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Introduction
Aerodynamic

problems

related

to

shock

wave

modulation
In compressible fluid dynamics and associated applications, there exist many
unsolved problems related to shock waves, behind which high pressure fields follow. For
example, an airplane in supersonic flight generates shock waves around its body.
Although demands for sustainable commercial supersonic transport are increasing in the
rapidly growing air transportation, problems caused by the generation of the shock waves
interfere with its development. For fundamental research, it is required to understand the
behavior of shock wave and the variation in pressure behind it correlated to the motion of
shock wave under relevant fluid dynamics conditions. In addition, based on the
knowledge, it is also an important subject to develop the methods to improve the
associated aerodynamic performance. Currently, two main problems related to
compressible fluid dynamics prevent the realization of the next generation supersonic
transport. One of these problems is poor fuel consumption efficiency due to large wave
drag (Bushnell, 2003) and inadequate engine performance (Strack and Morris, 1988).
Wave drag is particular to supersonic flight because it is induced by a high pressure field
behind the shock waves over the airplane body. Because airflow into engines of the
airplane is decelerated and compressed through shock waves appearing at its engine
intake, engine performance in supersonic flight is also closely related to the behavior of
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the shock waves (Gnani et al., 2016). The other problem is the generation of sonic boom,
which causes an intense noise when the shock wave propagates to the ground (Maglieri
et al., 2014). Some field measurements reported that the noise level of the sonic boom
was affected by natural conditions of the atmosphere, including temperature and velocity
disturbances (Hubbard et al., 1964; Kane, 1967); therefore, the sonic boom evaluation
under the actual atmospheric conditions has a considerably high priority as well as its
mitigation.
Another example of the problems related to shock waves is the evaluation of the
aerodynamic impacts of explosion over the surroundings, which include architecture and
human bodies. As is known well, shock wave generated by an explosion damages the
structures of buildings and human tissues, especially the brain and lungs (Ullah et al.,
2017; Plurad, 2011). Even in the far field, it causes a broad range of damage to the society
(Needham, 2010). The pressure behind shock wave can be affected by fluctuations in the
ambient atmosphere, which are usually present in a random manner. To evaluate and
suppress such hazards in the far field, it is necessary to investigate the effects of random
disturbances on the pressure field behind the shock wave. This problem shares a common
fluid dynamics feature with the sonic boom problem as the sonic boom induced by a
supersonic airplane is greatly influenced by natural atmospheric turbulence. To tackle
these problems, they are defined from the common viewpoints of compressible fluid
dynamics.
The common feature underlying these problems is the relationship between the
behavior of a shock wave and the modulation of pressure behind it. Hereafter, in this
thesis, this problem will be referred to as “shock wave modulation.” Behind a shock wave,
a high pressure field, which is “post-shock pressure,” exists. The pressure ratio of the
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post-shock pressure to the pressure in front of the shock wave is determined by a “shock
Mach number,” which is the Mach number of the shock wave relative to the flow in front
of it (Landau and Lifshitz, 1987). A high post-shock pressure can cause a large sonic
boom and poor aerodynamic performance in supersonic transport, as well as severe
damages from the explosion.
In principle, such a post-shock pressure can be modulated by introducing a
disturbance to the shock wave system. It is irrelevant whether this disturbance is natural
in fluid dynamics or artificial. Under certain circumstances, a disturbance can increase
the complexity of the phenomenon, while in other cases it can be used to control the shock
wave flow. Therefore, it is important to investigate the interaction between shock wave
and characterized disturbance in a quantitative manner, in order to resolve the
aerodynamics problems mentioned above. In the following section, we categorize
disturbances into two elements, which are density/temperature and velocity disturbances,
in terms of their characteristics.

Elements of shock wave modulation and related works
1.2.1 Density/temperature disturbance
One of the elements that affect shock waves is density/temperature disturbance.
Under a constant pressure, density and temperature are related by an equation of state and
cannot be separated as independent parameters. The density/temperature disturbance
appears when a gas is heated by inputting energy to it. As the speed of sound is
proportional to the square root of the temperature of its medium, it is higher in a locallyheated region than in the surroundings.
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When a shock wave interacts with a locally-heated region, the shock wave deforms
due to the difference of the propagation speeds inside and outside of the region, thus
mitigating post-shock pressure. Hence, previous studies reported that wave drag caused
by the high post-shock pressure could be reduced by the interaction with local heated
regions, which could be generated by discharge (Satheesh and Jagadeesh, 2008; Schulein
et al., 2011; Erdem et al., 2013) or laser energy deposition (Sperber et al., 2012; Hong et
al., 2014). The mitigation of post-shock pressure can be also achieved using local
density/temperature gradient. The region with a local density/temperature gradient
obtains vorticity by the interaction with the shock wave, thus mitigating the post-shock
pressure associated with the deformation of the shock wave (Adelgren et al., 2005; Kim
et al., 2011). Although a large effect on the post-shock pressure modulation can be
expected by the interaction, the effectiveness of the modulation should be considered
because the huge power input to the gas causes an increment of fuel consumption.
Introduction of density/temperature disturbance is also investigated as a method of
local flow control using the shock wave interaction. Girgis et al. reported the possibility
to input steering moment to a vehicle using the modulation of the post-shock pressure
caused by the interaction with local heated region (Girgis et al., 2006). This effect can be
applied to the sonic boom problem. The mitigation of the sonic boom by the interaction
with local heated region was experimentally and numerically demonstrated by Furukawa
et al. and Potapkin and Moskvichev, respectively (Furukawa et al., 2016; Potapkin and
Moskvichev, 2014). Moreover, the interaction with the density/temperature disturbance
is effective to control the shock wave-boundary layer interaction, which is described in
the next section. Osuka et al. input local density/temperature disturbance generated by
repetitive pulsed laser energy deposition to the shock wave-boundary layer interaction
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region (Osuka et al., 2014). They showed the capability of laser energy deposition to
suppress the separation caused by the shock wave-boundary layer interaction.

1.2.2 Velocity disturbance
Velocity disturbance is another element which can cause the shock wave modulation.
When the local flow velocity upstream of a shock wave varies, the relative shock Mach
number also varies, thus causing post-shock pressure modulation. Velocity disturbance
can be classified into two types: gradual and methodical flow velocity change, and
velocity fluctuation with random behavior. We can point to the boundary layer as an
example of the former, and turbulence as the latter.
In the boundary layer developed over a wall in supersonic flow, even a subsonic
region can appear near the shock wave. In this case, a strong interaction, called “shock
wave-boundary layer interaction,” appears and the shock wave terminates at a sonic point
(Dolling, 2001; Clemens and Narayanaswamy, 2014). The interaction induces an adverse
pressure gradient and causes boundary layer separation. The motion of the separated
region and that of the shock wave couple each other, and the shock wave oscillates at
relatively low frequency, which is characterized by the Strouhal number of 0.01 to 0.03
(Erengil and Dolling, 1991a and 1991b; Dussauge et al., 2006; Clemens and
Narayanaswamy, 2014). The motions of the separated region and the associated shock
wave are affected by the upstream and downstream flow states (Souverein et al., 2010b).
In the strong interaction, which consists of a fully separated flow with a large recirculation
region, the motion of the interacted region is dominated by the instability of the
downstream separated flow. In the weak interaction, in which the separated region is small
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or does not appear, the motion is correlated with the structure of the upstream turbulent
boundary layer. The clear origin of such low frequency unsteadiness has not yet been
revealed because it is difficult to distinguish the two effects of the upstream and
downstream flows.
Another topic related to the shock wave-boundary layer interaction is its control.
The shock wave-boundary layer interaction is caused by the velocity disturbance due to
the boundary layer; however, it can be controlled by introducing artificial disturbances in
the upstream boundary layer. For the purpose of controlling the shock wave-boundary
layer interaction, the performance of various devices attached on the wall to passively
generate disturbances in the upstream boundary layer have been investigated: cavity
(McCormick, 1993), vortex generators (McCormick, 1993; Barter and Dolling, 1995 and
1996), and micro-ramps (Saad et al., 2012). Because the effectiveness of these passive
methods is limited, active control methods have been investigated for further capability.
Some researchers have succeeded in weakening the separation shock wave using
localized arc filament plasma actuators (Webb et al., 2013; Quan et al., 2014) and pulsed
arc discharge (Wang et al., 2009). In terms of the effect on the oscillation frequency of
the shock wave, the availabilities of air jet vortex generators (Souverein et al., 2010a) and
a pulsed-plasma-jet vortex generator driven by discharge (Narayanaswamy et al., 2012)
were reported. Although the main function of these control methods was to introduce
velocity disturbance, they also have an aspect of density/temperature disturbance. These
control mechanisms have also been investigated; however, there remain some difficulties
because of the complex nature of the shock wave-boundary layer interaction.
Velocity disturbance can also appear in a free field. A local jet formed in uniform
flow is also a result of velocity disturbance and affects the characteristics of the shock
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wave. The local jet has two aspects: inducements of mean flow velocity and velocity
fluctuation. When we focus on the mean flow velocity of the local jet, it causes local
variation in the relative shock Mach number in the jet and outer flow. Ribner et al.
observed the modulation of the waveform due to the interaction with the local jet (Ribner
et al., 1973). They also reported that the modulation of the overpressure and the rising
time of the shock wave depended on the direction of the jet, which corresponds to the
variation in the relative shock Mach number.
Turbulence is one type of velocity disturbance and is associated with random motion
of the fluid. The interaction with velocity fluctuation in turbulent flow, including that in
the local jet, leads to the mutual modulation of not only the shock wave but also the
turbulence. From the view of the effect on the turbulence, Kitamura et al. conducted an
interaction experiment between grid turbulence and a spherical shock wave (Kitamura et
al., 2017). Barre et al. investigated the interaction with a planar shock wave generated by
the Mach effect in a supersonic wind tunnel on compressible grid turbulence (Barre et al.
1996 and 1998). A shock tube was also applied for the investigations of the interaction
between planar shock waves and grid turbulence (Keller and Merzkirch, 1990; Honkan
and Andreopoulos, 1992; Honkan et al., 1994; Agui et al., 2005). These studies reported
the effects of the interaction on the characteristic scales and the root-mean-square (rms)
velocity fluctuation of turbulence. For the effect of the interaction on the shock wave,
some experimental studies can be cited. Lipkens and Blackstock reported that the rise
time and the distribution of the peak overpressures of the shock wave increased as a result
of the interaction with velocity fluctuation (Lipkens and Blackstock, 1998). From the
Schlieren visualization of the interaction, Kim et al. obtained a correlation between the
modulation of the peak overpressure and that of the wave front of the shock wave (Kim
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et al., 2010). Dosanjh reported that the wave front of the planar shock wave fluctuated by
the interaction with grid turbulence using shadowgraph visualization (Dosanjh, 1956).
Xanthos et al. showed that the variation of the post-shock pressure of the planar shock
wave increased by the interaction with grid turbulence (Xanthos et al., 2002). Sasoh et al.
and Inokuma et al. found a correlation between the modulation of the peak overpressure
of the shock wave and the characteristics of grid turbulence (Sasoh et al., 2014; Inokuma
et al., 2017). These studies reported that the interaction with velocity fluctuation caused
the modulation of the post-shock pressure and the associated shock wave front; however
the quantitative investigation of this effect on shock wave has not been performed yet due
to limitations of the experimental setup. In recent years, some studies using direct
numerical simulation reported that significant modulation of the shock wave front with
topology change could occur when a relatively weak shock wave interacted with isotropic
turbulence (Lee et al., 1993; Larsson and Lele, 2009; Larsson et al., 2013). These
modulations were calculated on the conditions which are nearly beyond the scope of the
previous experimental investigations; hence, it is necessary to expand the experimental
condition and to evaluate the effect of turbulence interaction on the shock wave.

