broadly classified into two categories: (1) regular reflec-
tion (RR) and (2) an irregular reflection (IR, most commonly
a Mach reflection MR), as shown in Fig. 1. The shock struc-
tures and other discontinuities for the two configurations are
also shown in Fig. 1. The possible solutions of the shock
structure (MR or RR) can be generally predicted from the
pressure–deflection diagrams of the incident shock (i) and
the reflected shock (r), commonly known as the i-polar and
r-polar, respectively. From the i- and r-polars, the possibleRR
solution is the pointwhere the r-polarmeets the pressure axis,
as shown in Fig. 1a. The possible MR solution is the point
where the r-polar meets with the strong part of the i-polar
(Fig. 1b). Classical shock wave studies have shown that for a
particular shock upstream Mach number, there exists a criti-
cal shock wave angle at which RR transitions to MR (or vice
versa), and based on this, several transition criteria were pro-
posed. A detailed discussion regarding this can be found in
the monograph by Ben-Dor [6].

The shock wave reflection over a solid surface is a well-
investigated research area, and there exists a good under-
standing of the transition criterion over various geometric
surfaces [6–9]. However, there are still gray areas, especially
on the shock reflection and its transition in unsteady flows
where either the shock wave Mach number or the deflection
angle or both continuously changewith time. The complexity
in predicting unsteady reflection arises from the fact that the
reflected wave angle continuously changes owing to the con-
stantly varying geometric surface or changingMach number.
Past studies on shock waves with a constant Mach number
moving over a cylindrical concave surface reported that the
shock structure transforms from a single Mach reflection
(SMR) to regular reflection as it moves along the surface
[6]. This transformation progresses through various com-
plex Mach reflection structures such as transitional Mach
reflection (TMR) and double Mach reflection (DMR) [6].
Similarly, the unsteady shock reflection over convex cylin-
drical surfaces also exhibits such complex shock reflection
patterns [6]. Various analytical methods have also been pro-
posed to predict the shock transition criteria for unsteady
shock reflections over convex and concave surfaces [10–15].
In real life, the unsteady shock reflections are most com-
monly seen when a blast wave generated above the ground
hits the ground and gets reflected while it propagates along
the ground [16–18]. Unlike the unsteady reflection over con-
vex and concave surfaces with constant Mach number, the
blast wave reflection over ground is more complicated due to
the continuously varyingMach number and wave angles. Hu
and Glass [18] produced an extensive experimental database

on the blast wave propagation distance along the ground
before it transitions from RR to various IR configurations
(SMR, TMR, and DMR) for various explosion energies and
heights of the burst. However, the physical understanding of
the shock wave transition in such an unsteady scenario still
received limited success.

It is thus seen from the literature that there are many stud-
ies in the past which investigated the shock reflection over
solid surfaces. However, the shock reflection over the liquid
interface has been scarcely investigated in the past. Themajor
difference in shock wave interaction over the liquid surface
compared to a solid surface is the existence of a refracted
shock wave and surface instabilities. The analytical studies
byHenderson et al. [19–21] proposed that the energy transfer
by the refracted shock wave into the medium depends on the
wave impedance in the medium. The analytical studies sug-
gested that, for a shock wave interacting with an air–water
interface, the majority of the shock energy would reflect due
to the large wave impedance in water [19,20]. Hence, the
refracted wave will be much weaker. Henderson [20] also
reported that the refracted shock wave transitions from reg-
ular refraction to irregular refraction when the angle of the
incident wave with respect to the interface is greater than a
critical angle which is defined as the “intromission angle.”
The study by Borisov et al. [22] reported that a plane shock
front moving over a water layer produces a refracted shock
wave which moves much faster than the incident shock wave
due to the higher acoustic speed in water compared to air. As
a result of this, a precursor shock wave originates from the
higher density medium to the lower density medium [23,24].
Apart from the studies which investigated the shock refrac-
tion over the air–water interface, there were few studies that
investigated the shock reflection characteristics [25–27]. One
of the pioneering works in this regard is the research carried
out by Takayama et al. [25] on shock wave reflections over
water wedges. Their studies reported that the shock wave
transition from regular to irregular reflections over water
wedges matched well with the transition criteria based on the
detachment condition of pseudo-steady flows (a plane mov-
ing shock wave over an inclined surface) over solid wedges.
The study byWan et al. [26] reported that the RR–MR transi-
tion (based on detachment condition) in pseudo-steady shock
reflection over water wedges occurs at a smaller shock wave
angle compared to the corresponding reflection over a solid
surface. However, the variation is found to be very small.
Other than the shock wave reflection over water wedges,
there have been few studies in the past which investigated
the reflection and refraction characteristics of a plane shock
front over cylindrical water surface [28].

