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TECHNICAL NOTE

Modulations of a weak shock wave through a turbulent slit jet
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Abstract The pressure modulation of a weak shock wave
induced by a Nd:YAG laser pulse when passing across a
turbulent slit jet was experimentally investigated. With the
slit jet the peak overpressure became smaller by an average
of 12%, with a standard deviation of 27%. Clear relation-
ships were obtained between the overpressure history and the
experimentally observed shock front deformation, which was
visualized as differential schlieren images. The peak over-
pressure was increased when the originally spherical blast
wave front was locally flattened, whereas it was decreased
when a hump in the shock wave front was formed.

Keywords Shock wave - Turbulence - Sonic boom -
Compressible flow

1 Introduction

The behavior of a weak shock wave is a fundamental problem
both in compressible fluid dynamics and in nonlinear acous-
tics. For instance, the so-called ‘von Neumann paradox’
[1,2] is a problem of oblique shock wave reflection occur-
ring when the reflected wave is so weak at the intersection
with the incident shock wave that its behavior is not sim-
ply determined from the three-shock theory. The sonic boom
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is another example in which weak shock wave behavior is
complex when propagating over a long distance [3-5]. In
sonic boom propagation, its peak overpressure and wave-
form characteristics are varied depending on the propagation
medium and/or topography. In particular, when a shock wave
propagates through turbulence, the post-shock pressure field
is significantly modulated. However, current understanding
of the associated mechanisms is quite limited.

The interactions between a shock wave and a vortex have
been extensively studied. Ribner [6] obtained an analytical
expression of acoustic wave emission caused by shock-vortex
interaction from a linear theory. Ellzey et al. [7] classified
shock-vortex interaction into weak and strong cases. The
weak interaction involves small shock wave deformation and
acoustic wave emission which could be predicted by the lin-
ear theory. The strong interaction involves large shock wave
deformation, and leads to the formation of complex shock
patterns. Chatterjee [8] reported that the type of shock pat-
tern formed in compressible vortex-shock wave interaction
depends strongly on the incident shock Mach number. Three-
dimensional shock deformation resulting from the interaction
between a spherical shock wave and a vortex ring was stud-
ied in Refs. [9, 10]. Although the mechanisms of shock wave
distortion due to vortices were well understood, the impact
of the shock-vortex interaction on post-shock pressure mod-
ulation was not of primary interest.

The post-shock pressure modulations resulting from inter-
action with jets were studied by Ribner et al. [11] who used
a conical shock tube. In this study, the jet blew either in the
same or in the opposite direction of the shock wave propa-
gation. Figure 1a shows the conventional overpressure pro-
file without turbulence. An overpressure spike occurs in the
leading part of a typical N-shaped pressure profile of the
blast front (Fig. 1b) when the jet opposes the shock front,
while the interaction of the shock wave with a jet in the same
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Fig. 1 Overpressure rise
patterns after shock wave-flow
interaction; a without
disturbance, b spiked (flow in
the opposite direction to shock
propagation), ¢ rounded (flow in
the same direction as of shock
propagation)

Direction of shock
propagation

direction leads to a rounded variation (Fig. 1c). Pierce [12]
argued that these pressure modulations could be modeled
based on geometrical acoustics.

Many studies on sonic booms generated by supersonic air-
craft dealt with the interaction of a shock wave and a turbulent
flow. The primary interest of this topic is the modulation of
the peak value and the rise time of the overpressure vari-
ation. Pierce [13] reviewed the extent of the variability in
overpressure waveforms recorded during actual flight tests.
The random nature of the waveform variability was classified
into several types: a high peak overpressure corresponded to a
spiked waveform, while a low one corresponded to a rounded
waveform.

Lipkens and Blackstock [14] conducted laboratory model
experiments of a weak shock wave modulation through a
turbulent flow. A shock wave was generated using an elec-
tric spark and a turbulent jet flow was ejected from a slit.
The turbulence caused enormous variability in the wave-
form of the post-shock overpressure. On average, the slit
jet led to an increase in the rise time and a decrease in the
peak overpressure. However, the standard deviation became
much larger than the average decrement, which implied that
in some cases the peak overpressure was enhanced although
mostly it was weakened. Such ‘statistical’ behavior cannot be
reproduced by deterministic computational fluid dynamics
simulation [15]. The associated mechanisms of the pres-
sure modulation warrant further investigation, specifically
to determine under what conditions the shock strength is
increased or decreased, and how the shock shape is deformed
in the interaction process.
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Fig. 2 Schematic illustration of experimental set-up (not true to scale)
(units in mm)

The purpose of this study is to advance the understanding
of the interaction mechanisms between a weak shock wave
and a turbulent flow, highlighting the experimental relations
between shock wave front deformation and post-shock over-
pressure modulation.