Objective and structure of this thesis
The results of the previous studies showed that a shock wave was greatly modulated
when it interacted with density/temperature or velocity disturbances. These interactions
increase the complexity of the phenomena related to the shock wave, and thus increase
the difficulty in solving the engineering problems mentioned above. On the other hand,
however, the previous studies also suggested the possibility to control the post-shock
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pressure using the interactions between shock wave and disturbance. Therefore, to resolve
the shock-related problems, it is necessary to evaluate the impact of the interactions with
disturbances on the shock wave modulation.
The objective of the present thesis is to investigate the modulations of the shock
wave front and the pressure field behind it in the presence of local disturbance or
turbulence. In Chapters 2 to 4, the effects of various types of disturbances on shock waves
are experimentally evaluated by changing their characteristics.
In Chapter 2, the effects of local disturbance on the shock wave-boundary layer
interaction are investigated. In this research, the shock wave naturally oscillates on a
laboratory coordinate system by the interaction with the boundary layer, similar to the
previous studies (Erengil and Dolling, 1991a and 1991b; Dussauge et al., 2006). Local
density/temperature and velocity disturbance is input only at a single location with a
single repetition frequency to the upstream boundary layer of the interaction region. The
interaction is strongly affected by the upstream flow state in the weak interaction
(Souverein et al., 2010b); therefore, the effect of the artificial disturbance on the
oscillation frequency of the shock wave is evaluated.
In Chapter 3, the overpressure modulation behind the blast wave by a local turbulent
flow is investigated. In this chapter, the element of disturbance is velocity fluctuation that
is input in a local region using a simple fan and grid combination; its effects on the
pressure field behind a weak blast wave are investigated. The blast wave is propagated
across a relatively long distance in the order of several meters in an outdoors field to
weaken the shock wave and minimize the curvature effects. As a result, in this study the
“broken shock” criteria proposed in the numerical study (Larsson et al., 2013) is almost
satisfied with a quasi-planar blast wave.
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Chapter 4 describes the development of a counter-driver shock tube to investigate
planar shock wave and grid turbulence interaction. A new facility called a “counter-driver
shock tube,” which has two counter-driver sections, is developed. Shock wave generation
with temporal control is achieved by an active rupture system using a pneumatic cylinder,
and operation test of the counter-driver shock tube is conducted. In this facility, planar
shock wave-grid turbulence interaction, which is suitable for quantitative investigation,
can be conducted under various conditions: not only the strengths of the shock wave and
grid turbulence, but also the interaction length, which has not been focused on in both
experimental and numerical studies (Dosanjh, 1956; Larsson et al., 2013). Using the
counter-driver shock tube, the effects of quasi-isotropic velocity disturbance, i.e. grid
turbulence, on the wave front of a planar shock wave are investigated.

11

Effect of local disturbance on
shock wave-boundary layer interaction
Study targets of shock wave-boundary layer interaction
The shock wave-boundary layer interaction often occurs on airplanes and rockets in
supersonic/hypersonic flights. The interaction induces unsteady behaviors of the shock
wave and causes many aerodynamic problems, such as local thermal/structural load,
buffet on the airfoil, and unsteady flow in the supersonic/hypersonic engine intake
(Clemens and Narayanaswamy, 2014). To resolve the problems, the characteristics of the
shock wave-boundary layer interaction as well as its control methods has been
investigated for over 50 years.

2.1.1 Features of shock wave-boundary layer interaction
Figure 2.1 shows typical flow structures of the shock wave-boundary layer
interaction in two-dimensional configurations: compression ramp and reflected shock
wave. Although the shock wave-boundary layer interaction appears in various
configurations, such as two/three-dimensional compression ramp, sharp/blunt fin, and
reflected shock wave, the natural physics is common for each configuration (Clemens and
Narayanaswamy, 2014). Therefore, the flow structure of the interaction is described based
on the compression ramp configuration (Fig. 2.1 (a)). Here, the shock wave is fixed on a
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laboratory coordinate system. In supersonic flow, the convection of streamlines, which is
caused by a ramp in this case, generates an oblique shock wave referred to as “rampinduced shock wave.” The strength of the ramp-induced shock wave is determined by the
flow Mach number, M∞ , and the angle of the ramp. The boundary layer developed over
the wall because of viscosity. The flow velocity in the boundary layer is relatively low,
and even subsonic region exists. Therefore, the subsonic region in the boundary layer
propagates the high-pressure field behind the ramp-induced shock wave upstream.
Because it enhances the inverse pressure gradient in the boundary layer, the high pressure
due to the ramp-induced shock wave can cause boundary layer separation with the
recirculation motion of the trapped fluid. The separated region also bends the streamline
upward and forms a separation shock wave, which is partially integrated with the rampinduced shock wave. As the relative shock Mach number of the separation shock wave
becomes less than one near the wall because of the low-speed boundary layer, the “shock
foot,” which is the closest point of the separation shock wave to the wall, is degenerated
into compression waves. The similar structure appears in the reflected shock wave
configuration (Fig. 2.1 (b)). In this case, an incident shock wave from a wedge reflects on
the wall and forms a reflected shock wave, which induces the separation by the interaction
with the boundary layer.
As a remarkable feature of the shock wave-boundary layer interaction, it was
reported that the separation shock wave oscillates with the pulsation of the separated
region (Erengil and Dolling, 1991a and 1991b; Dussauge et al., 2006; Souverein et al.,
2010b). This unsteady motion can be characterized by the low-frequency motion of the
shock wave, known as the low-frequency unsteadiness (Clemens and Narayanaswamy,
2014). The dominant frequency of the shock wave oscillation is one or two orders lower
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than that of the pressure fluctuation of the upstream turbulent boundary layer and the
downstream separated flow, and the spectrum of the low-frequency oscillation spreads in
a relatively broad band (Erengil and Dolling, 1991a). Further, the length amplitude of the
shock wave oscillation is correlated to the oscillation peak frequency, such that the
unsteady motion can be characterized by the Strouhal number of 0.01 to 0.03 regardless
of the configuration (Clemens and Narayanaswamy, 2014). However, the origin of the
low-frequency motion has not been understood well.
To reveal the origin of the low-frequency unsteadiness, many studies have been
conducted. The possible causes of the low-frequency unsteadiness are from the upstream
boundary layer and the downstream separated flow. Erengil et al. reported a correlation
between the motion of the shock wave and the pressure variations in the upstream
boundary layer (Erengil et al., 1991b). They also found that the motion of the separation
shock wave correlated with the ensemble-averaged pressure histories in the separated
flow (Erengil et al., 1991a). Beresh et al. obtained a correlation between the velocity
fluctuation in the upstream boundary layer and the shock wave motion: the positive
velocity fluctuation correlated with the downstream shock motion, and vice versa (Beresh
et al., 2002). Dupont et al. reported the strong coherence between the low-frequency
pressure fluctuation of the shock foot and the pressure fluctuation near the reattached
point located downstream of the separated region (Dupont et al., 2006). They also
suggested that the three-dimensional structures of the separation can affect the
unsteadiness. Ganapathisubramani et al. also found a correlation between the velocity
fluctuation in the upstream boundary layer and the separation point fluctuation, which
represented the shock wave motion (Ganapathisubramani et al., 2009). Estruch et al.
showed that the dominant frequency of the pressure fluctuation in the separated region
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was relatively high, which was in the same order of that in the upstream boundary layer
(Estruch et al., 2010). Therefore, they suggested that the low-frequency unsteadiness was
caused by the separation mechanism of the upstream boundary layer. Souverein et al.
concluded that the primary driving source of the low-frequency motion depended on the
strength of the interaction: the weak interaction and the strong interaction (Souverein et
al., 2010b). In the weak interaction, in which no separation or small separated region
existed, the motion was correlated with the fluctuation in the upstream turbulent boundary
layer. In the strong interaction, in which large separated region existed, the instability in
the downstream separated flow became predominant. For the latter case, Pirozzoli and
Grasso investigated the reflected shock wave configuration using direct numerical
simulation (Pirozzoli and Grasso, 2006). They suggested the existence of a feedback
mechanism driven by acoustic waves, which were generated by the interaction between
the incident shock wave and the separated flow. However, it is difficult to identify the
origin of the low-frequency unsteadiness, especially in strong interaction because the
behavior of the downstream separated flow is also affected by the upstream condition.