It is thus seen from the literature that, apart from a few
experimental studies on shock reflection over water wedges
and cylindrical water columns, the reflection characteristics
of shock waves over an air–water interface have been largely
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Fig. 1 Schematic showing RR
and MR shock structure and
their corresponding shock
polars: a RR and b MR
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unexplored. One of the major unattempted research areas is
the unsteady reflection of a curved shockwave over a straight
water surface. Even though the problem is similar to the blast
wave reflection over the ground, it is expected that the reflec-
tion characteristics in the case of a water surface could be
different due to the refracted shock wave and other surface
instabilities. Moreover, the shock transition lines and vari-
ous IR structures that could occur in purely unsteady shock
reflection over the air–water interface have not been properly
understood. It should also be noted that the classical stud-
ies on the refracted shock wave in the air–water interface
were mostly analytically oriented with very few experimen-
tal works. In recent times, with the advent of ultra-high-speed
imaging techniques, there have been few experimental stud-
ies that successfully visualized the complex shock reflection
process, but limited success has been obtained in visualiz-
ing the refracted shock characteristics [29]. Hence, in this
study, it is attempted to experimentally investigate the shock
wave reflection and refraction characteristics when a curved
shock front slides over an air–water interface. The transition
conditions for RR to IR and the various possible IR configu-
rations that could exist in the transition process for a purely

unsteady shock reflection over the air–water interface are also
investigated. A comparative study of shock reflection char-
acteristics of curved shock over solid and liquid surfaces is
also presented.

2 Experimental setup

The curved shock front for the present study was produced
by using a free-piston shock tube, which consists of three
sections: (1) the high-pressure tube, (2) the pump tube, and
(3) the launch tube, as shown in Fig. 2a. The high-pressure
tube was separated from the pump tube using cellophane
diaphragms (3 in number with a thickness of 0.1 mm each),
and the pump tube was separated from the launch tube by
the aluminum diaphragm (1.2 mm thick). The high-pressure
tube was connected with a storage tank maintained at 25-bar
pressure. The pressure in the high-pressure tube builds up
when the air from the storage tank was delivered to the high-
pressure tube. At a critical pressure ratio, the diaphragm
breaks and produces a shock wave that propagates into the
pump tube. In the pump tube, a metallic piston of a diame-
ter of 59 mm was kept close to the cellophane diaphragm.
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The unsteady shockwave in the pump tube pushes the piston,
which compresses the pump tube air and generates very high
pressure in the pump tube. The compressed air upstream of
the piston gives a force in the opposite direction to the piston
motion and may eventually stop the piston motion depend-
ing on the geometric design of the tube. The high pressure
generated in the pump tube breaks the aluminum diaphragm
and produces a very strong shock wave that moves into the
launch tube. The so-produced shock front, when it comes
out of the launch tube, diffracts and produces a curved shock
front. Toward the end of the launch tube, a tank filled with
water was placed. A sufficiently large water tank (50 cm
length×50 cm width×40 cm height) was chosen for the
present study to avoid the effect of shock wave reflections
from the sidewall. Plexiglas windows (20 cm length×15 cm
height×1 cm thickness) were provided at the sidewalls for
visualization purposes. Four experimental cases were con-
ducted in the present study. Case-1, case-2, and case-3 were
carried out with the water tank kept at the tube exit with the
water surface maintained at a distance of 60 mm, 45 mm,
and 30 mm, respectively, below the launch tube axis. Case-4
is carried out by placing a solid surface made of mild steel
at the top side of the tube exit (with the solid surface main-
tained at a distance of 58 mm above the launch tube axis)
and the water surface on the bottom side (with water surface
maintained at a distance of 58 mm below the launch tube
axis), as shown in Fig. 2b. The distance between the water
surface and the shock tube axis is termed as the “interface
distance.” The details of the test cases are shown inTable 1. In
the present study, the shock wave propagation was visualized
using time-resolved shadowgraph imaging. The experiments
were repeated several times for error analysis.

It should be noted that for each of these experiments, the
recording speed (in frames per second, fps) and resolution
were different. However, a minimum of 150,000 fps was
maintained for all the experiments, with some experiments
being conducted at around 200,000 fps. Images were cap-
tured using an IX-726 camera at 289-ns exposure. In the
present study, a halogen light source of Newport make was
used to illuminate the test area.A condensing lenswas used to
create a converging light beam from the light source which
falls on the slit to generate an extended image of the light
source. The focal length of the condensing lens is 50 mm
with the f-number equal to 1. The light is collimated by the
first field mirror (concave mirror of 300 mm diameter and
2000 mm focal length). The distance of the camera from the
tank varies with the lens parameters. The f-number of the
camera lens was 2 (fast lens) with a focal length of 100 mm.
The sensitivity of the shadowgraph is changed by changing
the distance of the second mirror from the test section. This
would eventually change the deflection length of the light
beam due to the density gradients, which is a measure of the
sensitivity of the shadowgraph system.