2 Experimental method

A schematic diagram of the experimental setup is given in
Fig. 2. A blast wave, a shock wave immediately followed by
an expansion zone, is generated by focusing a Nd: YAG laser
pulse (wavelength of 1,064 nm, FWHM of 9 ns, output energy
of 0.45J) using a convex lens with a focal length of 100 mm.
The overpressure is measured on a 200 mm diameter, 5 mm
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thick aluminum disk at 167 mm from the focus with a cen-
tral, flush-mounted piezoelectric pressure transducer (PCB
Piezoelectronics, Inc. Model-HM102A18, rise time of 1 s,
natural frequency of 500kHz). The axis of the disk is aligned
to the direction of shock wave propagation. A sheet of shear
flow from a slit on the upper plate of a stainless steel sub-
chamber of an inner volume of 0.014 m3, which hereafter will
be referred to as the ‘slit jet,” is supplied normal to the shock
wave propagation direction. The sub-chamber overpressure
from the atmospheric value (Apy) is kept at 20 kPa. The dis-
tance between the focus point of the laser, i.e., the center of
the blast wave, and the slit jet is set to 110mm. It is noted
that all tests were conducted under identical and controlled
atmospheric conditions.

The signal of pressure transducer A (resolution: 3.4 Pa;
sampling rate: 10 M samples/s) is the overpressure generated
by the reflection of the laser-induced blast wave from the disk
surface. Expansion waves originating at the disk periphery
arrive at the pressure transducer about 580 s after the ini-
tiation of the overpressure rise due to the blast wave. As
will be seen later, the overpressure of present interest lasts
about 60 pLs. During this period, the overpressure signal is not
affected by the finite size of the disk. Although the uncertainty
of the pressure transducer which the manufacturer claims
equals +0.8%, the measured overpressure signal contained
larger oscillatory components of the natural frequency. As
much as possible, this component was eliminated in design-
ing the transducer mount so as not to violate the validity and
generality of the following results.

The x- and y-axes are defined as shown in Fig. 2. The z-
axis, not shown in the figure, is perpendicular to the plane of
the paper. The x—z plane includes the surface of the upper
plate (—150mm <x <150 mm, —150 mm < z < 150 mm).
The slit has a rectangular shape with a width of 2mm
(—1lmm <x <1 mm)andalength of 200 mm(—100 mm < z
< 100 mm). The slit jet flows along the y—z plane, primarily
in the y direction. The disk axis and the focus are on a line
of y = 100 mm and z = 0 mm, parallel to the x-axis.

Distributions of the y-component of the flow velocity and
its fluctuation on the z =0 plane are measured using a constant
temperature anemometer (CTA) type hot-wire. The hot-wire
has a diameter of 5 wm. The output signals are recorded with
adigital oscilloscope at a sampling frequency of 20 kHz. Hot-
wire calibrations were conducted using a Pitot probe which
was placed side-by-side in a low-turbulence wind tunnel [16]
where the turbulence intensity is estimated to be lower than
0.18%.

A schlieren optical system is used to visualize shock wave
motions. It consists of two 300- mm diameter concave mir-
rors (focal length 3m) and a xenon flash lamp with a light
intensity of about 10 kW/sr and a nominal duration time of
200 us. A knife edge placed at the focal point of the schlie-
ren optics vertically cuts off about half of the object beam.

One hundred images are sequentially taken using a high
speed framing camera (Shimadzu Co., HyperVision HPV-
1) with a resolution of 312 x 260 pixels, a framing rate of
125,000 frames per second and a frame exposure time of
1ps.

In the present experiments, the shock Mach number upon
the disk, evaluated from the overpressure on the pressure
transducer A, is approximately 1.007, corresponding to a
density jump of 2.5% of the atmospheric density. With
our optical setup, such a weak shock wave front yields a
schlieren image of poor contrast. In order to improve the qual-
ity of the flow visualization, a differential image is numeri-
cally obtained by subtracting a gray-scale schlieren image of
a past moment (reference image) from that at the moment of
the interest (object image). Since the intensity of the xenon
flash lamp varies during its duration, the time difference
between two images was chosen within 80 s so that the
change in the contrast was sufficiently small. This image
processing step allows one to eliminate the steady-state back-
ground noise in the area ahead of the shock wave while it also
displays the shock wave and the associated flow with much
enhanced contrast. As will be seen later, the shock wave shape
is much more clearly obtained.