(a) Compression ramp

(b) Reflected shock wave

Figure 2.1 Typical flow structures of the shock wave-boundary layer interaction in
two-dimensional configurations.
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2.1.2 Control of shock wave-boundary layer interaction
To control the shock wave-boundary layer interaction, researchers have examined
the control performance of passively generated upstream disturbances by attaching
devices in the upstream boundary layer. McCormick et al. installed a passive cavity in the
upstream boundary layer and reported the reduction in the total pressure loss through the
shock system. (McCormick, 1993). They also showed that the vortex generators in the
upstream boundary layer suppressed the separation caused by the interaction. Barter and
Dolling attached vortex generators in the upstream boundary layer (Barter and Dolling,
1995 and 1996). They reported that the device reduced the length amplitude of the
separation shock oscillation and the pressure fluctuation near the separation point. In this
study, they also showed that the oscillation frequency of the shock wave was modulated
to a higher frequency by the vortex generators. Saad et al. installed micro-ramps in the
upstream boundary layer and performed the suppression of the flow separation caused by
the shock wave-boundary layer interaction (Saad et al., 2012). Although these passive
methods can modify the flow field, they have limited effectiveness: they perform well in
a limited, specific condition, and the amplitude of the disturbances cannot be tuned to the
flow conditions.
In contrast, active control methods to artificially supply upstream disturbances such
as energy deposition and jet injection are more flexible in terms of flow control. Webb et
al. and Quan et al. installed localized arc filament plasma actuators in the shock waveboundary layer interaction region (Webb et al., 2013; Quan et al., 2014). Wang et al.
implemented pulsed arc discharge to control the interaction region (Wang et al., 2009).
By using these devices, the weakening of the separation shock wave was reported.
Souverein et al. installed air jet vortex generators in front of a boundary layer separation

16

Chapter 2

point, and reported that the oscillation frequency of the shock wave was increased by 50%
(Souverein et al., 2010a). Using a pulsed-plasma-jet vortex generator driven by discharge,
Narayanaswamy et al. modulated the shock wave oscillation to the actual operating
frequency of the device (Narayanaswamy et al., 2012). In these methods the amplitude of
the disturbances can be tuned; however, the devices act on the fluids only around them.
On the flexibility of the point of application, laser energy deposition has an advantage
because it can induce local disturbance at a distant point. Im et al. reported that the
boundary layer separation was suppressed by the local disturbance generated by pulsed
laser energy deposition and it triggered the instability of the boundary layer (Im et al.,
2016). Osuka et al. demonstrated that the boundary layer separation in a Mach 1.92 flow
was suppressed by the supply of local disturbance generated by repetitive pulsed laser
energy deposition (Osuka et al., 2014). Although they paid little attention to the
oscillation frequency of the shock wave, repetitive pulsed laser energy deposition is also
promising for the control because of its flexibility as well as capability: any size of
disturbance can be artificially supplied at any point with any frequency using repetitive
pulsed laser energy deposition.

2.1.3 Focus point of this chapter
The shock wave-boundary layer interaction has remarkable characteristics to be
revealed as typified by the unsteady motion of the shock wave. The shock wave motion
in the interaction is strongly affected by fluctuations in the upstream boundary layer in
the weak interaction, therefore, it is important to evaluate the effect of upstream
disturbance on the interaction. On the other hand, using repetitive pulsed laser energy
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deposition, local disturbance is input to the shock wave-boundary layer interaction in a
regular manner. The element input by this method is both density/temperature and
velocity; however, the characteristics of upstream disturbance can be controlled by tuning
the input energy and the frequency of the pulsed laser energy deposition.
Therefore, in this chapter, the effects of local disturbance supplied in the upstream
boundary layer by repetitive pulsed laser energy deposition on the shock wave-boundary
layer interaction are discussed. The shock wave-boundary layer interaction is induced on
an axisymmetric nose-cylinder-flare model such that the shock wave naturally oscillates
on a laboratory coordinate system. As shown in the following section, the structure of the
shock wave-boundary layer interaction in this study is three-dimensional; however, it is
quite similar to that of the two-dimensional compression ramp configuration described in
Fig. 2.1 (a).

Experimental setup
2.2.1 Apparatus
Figure 2.2 shows the experimental setup. The experiment was conducted in an indraft supersonic wind tunnel with an 80 × 80 mm2 square cross-section, of which the flow
Mach number was 1.92. In the test section, the static pressure and the static temperature
were 13.8 kPa, and 162 K, respectively. Supply of local disturbance was performed using
a Nd:YVO4 laser (HD40I-E, Edgewave; wavelength 1064 nm, repetition frequency up to
100 kHz, average power up to 400 W). The laser pulse, of which initial spot area was 6
mm × 6 mm square, was expanded to 15 mm × 15 mm square by a concave and convex
lenses. The laser pulse was focused at 24 mm upstream of the model by a GRADIUM®
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lens with the focal length of 60 mm through a BK7 window. At the focus point, laser
breakdown was induced, and the gas heated by the laser pulse rapidly expanded until the
pressure of it became equal to the ambient pressure. After the expansion, a high
temperature and low density region separated by a contact surface was formed. Hereafter,
we will refer to the region as a “laser-heated bubble.” The energy of each pulse, Ep , was
set to 7.4 mJ at a laser pulse repetition frequency, fd , of 30 kHz and Ep = 6.7 mJ at fd
= 60 kHz. fd corresponds to the frequency at which the disturbance generated by the
laser energy deposition enters to the shock wave-boundary layer interaction region. This
difference of Ep was caused by the characteristics of the laser device. Using a ratio
fd Ep /(U 3 A/2) between an input laser power and a total flow power, which was adopted
for the analysis in the previous study (Iwakawa et al., 2017), the input laser power was
2.0% of the total flow power at fd = 30 kHz, under the assumptions that the area A was
the cross-sectional area of the wind tunnel and the loss of the pulse energy was negligible.
When Ep decreases by 10%, i.e. Ep = 6.7 mJ, the ratio becomes 1.8%, which is almost
the same value to the ratio when Ep = 7.4 mJ. Therefore, in this study, we believe that
the difference of Ep in this order did not have such an important impact on the
experimental results that is presented hereafter. A high-speed camera (HPV-X, Shimadzu
Co.; 400 × 250 pixels, 256 frames) was used to record the Schlieren images at a rate of
200,000 frame/s. The temporal resolution was improved by synchronizing camera
exposure with the irradiation of an incoherent laser with a pulse duration of 100 ns
(CAVILUX smart, Cavitar Ltd.; wavelength 640 nm). Unsteady behavior of the density
field was analyzed using grayscale Schlieren images sequentially recorded, as described
in Section 2.2.2.
The experimental model had an axisymmetric shape composed of a hemisphere nose
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with a diameter of 10 mm, a circular cylinder, and a conical flare with an apex angle of
24 deg.. The diameter and the length of the cylinder segment were 10 mm and 20 mm,
respectively. In this study, cylindrical coordinates (r, z) are defined as shown in Fig. 2.2.
The model was placed in the supersonic wind tunnel using a sting. The sting and the wind
tunnel wall did not affect the flow field. The flow field around the intersection between
the cylinder and the flare was of particular interest in this study. A shock wave was
induced by the flare and it interacts with boundary layer developed on the cylinder. The
detail structure of the interaction on this model is described in Section 2.3.1.