The free-piston shock tube used for the present study
does not have any mechanisms for externally controlling
the diaphragm breaking process, such as a diaphragm punc-
turing mechanism using a needle or quick opening valve.
As a result of this, a predetermined pressure ratio cannot
be maintained across the high-pressure tube and the pump
tube. Nevertheless, the repeatability of the pressure ratio can
be guaranteed by using diaphragms with the same thickness
and cross-section area, since the pressure ratio is determined
by the diaphragm breaking pressure. The repeatability of
the pressure ratio conditions for various experiments is also
checked by measuring the pressure jump on the downstream
side of the launch tube. Three PCBpiezoelectric sensorswere
mounted on the launch tube for measuring the shock pres-
sure jump, as shown in Fig. 3a. The sensitivity of the sensors
used is 0.145 V/bar (10 mV/psi). The voltage signals from
the pressure sensors are amplified with a gain factor of 2.
The new sensitivity, therefore, becomes 0.29 V/bar. Pressure
data were acquired at a sampling rate of 150 kHz. Figure 3b
shows the pressure histories from the three PCB sensors for
the case-1 experiment. The pressure histories were calcu-
lated from the voltage signals from the sensors. The pressure
measurements were also carried out for other experimental
cases, and the initial shock pressure jump at the launch tube
for various cases is reported in Table 1. The voltage signals
(or the pressure signals) from the sensors were also used to
compute the initial shock Mach number. The sharp pressure
rises in Fig. 3b indicate the arrival of the shock wave at each
of the sensors, which were mounted at a gap of 150 mm. The
time interval taken by the shock wave to cross over the sen-
sor locations can be easily found in Fig. 3b, and this can be
used to compute the shock speed, which in turn can be used
to compute the shock Mach number. The computed shock
waveMach number from Fig. 3b is 3.730±0.091. Similarly,
the initial shock wave Mach numbers for other experimental
cases were also measured from their corresponding voltage
signals and are reported in Table 1. It is evident from the pres-
sure measurements in the launch tube that the initial shock
waveMach number is nearly the same for all the cases, which
ensures the uniformity of the experiments.

3 Results and discussion

This section consists of two parts. The first part discusses the
unsteady shock reflection and refraction characteristics over
the liquid surface, and the second part compares the shock
reflection characteristics over solid and liquid surfaces.

3.1 Unsteady shock wave reflection and refraction
over plane liquid surface

Figure 4 shows the shadowgraph images depicting the early
evolution of the shock structure outside the shock tube. It
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Fig. 2 Experimental setup:
a shock propagation over
air–water interface and b shock
propagation over solid and
liquid surface

Water

Solid
Launch tube

Schematic of the 
experimental set-up

Solid

Water

(a)

(b)

Aluminium diaphragm thickness: 1.2 mm
Cellophane diaphragm thickness:0.1 mm

Pressure tube

Launch tube (Dia=24 mm; Length=1000 mm)

Diaphragm
(Aluminium)

Diaphragm (Cellophane:
3 No.s)

1

Pump tube (Dia=60 mm; Length=2500 mm)2

3

Launch tube

1
2

3

Interface
Distance

Table 1 Various experimental cases

Cases Interface distance (h) [mm] Shock interaction surface P2/P1 Minit

1 30 Water 15.82±0.74 3.730±0.091

2 45 Water 14.66±0.73 3.680±0.103

3 60 Water 14.59±0.47 3.600±0.083

4 58 Solid (mild steel) on top and water on bottom 14.67±0.44 3.690±0.054

is seen from the shadowgraph images that the shock front
diffracts and becomes curved as soon as it comes out of the
shock tube. During the initial stages of shock evolution out-
side the shock tube, the shock front remains plane near the
shock tube axis. During this period, the shock diffraction is
more prominent toward the edges of the shock front, as shown
in Fig. 4a–c. As the shock front moves further downstream,
it attains a nearly spherical front as shown in Fig. 4c–d. In
the shadowgraph images in Fig. 4, two distinct lines can be
observed at the plexiglass edge in the air side. These lines

are due to the parallax error in visualization and not due to
any flow features.

Figures 5, 6, and 7 show the shadowgraph images of
the curved shock wave interaction with the air–water inter-
face and its subsequent propagation characteristics over
the interface for the case-1, case-2, and case-3 conditions,
respectively. It is well known that when the shock front
interacts with the air–water interface it produces reflected as
well as refracted shock waves [5]. However, it was reported
that only a small fraction of the incident shock energy will
be transferred to the refracted shock wave in water, and
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Fig. 3 Pressure measurements in the launch tube: a sensor locations and b pressure readings from various sensors