3 Results and discussion

Figure 3 presents the velocity distribution of the turbulent
flow field in the x—y plane (z =0), measured by a hot-wire
anemometer. This measurement was conducted without the
disk. At y=50mm, the slit jet has a slight saddle-back
profile because of vena contracta effects. The full width
at half maximum (FWHM) of i is estimated to be 26 mm
at y =100 mm, then increases by 37.5mm at y =200 mm.
This velocity distribution is slightly disturbed by the disk
at x =57 mm. Due to the entrainment of mass flow, the
centerline (x =0 mm) velocity is gradually decreased along
the y-direction; 31.5m/s at y=100mm and 21.0m/s at
y =200 mm. The flow field is almost symmetric; the extent
of asymmetry in the mean velocity is smaller than 7.8%.
The turbulence intensity is referred as the ratio of the root
mean square of velocity fluctuation (#nys) to the mean veloc-
ity (up) at x =0mm, y = 100 mm and z = 0 mm. The turbu-
lence intensity in Fig. 3b has a saddle-back distribution near
the slit. At y =100 mm, the peak value of the turbulence
intensity equals 17.5% at x = 10 mm. Then, the peak value
is decreased and the distribution is converted into an almost
top-hat shape downstream. The peak value at x = 0 mm and
y =200 mm equals 11.8%. The Reynolds number of the slit
jet is evaluated at 4.7 x 10* based on up(=31.5m/s) and
the FWHM of the slit jet velocity profile is 27 mm at the
reference point x =0 mm, y = 100 mm and z =0 mm.
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Fig. 4 Examples of overpressure histories measured with pressure
transducer A; a without slit jet, b with slit jet (strong case) and ¢ with
slit jet (weak case)

Figure 4 presents a typical overpressure (Ap) history with-
out slit jet (a) and with slit jet (b and c). Here, the time ori-
gin, t = 0, is at the laser pulse initiation. The differential
schlieren images are shown in Fig. 5, where a—c correspond
to the respective symbols in Fig. 4. Each image is subdivided
into four regions A to D, see Fig. 5d. Region A is a differ-
ential schlieren image between ¢ = 96 and 40 ps. A shock
wave att = 96 s is seen as the black belt at the far right part
of this region. The thickness of the belt corresponds to the
distance the shock travels during exposure time of the high-
speed imaging. Also a shock wave at t = 40 s is visualized
as a white ring, which is a result of the differential image
processing. In the same way, region B corresponds to an
image at 176 s obtained from differentiation between 176
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D; differential schlieren image between ¢ = 336 s and t = 256 ps.
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Fig. 6 Shock wave curvature distributions along y-axis at t = 336 Ls;
a without slit jet (Fig. 4a), b strong case (Fig. 4b) and ¢ weak case
(Fig. 4c). The regime marked by the arrows on the right side of the
graph indicates the location of the pressure transducer A on the disk
surface

and 96 s, C at 256 s from 256 to 176 s, and D at 336 s
from 336 to 256 ws, respectively. In this way, in each image
four shock waves at t = 96, 176, 256, 336 s are visualized
as dark shadows; an expansion region behind each shock
wave is recognized as a bright zone. Figure 6 shows the dis-
tributions of shock front curvature evaluated from Fig. Sa—c
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at + = 336 ws. The distributions of the local curvature C
are normalized to the curvature of a perfectly spherical blast
wave (Cp). After digitizing the x—y location of a shock wave
front, it is fitted to a b-spline function using fourth order
base functions. The inherent measurement uncertainty is esti-
mated approximately 0.5 mm, based on the size of the field
of view and the resolution of the camera.

The curvature measured without the slit jet, case (a),
is almost constant and close to the spherical case (see
Fig. 6). As seen in Fig. 4a, when the shock wave reflects
from the pressure transducer, the overpressure suddenly
increases to a maximum value Ap, o = 3.1kPa, which
corresponds to a local shock Mach number of 1.007. Then,
due to expansion, the overpressure decreases. The second-
ary shock wave [17] caused by the driver gas implosion
appears as a small peak at + = 385us. After the sec-
ondary shock wave, the overpressure further decreases to
a negative value. At around t = 400 s, the overpressure
starts to recover toward the atmospheric value. This over-
pressure variation shows the typical pressure history of a
laser-induced blast wave [17]. The post-shock overpressure
lasts for about 60 ps. The disturbance originating from the
sub-chamber surface (which may contaminate the overpres-
sure history) arrives thereafter, at about 194 ws after the
impingement of the shock wave onto the pressure trans-
ducer A.