Figure 2.2 Experimental apparatus.
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2.2.2 Method of spectral analysis
In this study, frequency analysis was conducted based on the power spectrum of each
pixel calculated using the fast Fourier transform (FFT) from an 8-bit brightness history
of the Schlieren images.
Figure 2.3 shows an example of temporal brightness history obtained at a uniform
flow location (r, z) = (11 mm, −1.7 mm) in the case without local disturbance (basic flow,
see Fig. 2.5). The entire recording time of the Schlieren images for each run was 1280 s.
Hereafter, the brightness history obtained from the Schlieren images is referred to as “raw
data.” In the experiments, the output power of the light source was set to its maximum,
accordingly its intensity decreased as the capacitor voltage decreased. As a result, at each
point the brightness of the raw data decreased in proportion to the elapsed time as shown
in Fig. 2.3. This was caused by the light source performance, not fluid dynamics behavior.
The time constant of the brightness decay, which was defined by the record length, was
approximately 1 ms, corresponding to a frequency of 1 kHz. To eliminate the effect of the
decay of the light source intensity, the variation component of the brightness history was
extracted. This variation component, which is referred to as “processed data”, was
obtained by taking the difference between the raw data and its line of best fit calculated
using the least squares method.
From the temporal brightness histories, power spectrum densities were calculated by
using FFT. Figure 2.4 shows examples of the power spectrum densities calculated from
the raw data and the processed data in Fig. 2.3. The analysis frequency range was 0.78 –
100 kHz, which was determined by the framing rate and the entire record time of the
camera. Hereafter, the frequency of the spectral analysis is referred to as fs . In the case
of the raw data, the low frequency regime was considerably limited: the spectrum of this

Chapter 2

21

brightness decay was spread over a wide low-frequency range. In contrast, in the case of
the processed data, the low-frequency spectrum due to the brightness decay was
suppressed. Therefore, in the following sections, fluid dynamics behaviors are analyzed
based on the spectrum of the processed data.

Figure 2.3 Brightness history at uniform flow (r, z) = (11 mm, −1.7 mm),
corresponding to Fig. 2.5 (raw data); red line is the line of best fit, found by the least
squares method; processed data is the difference between raw data and the line of best
fit.

Figure 2.4 Power spectrum density at uniform flow, corresponding to raw data and
processed data in Fig. 2.3.
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Effect of local disturbance on shock wave oscillation
2.3.1 Basic flow characteristics
Figure 2.5 shows the Schlieren images without local disturbance, with the interval
of 10 s. In Fig. 2.5, a bow shock was formed in front of the hemisphere nose. A boundary
layer developed along the cylinder and interacted with a shock wave induced by the flare,
which is hereafter referred to as a “flare shock.” In Fig. 2.5, the dark zone due to the flare
shock at r = 9 mm had a thickness in the radial direction of approximately 0.4 mm.
Assuming an axisymmetric flow field, this line of view at this radial location covered an
azimuthal angle of 34 degrees. Therefore, the present image processing could not capture
asymmetric behavior whose characteristic azimuthal angle was larger than this value.
However, in the present analysis the primary interest is the response of the flare shock in
the frequency domain. Although the distribution of oscillation amplitude might not be
completely symmetric, the frequency modulation characteristics of the shock wave
oscillation in its fundamental mode should have been held at any azimuthal location.
Along the cylinder surface, the boundary layer stayed thin and could not easily be
observed in the Schlieren images. However, the foot of the flare shock, which without the
shock wave-boundary layer interaction should have been extended to the flare corner at
(r, z) = (5 mm, 25 mm), was dispersed to a couple of compression waves for z < 28 mm.
As seen in the sequence of the Schlieren images, this dispersed portion exhibited unsteady
behavior, which was likely caused by the interaction, and then induced oscillation of the
flare shock for z > 28 mm.
Figure 2.6 shows spatial distributions of the power spectra, which were obtained
from brightness histories in sequential frames. In the figure, color contours of an
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integrated power spectrum in the range of 27.5 kHz to 32.5 kHz and 57.5 kHz to 62.5
kHz are displayed. The contour levels are common to all of the figures, including Fig. 2.9.
In the Schlieren images, a shock waves was recognized as a “dark” line with a finite
thickness, which was caused both by the spatial integration through an almost
axisymmetric phenomenon and by the spatial resolution of the present optical system. If
a shock wave fluctuates within a spatial amplitude smaller than the effective thickness of
its Schlieren image, the corresponding power spectrum does not appear.
In this case, the flare shock oscillation did not have any strong peak spectrum of
around 30 or 60 kHz, as seen in Fig. 2.6. However in Fig. 2.7 it had broad spectra, which
was consistent with the previous study (Erengil and Dolling, 1991a). As seen in Fig. 2.5,
near the wall surface, the flare shock foot became dispersed into compression waves,
which had finite density gradients. The power spectrum in this “dispersed” region could
not be well resolved. However, the oscillation behavior of the flare shock which should
have been influenced by the dispersed the shock wave-boundary layer interaction region
could be clearly diagnosed. Figure 2.7 shows one-dimensional distributions of power
spectrum density along r = 9 mm. In the plot, spectra of the flare shock oscillation was
clearly seen. Even without local disturbances, the flare shock oscillation was observed.
The spectrum of this oscillation seemed to have a peak lower than 10 kHz, however the
clear dominant frequency could not be captured in this study because of the limitation of
the frequency resolution.
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Figure 2.5 Schlieren images, without local disturbance (basic flow).
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Figure 2.6 Power spectrum distributions, w/o local disturbance (basic flow).

Figure 2.7 Distributions of power spectrum density along r = 9 mm, the dashed line
in Fig. 2.5, w/o local disturbance (basic flow).
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2.3.2 Effect of local disturbance frequency
Figure 2.8 shows the Schlieren images with local disturbances at fd = 30 and 60
kHz, with the interval of 10 s. Figures 2.9 and 2.10 describe spatial distributions of the
power spectra and one-dimensional distributions of power spectrum density along r = 9
mm, respectively. The contour levels of Figs. 2.9 and 2.10 are common to Figs. 2.6 and
2.7, respectively.
In the case with local disturbances at fd = 30 kHz, a laser pulse was focused and a
laser-heated bubble was generated after laser-induced breakdown at (r, z) = (0 mm, −24
mm). The bubble, which had an almost spherical shape, entered the bow shock layer. As
seen in Fig. 2.8 (a), due to the baroclinic effect, which caused by the interaction between
the density change across the bubble and the pressure change across the bow shock, a
vortex ring was generated in the bow shock layer (Kim et al., 2011). Therefore, a
density/temperature and velocity disturbance was supplied to the shock wave-boundary
layer interaction region by the laser energy deposition. When a vortex ring arrived around
the flare corner, the flare shock bent. The deformation of the wave front propagated
upwards over time and then the flare shock restored its straight shape. These processes
were repeated at about 30 s intervals; the associated frequency of the shock wave
deformation was equal to fd , at which the disturbance were supplied to the interaction
region. In the case of fd = 30 kHz, as seen in Figs. 2.9 (a) and 2.10 (a), in the bow shock
layer a spectrum of fs = 30 kHz became dominant because the bow shock was deformed
when each laser-heated bubble entered it. The power spectrum of fs = 60 kHz at the bow
shock was also strong as the second harmonic. The flare shock foot oscillated as each
vortex ring arrived with the same frequency as that of fd . Therefore, the flare shock foot
also had a strong spectrum of 30 kHz. The reason why the oscillation frequency at fd
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became dominant is beyond the scope of this study. However, as a possible mechanism,
the suppression of the boundary layer separation by the disturbance can be pointed out,
as mentioned by Osuka et al. (Osuka et al., 2014). In the case with local disturbances,
weak line spectra with a constant frequency separation were obtained; they were the beat
spectra caused by the radiation emission from the laser-induced breakdown and camera
exposure. In Fig. 2.10 (a), for example, the camera framing rate of 200 kHz and fd = 30
kHz yielded a fundamental beat of 10 kHz. These line spectra were merely artifact, and
did not reflect any fluid dynamics phenomena.
The most remarkable modulation was observed in the case with local disturbance at
fd = 60 kHz. The shock wave-boundary layer interaction also induced fluctuations of the
flare shock, which propagated downstream along the flare shock (Figure 2.8 (b)). It is of
particular importance to note that, these fluctuations did not correspond to the repetition
frequency of the local disturbance. The flare shock oscillation spectra did not have a peak
of fs = fd = 60 kHz, as seen in Figs. 2.9 (b) and 2.10 (b). Instead, a wide spectrum of fs <
20 kHz, as seen in Fig. 2.10 (b), became strongest. In addition, the high frequency
component of the broad spectrum spread in the case without local disturbance was
weakened. An important discovery here is that the flare shock foot oscillation was
stabilized owing to the supply of local disturbances of the high repetition frequency, 60
kHz, with the clear frequency modulation.
In this study, the new combination of the light source and the high-speed camera
could be used for commercial product demonstration purposes for only a short period of
time. Therefore, besides the experiments presented above, further experiments for fd =
10, 20, and 40 kHz were conducted using an existing optical arrangement (Osuka et al.,
2014). As a result, with fd = 30 kHz and lower, the spectrum of the flare shock oscillation
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at the frequency equal to fd became dominant. On the other hand, as was presented for
fs = 60 kHz in Figs. 2.9 (b) and 2.10 (b), with fd = 40 kHz and higher, the spectrum of
fd was weak and the flare shock oscillation was modulated to the low frequency range.
According to Osuka et al., the residence time of a vortex ring in the bow shock layer
was evaluated for up to 40 s (Osuka et al., 2014). Therefore, with fd > 25 kHz, more
than two vortex rings coexisted in the shock layer, see Fig. 2.8 (b). When fd is close to
25 kHz, two vortex rings did not contact each other and acted independently because the
thickness of the shock layer was greater than that of the vortex rings. However, when fd
is high enough, these two vortex rings should have interacted and combined with each
other although it is hardly observed in the present Schlieren visualization. This scenario
should have also been repeated for succeeding vortex rings. Upstream from the bow shock,
the flow speed equaled 490 m/s. The separation distance between laser-heated regions
was 8 mm, which was greater than the diameter of the laser-heated region by about four
times. However, after the laser-heated regions entered the shock layer, the separation
distance became much shorter because the flow speed in the shock layer was much lower.
Therefore, the influence of the successive disturbed elements became linked together in
the bow shock layer and the following boundary layer, thereby drastic frequency
modulation should have occurred. This seems to be a reasonable cause for this frequency
modulation, and moreover is expected to be useful in practical application to moderate
the performance of flow devices.
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(a) w/ local disturbance, fd = 30 kHz.
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(b) w/ local disturbance, fd = 60 kHz.