Fig. 4 Shadowgraph images showing the early evolution of shock
wave from the launch tube (case-2): a t = 0µs, b t = 6.667µs,
c t = 13.33µs, d t = 20µs, e t = 33.33µs, and f t = 46.67µs

therefore, the strength of the refracted shock will be quite
weak compared to the incident shock in the air [26,29]. As
a result of this, many past experiments were not success-

ful in visualizing the refracted wave, and it was concluded
that the refracted wave soon degenerates into compression
waves as it propagates throughwater [26].However, the high-
speed time-resolved shadowgraph images from the present
study clearly show the propagation of a sharp-wave discon-
tinuity into the medium (Fig. 5b–e for case-1 and Fig. 6b–c
for case-2). The refracted wave is not observed in Fig. 7, as
the sensitivity of the shadowgraph was purposefully reduced
to eliminate the noise, in order to capture the characteris-
tics of the reflected wave. The refracted wave moves faster
than the incident wave due to the larger acoustic speed in
water compared to air. It is also found that the refracted wave
travels as a shock discontinuity for a reasonably large dis-
tance inside thewater (Fig. 5). From the shadowgraph images
(Figs. 5 and 6), it can also be seen that the refracted shock
wave pixel intensities are very feeble. Hence, a quantitative
estimation of refracted shock propagation is found to be dif-
ficult in the present study and only qualitative visualization
is reported. It should also be noted that there should exist a
series of precursory waves ahead of the incident shock wave
over the water surface due to the large difference in acoustic
impedance (Z = ρc, where ρ is the density of the medium
and c is the acoustic speed in the medium) across the air–
water interface (the ratio of acoustic impedances between air
andwater is 2.8×10−4) and in air–solid interface (the ratio of
acoustic impedances between air and solid is 1.25 × 10−5).
However, in the present study such precursory waves are
weak to be seen and can be neglected in the induced pressure
field.

The shadowgraph images (Figs. 5, 6, and 7) also show
that the reflected shock wave exhibits regular reflection (RR)
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Fig. 5 Shadowgraph images of
the curved shock wave reflection
and refraction as it slides over
an air–water interface (case-1).
Here time t = 0 refers to the
time instant at which the shock
just comes out of the shock tube:
a t = 10µs, b t = 45µs,
c t = 60µs, d t = 90µs,
e t = 100µs, and f t = 140µs
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as soon as it interacts with the liquid interface. As it propa-
gates along the interface, the regular reflection transitions to
an irregular reflection , IR (most commonly, a Mach reflec-
tion, MR). These transitions can be seen in Figs. 5d–e, 6d–e,
and 7d–e.

It should be noted that the present experiment is a purely
unsteady shock reflection phenomenon since the shock wave
angle with the interface increases and the incident shock
Mach number decreases as the shock propagates downstream
along the interface. This is an unfavorable condition for the
existence of the RR shock structure, and at a critical shock
wave angle, the shock structure transitions to IR. In order
to find the transition angles for RR to IR with various inter-
face distance cases or the curvatures of the shock wave, the
shock wave angle at the transition point was computed from
the shadowgraph images using image processing. An edge
detection algorithm was used to track the shock front from
the images, and the shock wave angles at each time instant
were computed by reconstructing the incident shock front

from the pixel distributions at the shock front (details of
the image processing and measurement procedures are given
in the Appendix). Experiments were repeated (at least three
times) for each of the water-level cases to check the repeata-
bility and errors associated with the measurement. The error
in the shock wave angle at transition was computed from
the standard deviation of the measured values from various
experiments conducted for a particular water-level experi-
ment. The details of error estimation are also given in the
Appendix.

Figure 8a shows a schematic representation of the initial
wave angle and the wave angle at transition. The shock wave
will be parallel to the interface when it first interacts with
the water surface. However, soon after the interaction of the
incident shock wave with the water surface, a reflected shock
wave is produced. As the incident shock wave propagates
upstream, the shock wave subtends a positive angle with the
interface. The initial shock wave angle is, therefore, defined
as the wave angle corresponding to the time instant at which
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Fig. 6 Shadowgraph images of
the reflection and refraction of a
curved shock as it slides over
the air–water interface (case-2).
Here time t = 0 refers to the
time instant at which the shock
just comes out of the shock tube:
a t = 53.33µs, b t = 86.67µs,
c t = 100µs, d t = 133.33µs,
e t = 153.33µs, and
f t = 220µs

the tracing of the angle has been started. The shock wave
angle tracking has commenced from the very next frame after
the shockwave interactswith thewater surface. In the present
study, the transition point is identified as the image just prior
to the image where a noticeable Mach stem is observed. This
is because the determination of the exact transition point from
the images is very difficult since, at the inception point of
transition, it is highly likely that the Mach stem is embedded
inside the dark zone produced by the air–water interface.

Figure 8b shows the variations of the initial wave angle
and the wave angle at transition for various interface distance
cases. It is seen fromFig. 8b that even though the initial shock
wave angle is significantly different, the wave angle at shock
transition is more or less the same within the error limit.
It should be noted that these conclusions are based on the
pixel values from the images and are subject to an uncer-
tainty corresponding to the physical distance represented by
± 0.5 pixels. For the present case, the image resolution is not
very high (440 × 220 pixels) owing to the high fps required
to capture the reflected and refracted shock waves, and as a

result of this, the error from pixel computation is relatively
large (see the Appendix for details). Nevertheless, the results
show that even with significant variation in the water level
from the shock tube axis, the transition angle for RR to IR
does not seem to vary largely and is lying in close ranges.