In both cases (b) and (c), before the shock wave passes
the slit jet (r = 176 ws), the distortion of the spherical shock
front shape is negligible. However, the shock wave becomes
distorted when passing through the jet (# = 256 and 336 w.s).
In the case of (b), as seen in Figs. 5b and 6, the normal-
ized curvature of the shock front near the pressure transducer
is decreased, having a flat shape and almost resembling a
straight normal shock. As seen in Fig. 4b, the peak value
of the overpressure, Ap,,, is increased to 3.5 kPa. Hereafter,
such a case will be referred to as the ‘strong case.” In the case
of (c) in Figs. 4 and 5, the shock front has a hump slightly
above the pressure transducer. As seen in Fig. 6, the curvature
strongly oscillates and has a large positive peak. The local
shock strength is weakened, having a smaller peak value of
2.3kPa (‘weak case,” hereafter).

Figure 7 presents the probability histogram of the peak
overpressure measured with the slit jet obtained from fifty
measurements. With the slit jet, the number of events has a
maximum at around Ap,, /Apy, 0 = 0.7£0.05, spread from
40 to 160% of that without the slit jet. As seen in Table 1, with
the slit jet, the peak overpressure is decreased on average by
12% and its standard deviation is vastly increased by 27%
of the mean value of Ap,, ¢ which is obtained without the
slit jet. Similar characteristics were obtained by Lipkens and
Blackstock [14], who used a rectangular slit with a typical
width of 25.4mm to generate the turbulent shear flow. The
mean value of the peak overpressure in their experiment is

ean value

B e et

Number of events

0.0 0.5 1.0 1.5 2.0
Ap,/Ap,,

Fig. 7 Histogram of peak overpressure values over 50 operations with
slit jet

Table 1 Statistical results for Ap,,

Mean value (kPa) o (kPa)
Without slit jet 3.11 0.03
With slit jet 2.73 0.85

(c) (d)

Fig. 8 Ap histories and corresponding shock wave configurations at
t = 336 s, strong case

130.5Pa. When a spherical shock wave propagated through
the slit jet, the peak overpressure was decreased on aver-
age by 10%; its standard deviation approached 29% of
Apm.0-

Several modulation types of the peak overpressure and
corresponding numerically enhanced schlieren images at
t = 336us are presented in Figs. 8 (strong case) and 9
(weak case). The relationships between overpressure history
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© (d)

Fig. 9 Ap histories and corresponding shock wave configurations at
t = 336 s, weak case

and shock wave deformation seen in Figs. 4 and 5 are clearly
reproduced. In the strong cases of Fig. 8, where the peak
overpressure exceeds the nominal value, in all cases the shock
front has a flat shape in front of the pressure transducer. On
the other hand, the shock front has a hump in the weak cases
of Fig. 9. In both cases overpressure modulations after the
peak value have various patterns; peaked type (Fig. 8b—d),
rounded type (Figs. 8a, 9a, d), multi peaked type (Fig. 9b, c).
In none of the experiments, a transition between the strong
and weak cases was observed.

The shock wave distortions and overpressure modulations
observed in this study seem to have the same characteristics
that appear in shock-vortex interaction [7]. The variations of
the thermodynamic properties across a shock front depends
on the relative velocity between the shock and the medium.
When a shock wave propagates in a region where the flow
velocity is in the same direction, the relative shock velocity is
decreased, and consequently the overpressure drops because
the shock Mach number relative to the upstream gas becomes
decreased. On the other hand, when a shock wave propagates
in a region of opposite flow velocity, the relative velocity of
shock is increased; the overpressure is increased because the
shock Mach number is increased. In this case, a stationary
observer of the expanding front observes a flattening of the
front. However, in the cases of the present study the shock
wave propagates through a complicated velocity field with
spatio-temporal fluctuations. Many interactions occur at fine
scales. The observed shock behavior is a result of integration
of the interactions over the shear layer. The above-mentioned
phenomenological explanation needs to be refined by better
characterizing instant turbulent flow fields in the slit jet and
by better diagnosing the interaction with the shock wave,
which is beyond the scope of the present study.
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4 Conclusion remarks

This study experimentally confirmed a clear relationship
between the overpressure modulation and local shock front
deformation in weak shock wave-turbulence interaction.
When the peak overpressure was increased, the shock front
became locally flat, and the local curvature was decreased.
When the peak overpressure was decreased, the shock front
developed a hump shape, and the local curvature oscillated
strongly. Shock wave modulations through regions of non-
uniform velocity should be better diagnosed with finer spatial
and temporal resolution, so that microscopic shock-vortex
interactions can be related with the macroscopic shock wave
behavior patterns such as those observed in the present study.
This challenging scope warrants further investigations.
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