Figure 2.8 Schlieren images, w/ local disturbance by pulsed laser energy deposition;
frequency of local disturbance, fd .
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(a) w/ local disturbance, fd = 30 kHz.

(b) w/ local disturbance, fd = 60 kHz.

Figure 2.9 Power spectrum distributions, w/ local disturbance; frequency of local
disturbance, fd ; the contour levels are common to Fig. 2.6.

(a) w/ local disturbance, fd = 30 kHz.

(b) w/ local disturbance, fd = 60 kHz.

Figure 2.10 Distributions of power spectrum density along r = 9 mm, the dashed line
in Fig. 2.8, w/ local disturbance; frequency of local disturbance, fd ; the contour levels
are common to Fig. 2.7.
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Summary of this chapter
In this chapter, the effects of local disturbance on the shock wave oscillating driven
by the shock wave-boundary layer interaction were investigated. In this study, local
density/temperature and velocity disturbance was repetitively supplied to the interaction
region.
-

In the case without local disturbance, the shock wave oscillated by the interaction
with the boundary layer. Although a clear dominant oscillation frequency of the
shock wave could not be resolved, oscillation spectra was observed at the position of
the shock wave: strong spectra lower than 10 kHz and weak spectra spread over broad
frequency range.

-

In the case with local disturbance, the dominant frequency of the shock wave
oscillation was modulated. However the mode of the frequency modulation differed
by the supplying frequency of the local disturbance, fd .
-

In the case that the frequency of the local disturbance, fd , was 30 kHz and lower,
in which disturbed elements independently entered to the interaction region, the
shock oscillation exhibited the strongest peak at the supplying frequency of the
local disturbance.

-

In the case that the frequency of the local disturbance, fd , was 40 kHz and higher,
the flare shock oscillations experienced a drastic frequency modulation towards
a much lower domain with the spectrum of fd vanishing. In this case, successive
disturbed elements, which interacted and connected each other, were drifted
along the model.
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Overpressure modulation behind
blast wave by local turbulent flow
Shock wave-turbulence interaction
In Chapter 2, we investigated the effects of local disturbance input at a single
location in a regular manner on the shock wave-boundary layer interaction. In contrast,
the interaction between shock wave and disturbance input in a certain volume is the
subject of the study in this chapter. The disturbance here is random velocity fluctuation,
and the effects of interaction with the fluctuation on the shock wave are experimentally
evaluated.

3.1.1 Effect of turbulence on shock wave
There universally exists velocity fluctuation in fluids as turbulence. When velocity
fluctuation interacts with a shock wave, it affects the characteristics of the shock wave
owing to the variation of the relative shock Mach number induced by the upstream
velocity fluctuation. Ribner et al. reported that the modulation of the overpressure and the
rising time of the shock wave depended on the direction of the upstream local flow
velocity (Ribner et al., 1973). Kim et al. observed the relationship between the modulation
of the overpressure and that of the shock wave front from Schlieren visualization (Kim et
al., 2010). To summarize these studies, the effects of upstream local flow velocity on a
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shock wave are as follows: when the upstream flow velocity of the shock wave is locally
greater than the mean flow velocity, the overpressure of the shock wave increases and its
rising time decreases, while the wave front falls back from the average. In contrast, when
the upstream flow velocity of the shock wave is less than the mean flow velocity, the
overpressure of the shock wave decreases and the rising time increases, while the wave
front precedes. The same effects of the upstream local flow velocity on the shock wave
front have been reported by some researchers who studied the interaction with a single
vortex (Hollingsworth and Richards, 1955; Dosanjh and Weeks, 1965).
Turbulence has velocity fluctuation and these effects locally and randomly appear
on a shock wave when it interacts with turbulence. Therefore, the interaction between a
shock wave and turbulence should be statistically investigated. In this context, previous
studies focused on the variation of the pressure field behind the shock wave when it
interacted with turbulence. Lipkens and Blackstock reported that the interaction with a
slit jet increased the rise time and decreased the peak overpressure of the shock wave, on
average (Lipkens and Blackstock, 1998). They also showed that the standard deviations
of the rise time and the peak overpressure increased with the interaction. Ukai et al. also
reported the increase in the standard deviation of the peak overpressure of the shock wave
with the distortion of the wave front (Ukai et al., 2016). Xanthos et al. found that the
variation in the static pressure behind the planar shock wave was increased by the
interaction with grid turbulence (Xanthos et al., 2002). Sasoh et al. showed that the
standard deviation of the peak overpressure of the shock wave that interacted with grid
turbulence had a positive correlation with the amplitude of the upstream velocity
fluctuation (Sasoh et al., 2014). Inokuma et al. reported that the modulation of the peak
overpressure of the shock wave caused by the interaction with grid turbulence was related
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to the turbulent motion with the order of the integral length scale (Inokuma et al., 2017).
However, there are some technical problems in the previous studies to quantitatively
investigate the shock wave-turbulence interaction, as described in Section 3.1.2.
Some studies using direct numerical simulation reported that significant modulations
of the shock wave front could appear as a result of the interaction with isotropic
turbulence (Lee et al., 1993; Larsson and Lele, 2009; Larsson et al., 2013). The upstream
velocity fluctuation of turbulence caused local and random modulation of the wave front:
at some points the wave front preceded and at other points it fell back from the average.
Larsson and Lele named the regime “wrinkled shock” (Larsson and Lele, 2009). They
also showed that the impact of the turbulence interaction on the shock wave modulation
varied according to the strength of the velocity fluctuation relative to the shock wave.
When the amplitude of the velocity fluctuation was sufficiently strong relative to the
shock wave, the relative shock Mach number of the shock wave could locally be less than
one. In this case, the shock wave locally degenerated to compression waves such that the
wave front was broken. Such a regime with topology change of the shock wave front is
the so-called “broken shock” (Larsson and Lele, 2009). Using the relative shock Mach
number, Ms , and turbulent Mach number, Mt , some criteria of the “broken shock” have
been suggested by the following studies: Mt2 > 0.1(Ms2 − 1) by Lee et al. (Lee et al.,
1993), Mt2 ≳ 0.06(Ms2 − 1) by Larsson and Lele (Larsson and Lele, 2009), and
Mt ≳ 0.6(Ms − 1) by Larsson et al. (Larsson et al., 2013). In this thesis, the criteria
Mt ≳ 0.6(Ms − 1) proposed by Larsson et al. (Larsson et al., 2013) is used for the
analysis because it is the most severe condition for the “broken shock” regime. However,
these studies were conducted at conditions almost beyond those of experimental studies:
although Sasoh et al. and Inokuma et al., who investigated the interactions with grid
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turbulence, conducted their studies under the conditions of Mt ≲ 0.6(Ms − 1) ,
conducting the experimental study fully in the “broken shock” criteria is difficult because
of the limitations of facilities (Sasoh et al., 2014; Inokuma et al., 2017).