A qualitative picture of the aspects discussed above can be
obtained from the shadowgraph images for the various cases,
as shown in Fig. 9. Figure 9a–c shows the shock wave angles
with the interface for various cases at the onset of shock
interaction with the interface, and Fig. 9d–f shows the shock
wave angles at the onset of RR to IR transition. It is clear
from Fig. 9a–c that the initial shock wave angle decreases
with the increase in water level. However, the shock wave
transition occurs when the shock wave angle reaches nearly
the samevalue for all the caseswith various interface distance
(Figs. 8b and 9d–f).

A constant shock wave angle at the transition point indi-
cates that the incident shock waveMach number at transition
should also be the same for all the cases. In order to further
investigate this, the incident shock waveMach number along
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Fig. 7 Shadowgraph images of
the reflection of a curved shock
as it slides over the air–water
interface (case-3). Here time
t = 0 refers to the time instant at
which the shock just comes out
of the shock tube:
a t = 53.33µs, b t = 93.33µs,
c t = 133.33µs,
d t = 173.33µs, e t = 220µs,
and f t = 273.33µs

Fig. 8 Initial and transition
shock wave angle with the
interface at various time instants
for the three cases with various
water heights: a schematic
showing initial and transition
shock wave angles and b initial
and transition shock wave
angles φ ini
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Fig. 9 Shadowgraph images
showing the initial and
transition shock angles with the
interface for the three cases with
various water heights: a initial
shock wave angle for case-1,
b initial shock wave angle for
case-2, c initial shock wave
angle for case-3, d transition
shock wave angle for case-1,
e transition shock wave angle
for case-2, and f transition
shock wave angle for case-3

the interface was tracked for all the cases and is shown in
Fig. 10. A detailed discussion on the Mach number com-
putation from images is given in the Appendix. Figure 10
shows that, even though the initial shock strength inside the
shock tube is more or less the same for all the cases (Table 1),
the incident shockwaveMach number at the interaction point
with the interface increaseswith the decrease of interface dis-
tance. This is because, for a larger interface distance (case-3)
the shock wave has to travel more distance before it interacts
with the water surface and the shock energy lost due to the
diffraction effects is more. This essentially means that the
shock wave Mach number at the interaction point with the
interface is higher for a smaller interface distance (case-1)
compared to the larger interface distance (case-3).

The Mach number plot also shows that the incident shock
Mach number reduces rapidly due to the shock attenuation
for all the cases as the shock propagates along the interface,
which is similar to the typical exponential shock decay that

can be seen in an explosion. It is also seen that the Mach
number for all the cases decays to nearly the same value at
the transition point. It should also be noted that the initial
shock wave angle is larger when the distance between the
shock tube end and the interface is smaller (see the images
in Fig. 9a–c). This is because the radius of the initial curved
shock, while it interacts with the interface, is smaller when
the distance between the shock tube axis and the interface
is small. As a result of this, the initial shock front exhibits a
larger curvature and hence a larger shock wave angle at the
interaction point.

On the other hand, with the increase in the distance
between the shock tube axis and the water surface, the radius
of the shock wave grows further (smaller curvature and slope
at the interaction point), resulting in a reduction in the shock
wave angle when it interacts with the interface. A schematic
representation of this is shown in Fig. 11a. As the shock
front propagates along the interface, the shock angle keeps
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Fig. 10 Mach number variation along the interface for the three cases
with various interface distance. Error in Mach number computation
from image processing is ±0.162. Here, the first symbol of each data
series corresponds to the time instant at which the shock front comes in
contact with the interface for the first time

on increasing (as shown schematically in Fig. 11b). Hence,
for a smaller initial shock wave angle (case with a large dis-
tance between the shock tube and interface), the shock front
needs to travel more distance to reach the transition shock
angle when compared to the case with a larger initial shock
angle (case with a smaller distance between the shock tube
and interface) as shown in Fig. 11a and b. Since the inci-
dent Mach number decreases and the wave angle increases
as the shock propagates along the interface, theMach number
downstream of the incident shock wave decreases continu-
ously, leading to a continuously increasing flow deflection
angle. This results in a situation where the fluid condition
downstream of the incident shock (region-1 in Fig. 2) is
approaching the detachment condition corresponding to a
particular Mach number, and results in RR–IR transition.

It is also seen that the shock wave attenuates much more
rapidly for the smaller interface distance case compared to
the larger interface distance case, as shown in Fig. 10. A
much faster attenuation for the smaller interface distance
compared to the larger interface distance is probably due to

Fig. 11 Schematic of shock
wave angle variations: a initial
shock wave angle variation with
change in the interface distance
and b shock wave angle
variation during the shock
propagation along the interface

φ1

case-1

case-2
case-3

(b)

φ trφ
h

φ tr  > φ

Shock wave angle increases as it 
propagates along the interface

h2

h3

h1

φ 1  > φ2 > φ3

h3 > h2> h1

(a)

φ3

φ2

123



508 R. Arun Kumar et al.

Fig. 12 Shadowgraph images
showing the shock propagation
distance from the shock tube
end when it transforms from
RR to MR for various water
heights: a case-1, b case-2, and
c case-3

X/h=2.28

X/h=2.46

X=132.4 mm

RR MR

RR MR

RR MR

Interface distance=30 mm

Interface distance=45 mm

Interface distance=60 mm

(a)

(b)

(c)

h=30 mmX=68.66 mm

X=111 mm h=45 mm

h=60 mm

X/h=2.20

the larger initialMach number at the onset of interaction with
the water surface for the former case compared to the latter.
A higher incident shock Mach number decay and a higher
shock wave angle at the onset of interaction for the smaller
interface distance case result in a situation where the tran-
sition occurs much faster for the smaller interface distance
case compared to the larger interface distance case. With
the increase in the interface distance, the shock wave angle
at the onset of interaction is much smaller compared to the
smaller interface distance case. Moreover, the incident shock
Mach number attenuates slowly for larger interface distance
case. In the present experiments, the variation in the decay
rate of the Mach number and the growth rate of the wave
angle for various cases occur in such a way that a common
transition point (transition Mach number and wave angle)
is attained for the different cases as the shock propagates
along the interface. It should also be noted that the present
experiments employ image processing methods to arrive at
the quantitative results. These derived results might result in
more error in the measurements compared to direct flow field
measurements, such as using pressure sensors. Nevertheless,
considering the difficulty in the direct flowfieldmeasurement
along the interface (for example, placing a pressure sensor
at the interface would contaminate the shock structures and
hence meaningful measurements would not be possible), the

results from the images provide a first-hand estimate of the
flow field.

The smaller initial angle at the onset of interaction and
slower decay of incident Mach number for the larger water-
level case result in a situation where the transition conditions
are attained with a much longer propagation distance along
the interface,with an increase in the interface distance. This is
evident from Fig. 12, which shows the shadowgraph images
of the shock transitions for the three cases with various inter-
face distances. The shadowgraph images shown in Fig. 12 are
fromanew set of experiments carried out under the same con-
ditions, in which the shock reflection area is zoomed in, and
the images were captured at a higher frame rate of 196,540.

3.1.1 Characteristics of irregular shock reflection

A careful observation of the shadowgraph images shows
that the shock reflection eventually resembles a non-standard
reflection. The classification of standard and non-standard
reflection is based on the net deflection angle produced by
the reflected shock wave, as shown schematically in Fig. 13.
In Fig. 13, the incident shockwave angle is represented as “i”
and the reflected shock wave as “r” with θ1 and θ2 represent-
ing the flow deflection angles for the incident and reflected
shocks, respectively. A standard-type reflection occurs, if the
net deflection produced by the incident and reflected shocks
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Fig. 13 Schematic showing
standard and non-standard MR
shock structure and their
corresponding shock polars:
a standard MR and
b non-standard MR β1
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is such that the slipstream angle (θ3) will be θ3 = θ1 − θ2.
Whereas, a non-standard-type reflection occurs when the
net deflection is such that the slipstream angle is given by
θ3 = θ1 + θ2. Alternatively, for standard Mach reflection,
the flow deflection after the reflected shock wave will be
opposite to the direction in which the flow deflected after
the incident shock wave and for non-standard reflection both
incident and reflected shockwave deflect the flow in the same
direction. Schematics of the flow structure and shock polar
for standard and non-standard Mach reflections are shown in
Fig. 13a and b, respectively. Ben-Dor [6] reported that a
non-standard reflection, in general, exhibits feature such as a
smooth merging of incident shock with the Mach stem. The
shadowgraph images (Fig. 14d) of the irregular shock reflec-
tion propagation characteristics for the casewith awater level
of 45 mm depict that the shock structure closely resembles
that of a non-standard shock structure with the smooth merg-
ing of incident shock with the Mach stem. This essentially
means that the irregular shock wave reflection transitions
froma standardMach reflection to non-standardMach reflec-
tion (Fig. 14).