3.1.2 Existing methods of shock wave-turbulence interaction
study
Many researchers have reported the modulation of shock wave through the
interaction with turbulence, as shown in Section 3.1.1. The previous studies reported the
modulation of the post-shock pressure by the turbulence interaction and its correlation
with the characteristics of turbulence. However, quantitative evaluation is not enough,
especially in experimental studies. One of the main reasons is the difficulty in realizing
the shock wave-turbulence interaction while controlling the strength of the shock wave
and the characteristics of the turbulence independently, although the previous studies have
been conducted using various setups.
A shock tube is one of the strong facilities that can be used to investigate the
interaction between shock wave and turbulence, because a planar shock wave and grid
turbulence, which are suitable for quantitative evaluations, can be applied to experiments.
In this method, nearly isotropic turbulence, which is generated from a grid by disturbing
the uniform flow behind an incident shock wave, interacts with a reflected shock wave
formed by the reflection of the incident shock wave at the end wall of the shock tube.
Dosanjh used a shock tube and reported that the fluctuation, which represented small,
local deformations of the wave front, appeared on the planar shock wave by the
interaction with grid turbulence (Dosanjh, 1956). Keller and Merzkirch found that
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turbulence was amplified by the interaction with the reflected shock wave in a shock tube
experiment (Keller and Merzkirch, 1990). However, the experimental conditions were
quite limited because the shock wave and grid turbulence were not independent. Although
some researchers installed porous walls as the end walls of shock tubes to weaken the
reflected shock wave that interacted with the grid turbulence, a strong shock wave could
not be applied and the strength of the weakened reflected shock wave depended on the
porosity of the porous wall (Honkan and Andreopoulos, 1992; Honkan et al., 1994;
Xanthos et al., 2002; Agui et al., 2005).
Barre et al. installed a pair of shock generators in a supersonic wind tunnel to induce
a planar shock wave by Mach effect (Barre et al., 1996 and 1998). Using the planar shock
wave, they investigated the effect of the interaction with the shock wave on compressible
grid turbulence generated by a grid placed in the supersonic wind tunnel, in front of the
planar shock wave. In this case, however, the strength of the planar shock wave was
determined by the designed Mach number of the supersonic wind tunnel, and the grid
induced not only grid turbulence but also shock and expansion waves, which disturbed
the upstream flow. Lipkens and Blackstock realized the interaction between a planar
shock wave and a local jet by using a reflected shock wave from a parabola (Lipkens and
Blackstock, 1998). However, the region where the shock wave could be regarded as a
planar shock wave was quite limited because of the effect of expansion waves propagating
from the edge of the parabola. In addition, when a local jet was used as a turbulent source,
it was difficult to define the characteristics of turbulence because they locally varied in
the jet.
A decaying shock wave, like a blast wave described in the next section, was also
applied to the investigation. Bass et al. and Ukai et al. conducted interaction experiments
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between shock waves from supersonic free-flight models and atmospheric turbulence/air
jet (Bass et al., 1987; Ukai et al., 2016). Ribner et al. used a hemisphere shock wave
generated by an open-end shock tube and a local jet (Ribner et al., 1973). Kim et al.
investigated the effect of the interaction between a spherical shock wave generated by
laser-induced breakdown and a local jet (Kim et al., 2010). Some researchers installed an
open-end shock tube in a closed-loop wind tunnel to investigate the interaction between
a spherical shock wave and grid turbulence (Sasoh et al., 2014; Inokuma et al., 2017;
Kitamura et al., 2017). In those methods, the strength of the shock wave can be adjusted
for the investigation; however, the shock wave was rapidly attenuated near the explosion
point or an equivalent point to that.
In contrast, a blast wave generated by explosion becomes relatively weak in far field.
Although the non-planarity effect cannot be ignored near the explosion point, the radius
of curvature of the blast wave becomes larger when the blast wave propagates a sufficient
distance in the field. If this is applied to the study of the turbulence interaction, the blast
wave can be regarded as a weak quasi-planar shock wave in the interaction region. In this
method, the sufficient state can be realized to investigate the characteristics of the rising
of the shock wave. However, a large experimental setup is necessary as the blast wave
has to propagate a sufficient distance from the explosion point. Therefore, in this study,
an interaction experiment between a quasi-planar blast wave, which propagated a distance
of several meters, and a local turbulent flow was conducted in the field. Using the local
turbulent flow with a certain cross-section, homogeneity of the turbulence can be
expected to a certain degree. The purpose of this chapter is to investigate the effect of the
local turbulent flow on the pressure field behind the weak blast wave.
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3.1.3 Features of blast wave
A blast wave is a shock wave accompanied by an expansion region behind it, which
typically appears after the explosion or a similar action. The sources of the blast wave
include compressed gas, chemical reaction, nuclear reaction, and plasma generation by
discharge or laser-induced breakdown. Figure 3.1 shows a typical waveform of a blast
wave, the so-called “Friedlander waveform” (Friedlander, 1946; Goel et al., 2012). The
waveform of the blast wave can be divided into two durations: positive pressure duration
and negative pressure duration, in which the overpressures of the blast wave are greater
and less than the ambient pressure, respectively. To consider the load caused by the blast
wave, the impulse, which is the integral of the overpressure in each duration, is often used
as a parameter along with the overpressure (Goel et al., 2012). The equation of the
Friedlander waveform, which gives the relationship between the overpressure, P(t),
and time, t, can be written as
t −b t
P(t) = Ppeak (1 − ) e t1
t1

(3.1)

where Ppeak is the peak overpressure, t1 is the duration of the positive pressure, and b
is a constant (Goel et al., 2012). The blast wave is generally spherical, therefore the
overpressure of the blast wave attenuates with the cube of the propagation distance, r,
which is equal to the radius of curvature of the blast wave (Kleine et al., 2005). Ppeak
is also affected by the released energy, w, therefore Eq. (3.1) can be written in Eq. (3.2).
t −b t
P(t) = Ppeak (w, r) ∙ (1 − ) e t1
t1

(3.2)

1

Introducing the scaled distance, z = r⁄w3 , a similarity rule holds between the peak
overpressure and the scaled distance, z (Held, 1983).
As well as flame, poisonous gases, and debris, a blast wave induced by explosion
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has the potential to damage the structures of buildings and cellular tissues of human
bodies. Since blast wave can propagate to relatively large distances in comparison with
the others, it causes various types of damages over a broad area. Near the explosion point,
where the overpressure of the blast wave is the order of 10 – 100 kPa or more, the blast
wave causes catastrophic damages to buildings, including the collapse of structures (Ullah
et al., 2017). In this overpressure range, the blast wave also harms the human body: the
brain and lungs, which are critical parts of the body, are physically damaged (Chafi et al.,
2010; Plurad, 2011). When hazardous materials are stored in tanks and so on, the blast
wave that propagates from far field can damage the storage area and lead to other
explosions caused by the leakage of the materials (Cozzani et al., 2004). This
phenomenon, called the “domino effect,” can occur when the overpressure of the trigger
blast wave is several kilopascals. In this pressure range, the tympanic membrane of human
ear is also damaged by the blast wave because of its sensitivity (Plurad, 2011). In addition,
Moochhala et al. suggested that neurons in the brain could degenerate from exposure to
the blast wave, and the degeneration caused deterioration in performance (Moochhala et
al., 2004). When blast wave propagates further away, the overpressure of the blast wave
attenuates to the order of 1 kPa. Even in this case, the blast wave can cause damages such
as window breakage (Needham, 2010). To estimate and avoid these damages, the
evaluation of blast wave accounts for important part in the risk assessment of explosion.
In reality, velocity fluctuation often exists on the ray of blast wave as natural wind in the
atmosphere, and it can affect the characteristics of the blast wave. For an accurate
assessment, it is necessary to evaluate the effect of velocity fluctuation on the
overpressure of the blast wave, however few studies have been conducted with the
consideration of velocity fluctuation. Therefore, the investigation of the effect of
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turbulence interaction on the blast wave also has a large impact on the risk assessment of
explosion.

Figure 3.1 Typical waveform of blast wave.