To further investigate the transition of standard Mach
reflection to non-standard Mach reflection as the IR wave
propagates along the interface, a shock polar analysis was
carried out. For unsteady or pseudo-steady reflections, the
shock polar must be drawn with the Mach number of the
triple point moving along the triple-point trajectory and
with the wave angle based on the triple-point trajectory
[6]. This essentially means that the present analysis has
to be carried out with a coordinate system fixed at the
triple point and moving along the triple-point trajectory.
A schematic of this is shown in Fig. 15a. The coordi-
nate transformation was done by tracking the triple-point
location (T) at various time instants from the shadowgraph
images and computing the triple-point trajectory angle (χ )
with respect to the air–water interface (horizontal direction).
From the images, the incident shock wave angle with the
horizontal (φs), as well as the Mach number of the triple
point along the horizontal direction (Ms) at various time
instants,was also computed. From this information, theMach
number of the triple point along the triple-point trajectory
(M0—the flow Mach number in the triple-point fixed coor-
dinate system) aswell as the shockwave anglewith respect to
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Fig. 14 Shadowgraph images
showing the transition from
standard to non-standard-type
Mach reflection (case-2):
a t = 180µs, b t = 213.33µs,
c t = 246.67µs, and
d t = 346.67µs

(a)

(b)

(c)

(d)

Triple point

Smooth merging of incident 
shock and Mach stem

Standard MR

Non-standard MR

triple-point trajectory can be computed, as shown in Fig. 15a.
The details of the computation of various angles are given in
the Appendix.

Figure 15b–d shows the shock polars for the case with
an interface distance of 45 mm at various time instants. The
shock polar in Fig. 15b clearly shows that the shock reflec-
tion exhibits a regular reflection. The shadowgraph image
at the same instant (shown as an inset in Fig. 15b) also
shows a regular reflection pattern. At a later time, the shock
structure transitions to an irregular reflection as a single
Mach reflection (SMR) with standard solution. This can be
noticed from the shock polar, and the shadowgraph image is
shown in Fig. 15c. As the shock front moves further, the
reflection pattern exhibits a non-standard Mach reflection
pattern. This can be clearly observed from the shock polar,
and the shadowgraph image is shown in Fig. 15d. Thus, the
shock polar analysis confirms that the curved shock reflec-
tion over an air–water interface structure eventually becomes
a non-standardMach reflection. The shadowgraph images for
different water-level cases (Fig. 16) show a smooth merging
of incident shock with theMach stemwhich is a typical char-
acteristic of non-standard reflection [6]. Hence, from Fig. 16
also it is evident that the shock structure eventually transi-
tions to a non-standard Mach reflection for all the cases. It
can be noticed that the Mach number of the curved shock
at the transition condition is less than 2.202 in all the cases
investigated, which indicates that the shock reflections occur
in the weak reflection domain [6]. The fact that the RR tran-

sitions to IR lead to the possibility that the IR can be a vNR
[30] (von-Neumann reflection), a VR [31] (Vasilev reflec-
tion), or a GR [32] (Guderely reflection). It is, however, not
attempted in the present work to classify the reflections into
the above types, as the error in the angles measured is larger
than the difference in the shock angles between these reflec-
tions for the range of the Mach numbers of the curved shock
investigated [33].

3.2 Comparison of shock propagation over solid and
liquid surfaces

In order to compare the shock transition of curved shock
reflection over solid and water surfaces, new experiments
were carried out with the case-4 experimental model. For
the new experiments, the shadowgraph images were taken
at 145,251 fps with a resolution of 400 × 220 pixels and at
289 ns exposures. Figure 17 depicts the shadowgraph images
showing the sequence of curved shockwave propagation over
the solid wall and liquid surface (distance to interfaces from
shock tube axis is kept at 58 mm). In this case also, the initial
shock wave angle, the shock wave angle at transition, and
the distance the shock wave travels before it transitions to
IR have been computed from shadowgraph images for both
the air–water interface and air–solid interface. It is observed
from Fig. 17 that the unsteady shock wave reflection charac-
teristics (the shock wave angle at the transition point and the
distance the shock front traveled before it is transitioned to
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Fig. 16 Shadowgraph images showing the non-standard-type Mach reflection from various water-level cases: a case-1, b case-2, and c case-3
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Fig. 17 Curved shock reflection characteristics over solid and liquid surface (case-4). Here t = 0 corresponds to the time instant at which the shock
just emanates from the tube: a t = 34.42µs, b t = 68.86µs, c t = 89.5µs, d t = 117.04µs, e t = 144.57µs, and f t = 199.65µs

IR) are nearly the same for both the air–solid and air–water
interfaces. This might be because the refracted shock wave
energy is not that prominent in the present case and does not
significantly affect the shock reflection characteristics at the
air–water interface. However, this conclusion is made based
on previous studies which reported that the refracted shock
wave will be feeble compared to the reflected shock wave
over an air–water interface [24,26]. This aspect is planned to
be investigated in a future study by more elaborate underwa-
ter pressure measurements.