Experimental setup
3.2.1 Apparatus
Figure 3.2 shows the experimental setup, and Fig. 3.3 shows the image of the
experimental field. The experiments were conducted in a field located in the premises of
the National Institute of Advanced Science and Technology in Tsukuba, Japan. The area
of the experimental field was 20 × 15 m2. Blast wave sources and a turbulence generator
were set in the field, and the pressure waveforms of blast waves were measured using
microphones. Moreover, a natural wind anemometer (Windworks, Field Pro) was
installed at the top of the turbulence generator to measure the speed of natural wind.
Figure 3.4 shows the image of the blast wave source. A paper tube filled with a report
composition (KP : Al : S = 65 : 19 : 16) of 0.5 g was held by a fuse at a height of 1000
mm from the ground and 6000 mm from the grid, as also shown in Fig. 3.2. The report
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composition was ignited by the combustion of a fuse head using an electric signal, and
blast wave was generated.
The turbulence generator was composed of a blower (SF-45MS-1VP, Suiden; fan
diameter 450 mm), a duct having a square cross section, and a square grid, as shown in
Fig. 3.2. The height of the central axis of the turbulence generator was set to 1000 mm,
which was the same as that of the blast wave sources. The flow induced by the blower
was contracted and passed through the 600-mm strait duct. Then the flow was blown
down through the nozzle having a square cross section of 340 × 340 mm 2 in a direction
opposite to that of the blast wave in order to increase the interaction distance. A square
grid was set on the nozzle to disturb the flow passing through the grid. Figure 3.5 shows
the schematics of the square grid. The grid was composed of 10 × 10 mm2 square pillars,
which crossed each other at intervals of 50 mm. The solidity of the grid was 36%.
The pressure waveforms of the blast waves were measured using four microphones
(4939-A-011, Brüel & Kjær; frequency range 4 Hz – 100 kHz). Figure 3.6 shows the
arrangement of the microphones, and Fig. 3.7 shows its image. The microphones were
supported by holders and symmetrically installed in the path of a local turbulent flow
induced by the turbulence generator in a direction opposite to that of the blast wave, as
also shown in Fig. 3.2. The microphone heads were located at a distance of 500 mm from
the grid, and the interval between the microphones was 150 mm. The signals obtained
from the microphones were amplified using an amplifier and measured by a digital
memory scope in an observatory.
The experiments were conducted over two days. The experimental conditions are
described in Table 3.1. To evaluate the effect of the local turbulent flow induced by the
turbulence generator on the blast waves, the blast wave sources were exploded when the
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natural wind, speed monitored using the natural wind anemometer, was 0.0 m/s. In the
experiments, five shots were performed in Day 1, and three shots were performed in Day
2, for the case where the blast waves propagated without the local turbulent flow (referred
to as “without flow”). Furthermore, ten shots were performed in Day 1, and seven shots
were performed in Day 2, for the case where the blast waves propagated through the local
turbulent flow induced by the turbulence generator (referred to as “with turbulence”).

Figure 3.2 Experimental setup.

Figure 3.3 Image of experimental field.
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Figure 3.4 Image of blast wave source.
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Figure 3.5 Square grid, solidity = 36%.

Figure 3.6 Arrangement of microphones, A-A cross section (x = 500 mm) in Fig. 3.2,
1 to 4 are microphone numbers.

Figure 3.7 Image of Arrangement of microphones, 1 to 4 are microphone numbers.
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Table 3.1 Experimental conditions.
Day 1 :
December 3, 2014

Day 2 :
December 4, 2014

Weather

Sunny

Cloudy

Atmospheric pressure [kPa]

101.0 – 101.2

100.7 – 100.8

Temperature [°C]

11 – 17

11 – 13

Humidity [%]

26 – 29

~ 68

Natural wind [m/s]

0.0

0.0

5 / 10

3/7

Shot number :
without flow / with turbulence

3.2.2 Characteristics of turbulence
The characteristics of the local turbulent flow induced by the turbulence generator
were obtained from the flow velocity measurement using a hot-wire anemometer (Model
1011, KANOMAX JAPAN Inc.) with an I-type probe (0251R-T5, KANOMAX JAPAN
Inc.; tungsten wire, diameter 5 m, length 2 mm) in an indoor laboratory. The hot-wire
anemometer was calibrated by varying the flow velocity under the assumption of
incompressible fluid. Figure 3.8 shows the distribution of turbulent characteristics in the
flow direction. To obtain the characteristics, the probe of the hot-wire anemometer was
set at the position of the microphone 1 (see Figs. 3.6 and 3.7) and swept in a parallel
direction to the central axis of the turbulence generator.
Figure 3.8 (a) shows that the time-averaged flow velocity u̅ decreased as the
distance from the nozzle increased. In contrast, Fig. 3.8 (b) presents that the rms velocity
fluctuation u′ was about 0.8 m/s. It did not vary greatly in the range of
500 mm < x < 2000 mm. When the speed of sound in the atmosphere was a∞ = 340 m/s,
the turbulent Mach number was Mt = √3 / 2 u′ ⁄a∞ ≈ 2.9 × 10−3 , under the assumption of
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isotropic turbulence. The integral length scale, which represents the average vortex scale
in turbulence, was calculated from the rms velocity fluctuation. At the position of the
microphone 1 (x = 500 mm), the integral length scale was 77 mm. As shown in Fig. 3.8
(c), although the integral length scale decreased as the distance from the nozzle increased,
it was still 58 mm at x = 2000 mm.
Table 3.2 shows the characteristics of the turbulence measured at the positions of the
four microphones and the central axis of the nozzle, in the same plane at x = 500 mm.
Although the time-averaged flow velocities at the four microphones were
u̅ = 4.0 – 4.8 m/s, whereas that at the central axis of the nozzle was lower, u̅ = 2.9 m/s,
due to the blockage on the rotation axis of the fan. It indicated the distribution of the mean
flow velocity in the same plane. A possible reason of the mean flow velocity distribution
even at each microphone position is the setting error of the blower. In contrast, the rms
velocity fluctuation at the central axis of the nozzle was u′ = 0.7 m/s. The value was close
to those observed at the positions of the four microphones, which ranged between
0.6 – 0.9 m/s. The result represented that the variation of the flow states at each position
was not noticeable in terms of the velocity fluctuations.
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Figure 3.8 Characteristics of turbulence in x direction at the position of microphone
1; (a) time-averaged flow velocity, u̅ , (b) rms velocity fluctuation, u′ , (c) integral
length scale; horizontal axis x is the distance from the nozzle of turbulence generator.

Table 3.2 Characteristics of turbulence in same plane, x = 500 mm.
Time-averaged flow velocity

rms velocity fluctuation

u̅ [m/s]

u′ [m/s]

Central axis of nozzle

2.9

0.7

microphone 1

4.8

0.7

microphone 2

4.0

0.6

microphone 3

4.3

0.6

microphone 4

4.6

0.9

Position
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3.2.3 Pressure signal correction
A typical fast-response pressure transducer is composed of a thin metal diaphragm
and a quartz disk or a capacitor. When a waveform of a shock wave is measured using the
pressure transducer, a device function that originates from the mechanical oscillation of
the sensor caused by an impact of the shock wave is convoluted to a signal of the pressure
waveform. To obtain the original waveform, it is necessary to calibrate and remove the
device function, which is artifact. Therefore, the waveforms measured by the
microphones were corrected through a deconvolution process (Inoue et al., 1991; Sasoh
et al., 2014) by using numerical Laplace transform (Wilcox, 1978) to recover the pressure
waveforms.
Table 3.3 shows the nomenclatures in the deconvolution process. Using a shock tube,
the device function of the microphones was obtained from overpressure measurement
behind a planar shock wave. Figure 3.9 shows the waveform of the planar shock wave
measured by the microphone. The device function can be calculated using the following
method. A waveform measured by a microphone in the shock tube experiment, y0 (t), can
be described in Eq. (3.3) using the device function of the microphone, h(t), and an ideal
waveform of the planar shock wave, x0 (t). Equation (3.4) shows the Laplace transform
corresponding to Eq. (3.3).
∞

y0 (t) = ∫ h(𝜏)x0 (t − 𝜏)d𝜏

(3.3)

−∞

Y0 (s) = H(s)X0 (s)

(3.4)

where X0 (s), Y0 (s), and H(s) are the Laplace transform of x0 (t), y0 (t), and h(t),
respectively. When we assume that x0 (t) is a Heaviside function in a finite range of t ≤ T
as shown in Eq. (3.5), X0 (s) can be written in Eq. (3.6) using ΔP0 , which is the
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overpressure of the planar shock wave corresponding to x0 (t).
x0 (t) = {

(t ≤ 0)
0
P0 (0 ≤ t ≤ T)

(3.5)

P0
s

(3.6)

X0 (s) =

In discrete form, time, tm , complex, sk , and angular frequency division,  , are
described as follows, respectively:
tm = (2m − 1)t = (2m − 1)
sk = {

(2m − 1)T
T
=
2(2n)
4n

𝛼 + j(2k − 1)
𝛼 + j(2k + 1)
 =

(k > 0)
(k > 0)


T

(3.7)
(3.8)
(3.9)

Following Wilcox (Wilcox, 1978),
𝛼=

2
= 2
T

(3.10)

From Eqs. (3.6) and (3.8),
X0 (sk ) = X0 (k) =

P0
𝛼 + j(2k − 1)

(3.11)

Y0 (s) can be written as follows using the discrete Laplace transform:
2n

Y0 (s) = ∑ y0 (tm)e−sk tm (2t)
m=1
2n

=

(3.12)

T
∑ y0 (tm)e−sktm
2n
m=1

2n

(2k−1)(2m−1)
T

4n
Y0 (k) =
∑ e−𝛼tm y0 (tm)e−j
2n
m=1

(3.13)
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2n

(2k − 1)(2m − 1)
T
Re[Y0 (k)] =
∑ e−𝛼tm y0 (tm) cos {
}
2n
4n

(3.14)

m=1

2n

(2k − 1)(2m − 1)
T
Im[Y0 (k)] = −
∑ e−𝛼tm y0 (tm ) sin {
}
2n
4n

(3.15)

m=1

Using Eqs. (3.4), (3.11), (3.14) and (3.15), the Laplace transform of the device function,
H(k), can be obtained in the form of Eqs. (3.16) and (3.17).
Re [

1
]=
H(k)