4 Conclusions

The present study investigated the reflection and refraction
characteristics of a curved shock front as it slides along
an air–water interface. The shock wave reflection and the
transition are purely unsteady with both Mach number and
shock wave angle varying. It is seen from the present study
that a curved shock front sliding over the air–water inter-
face transitions from a regular reflection to a standard Mach
reflection (SMR). It is found that the transition conditions
(RR → SMR) do not showmuch variationwith change in the

interface distance. The standardMach reflection further tran-
sitions to a non-standardMach reflection as it propagates fur-
ther along the interface. The shock transition thus follows the
path: RR → Standard Mach Reflection → Non-Standard
Mach Reflection. It is also found that with the increase in the
interface distance from the shock tube axis, the shock wave
travels more distance along the interface before it transitions
from RR to SMR. The shadowgraph images from the present
study depicted the propagation of a sharp refracted shock
wave also, into the water. The present study also reveals that
the unsteady shock reflection over solid and liquid surfaces
shows no noticeable difference in the shock transition angles.

Appendix

In the present study, the shock wave angle and shock
Mach number were computed from the shadowgraph images
through image processing. In order to determine the shock
profile from the raw image, the Canny edge detection algo-
rithm (using MATLAB platform) was used. From the edge
detection algorithm, the pixel values at the shock front can be
found. Figure 18a shows the raw image, and Fig. 18b shows
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the corresponding processed image using the Canny algo-
rithm. The pixel values from the processed image can then
be used to locate the shock position at various time intervals.
For the reconstruction of the shock profile, the pixel locations
at the shock front need to be converted to their correspond-
ing physical distance from a reference frame. This is done by
computing the physical dimension represented by each pixel
(millimeters per pixel) for a particular experiment. In order
to compute the value of millimeters per pixel, the shadow-
graph images of a measuring scale with a known length (38
mm width) were captured prior to each experiment. From
this, the number of pixels representing the image of the mea-
suring scale can be computed, which in turn can be used to
compute the value of millimeters per pixel. In the present
study, one pixel is found to represent a physical dimension
of 0.76 mm.

An illustration of this is shown in Fig. 18c. The posi-
tion of the shock front is then computed by multiplying the
pixel value at the shock front with the value of millime-
ters per pixel. A typical reconstructed shock profile for the
experiment with the case-2 condition is shown in Fig. 18d.
The shock speed (v) is then found by noting the shock
propagation distance between two frames (by counting the
change in pixel location of the shock front in the two frames)
and the interframe time which is available from the frames
per second (interframe time, t = 1/fps). From the shock
speed, the shock waveMach number can be easily computed
(Ms = v/c). For determining the shock wave angle, the pixel
locations at the shock front close to the interface are extracted
from the images (shock front in the limit of only 3-pixel
height are considered). A linear curve fitting was employed
to reconstruct the small portion of the shock front close to
the interface, which in turn can be used to determine the
shock wave angle. It is expected that the linear curve fitting

assumption close to the interface is valid since an infinites-
imal portion of any general curve can be represented as a
linear curve.

In the present study, it is assumed that the shock front
lies at the center point of the pixel representing the shock
front. However, this consideration leads to an error of
±0.5 pixels in the measurement since the shock front can
be at any point in the pixel representing the shock front. This
error was accounted for in the Mach number measurements
from the images by computing the uncertainty in position
determination from the images. The uncertainty in position
determination from the images corresponds to the physical
distance represented by ±0.5 pixels. In order to estimate
the repeatability and the error in shock wave angle measure-
ments, the experiment for each water-level case was repeated
at least three times. The shockwave angles are thenmeasured
from each of these experiments. The error in shock wave
angle measurement is computed from the standard deviation
from the measured values from each of these experiments.

The triple-point Mach number (Ms) and the triple-point
trajectory have also been computed from image process-
ing, as shown in Fig. 19. The value of Ms is computed
by tracking the triple-point location at various time steps.
The x-coordinate of the triple point at various time steps is
tracked from the pixel values. From the x-coordinates, the
distance moved by the triple point in the x-direction (x1–x2)
can be computed, as shown in Fig. 19a and b. From this,
the triple-point Mach number along the x-direction (Ms) can
be computed as Ms = � x

�t as
, where as is the acoustic speed

upstream to the incident shock wave and�t is the interframe
time step. The incident shock angle with respect to the triple-
point trajectory (φ1) at each time step can be computed by
reconstructing the incident shock profile and the triple-point
trajectory using image processing. The triple-point trajectory

Fig. 18 Shock profile
reconstruction using image
processing (case-2): a raw
shadowgraph image,
b processed image using
”Canny” edge detection
algorithm,
c millimeters-per-pixel
computation from known
reference length, and
d reconstructed shock profile
near the reflection point from
the processed image
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Fig. 19 Triple-point trajectory computation using image processing:
a processed image at t = 200µs, b processed image at t = 213.33µs,
and c schematic showing triple-point trajectory and various shock wave
angles

can be reconstructed by computing the x- and y-coordinates
of the triple point at various time instants. The slope of the
triple-point trajectory at any particular time instant gives the
angle χ with respect to the x-direction. Similarly, the shock
wave angle (φs) with respect to the x-direction can be com-
puted from the processed images. The difference between the
angles φs and χ gives the incident shock angle with respect
to the triple-point trajectory at a particular time instant. A
schematic representation of this is shown in Fig. 19c.
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