P0 {𝛼Re[Y0 (k)] − (2k − 1)Im[Y0 (k)]}
{𝛼Re[Y0 (k)] − (2k − 1)Im[Y0 (k)]}2 + {𝛼Im[Y0 (k)] + (2k − 1)Re[Y0 (k)]}2
Im [

(3.16)

1
]=
H(k)

−P0 {𝛼Im[Y0 (k)] + (2k − 1)Re[Y0 (k)]}
{𝛼Re[Y0 (k)] − (2k − 1)Im[Y0 (k)]}2 + {𝛼Im[Y0 (k)] + (2k − 1)Re[Y0 (k)]}2

(3.17)

In the measurement of a blast wave, the Laplace transform of a measured waveform
of the blast wave, Y(s), can also be obtained in the same way.
Y(s) = H(s)X(s)

(3.18)

∞

Y(s) = ∫ y(t)e−st dt

(3.19)

0
2n

(2k−1)(2m−1)
T

4n
Y(k) =
∑ e−𝛼tm y(tm )e−j
2n

(3.20)

m=1

The Laplace transform of the original waveform of the blast wave, X(k), is written in Eq.
(3.21).
X(k) = Re[X(k)] + j Im[X(k)]

(3.21)
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Using Eqs. (3.16) – (3.18),
Re[X(k)] = Re[Y(k)]Re [

1
1
] − Im[Y(k)]Im [
]
H(k)
H(k)

(3.22)

1
1
] + Im[Y(k)]Re [
]
H(k)
H(k)

(3.23)

Im[X(k)] = Re[Y(k)]Im [

Finally, the inverse discrete Laplace transform is applied to X(k) to recover the original
waveform of the blast wave, x(tm ).
n

(2k−1)(2m−1)
2e𝛼tm

4n
x(tm ) =
Re [∑ X(k) e j
]
T
k=1

n

(2k − 1)(2m − 1)
2e𝛼tm
=
∑ {Re[X(k)] cos

T
4n

(3.24)

k=1

− Im[X(k)] sin

(2k − 1)(2m − 1)
}
4n

In this study, the microphones were not set in a completely symmetrical orientation
because of the difficulty of the field experiment; this resulted in spatial errors of
approximately 10 mm. These errors caused differences in the arrival times of the blast
waves at each microphone. Therefore, the time at which the blast wave arrived at each
microphone was set to t = 0 initially, such that the origins of the time axis of each
waveform were unified. In this study, the arrival time of the blast wave was defined as
the time when the pressure gradient dP⁄dt was maximum. Then, the waveforms that
unified the standard of the time axis were deconvoluted in the range −0.1 ≤ t ≤ 1.7 ms,
and fitted by B-spline functions.
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Table 3.3 Nomenclatures in deconvolution process.
Symbol

Definition

Laplace transform

k, m

Integer

t, tm

Time, Time in discrete

s, sk

Complex, Complex in discrete

2n

Number of time step

P0

Overpressure of planar shock wave



Angular frequency division

𝛼

Coefficient

h(t)

Device function of microphone

H(s)

x0 (t)
y0 (t)

Ideal waveform of planar shock wave

X0 (s)

Measured waveform of planar shock wave

Y0 (s)

x(t)

Original waveform of blast wave

X(s)

y(t)

Measured waveform of blast wave

Y(s)

Figure 3.9 Waveform of planar shock wave measured by microphone, y0 (t).
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Effect of local turbulent flow on overpressure behind
blast wave
3.3.1 Effect on pressure waveform
Figure 3.10 shows typical examples of a measured waveform in the case without
flow (“rough waveform,” corresponding to y(t) in Section 3.2.3), and the waveform
recovered from the rough waveform by the deconvolution process (“processed waveform,”
corresponding to x(t) in Section 3.2.3). In the rising of the blast wave, the rough
waveform had an overshoot, which was caused because an impact of the blast wave was
suddenly applied to the microphone. However, by using the deconvolution process, the
processed waveform recovered the original waveform similar to the Friedlander
waveform (Friedlander, 1946; Goel et al., 2012), which is particular to blast wave (see
Fig. 3.1). The undershoot just before the rising of the blast wave was caused by the
limitation of the record length of the waveform: the function should be integrated in the
range between −∞ and ∞ in the definition of the Laplace transform, however in reality,
each waveform was discretely integrated in the finite temporal range. The effective rise
time, which is the duration between the time to be 10% of the peak overpressure and the
time to be 90% of that, of the processed waveform was 9 s. The value was consistent to
the frequency range of up to 100 kHz. The Mach number of the blast wave calculated
from the peak overpressure of the processed waveform was Ms = 1.003. As the turbulent
Mach number of the interacted local turbulent flow was Mt ≈ 2.9 × 10−3 as shown in
Section 3.2.2, the condition of Mt ≳ 0.6 (Ms − 1), in which “broken” wave front was
suggested in the numerical study (Larsson et al., 2013), was almost satisfied. In the
following sentence, we will discuss the effect of turbulence by using the processed
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waveforms.
Figure 3.11 shows typical examples of pressure waveforms in the case with
turbulence. The four pressure waveforms were recovered from rough waveforms, which
are drawn in dashed lines, measured in the same shot. In comparison to the case without
flow (Fig. 3.10, processed waveform), significant modulations of the waveforms occurred
just after the rising of the waveforms. Although the effective rise times of waveforms 1
to 4 were 8 to 10 s, waveform 1 and 2 took a significant amount of time to attain its peak
from the start of rising. In waveform 1 it took 18 s for the overpressure reached a
maximum; in waveform 2, 29 s. This period was two to three times longer than the
effective rise time. In waveform 3 and 4, the periods were 9 s and 10 s, respectively,
which were comparable to the effective rise time. In addition, the peak overpressures were
also affected by the turbulence. The peak overpressure of waveform 2 was 0.502 kPa,
which was relatively lower. In contrast to waveform 2, waveform 4 had a strong peak
overpressure, which was 0.737 kPa, just after the rising. This result was consistent with
the general tendency of the shock wave modulation caused by the interaction with
velocity fluctuation: relatively large upstream flow velocity of the shock wave induces
the increment of the overpressure and the decrease of the rising time, and vice versa.
Therefore it indicated that the blast wave was locally modulated by the local velocity
fluctuation in the turbulence. In addition, the overpressures in the expansion waves region
were also modulated. In waveform 4, the overpressure suddenly decreased with
downward convex just after the peak overpressure, similar to the case without flow (Fig.
3.10). On the other hand, in waveform 1 to 3, the overpressure in the expansion waves
region maintained relatively high pressure for a longer duration compared to waveforms
4. In particular, waveform 1 had a local peak behind the peak overpressure. This
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modulation also appeared locally, only in the case with turbulence. It suggested that the
turbulence also affected the overpressure in the region of the expansion waves behind the
shock wave.

Figure 3.10 Typical example of blast
wave measured in the case without flow;
processed waveform is recovered from
rough waveform by deconvolution.

Figure 3.11
Typical examples of
processed pressure waveforms in one
shot (with turbulence); dashed lines are
rough waveforms, 1 to 4 correspond to
microphone numbers in Fig. 3.6, each
signal are displaced in y-direction by
0.6 kPa.
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3.3.2 Evaluation of reproducibility and error of setup
As this study was conducted in a field, experimental data were affected by
uncertainty of the location of a blast wave source. In this section, the influences of
associated errors will be evaluated.
Let i be the serial shot number of shot (1 ≤ i ≤ N), j be the microphone number
(1 ≤ j ≤ K, K = 4). Also, let P(i, j) be the peak overpressure in the i-th shot and at the
microphone j. In the case without flow, the shots of 1 ≤ i ≤ 5 were performed in Day 1
and those of 6 ≤ i ≤ 8 were performed in Day 2. In addition, in the case with turbulence,
the shots of 1 ≤ i ≤ 10 were performed in Day 1 and those of 11 ≤ i ≤ 17 were
performed in Day 2 (see Table 3.4). The average overpressures in the i-th shot, ̅̅̅̅̅̅̅
P(i), is
given by Eq. (3.25).
K

1
̅̅̅̅̅̅̅
P(i) = ∑ P(i, j)
K

(3.25)

j=1

Let the shots that were conducted in a day be m ≤ i ≤ n. The average overpressure in the
day, ̅̅̅̅
P, and the standard deviation caused by the reproducibility, s , are given by Eqs.
(3.26) and (3.27), respectively.
n

1
̅̅̅̅̅̅̅
̅̅̅̅ =
P
∑ P(i)
n−𝑚+1

(3.26)

i=m

n

1
̅̅̅̅̅̅̅ − P
̅̅̅̅}2
s = √
∑{P(i)
n−m+1

(3.27)

i=m

̅̅̅̅ and
Table 3.4 shows the histories of ̅̅̅̅̅̅̅
P(i) for each condition. Table 3.5 shows P

s in the case without flow and with turbulence, respectively. In the case without flow,
Table 3.5 (a) shows that the difference between the values of ̅̅̅̅
P for Day 1 and Day 2
was approximately 0.1 kPa. The cause of the difference was that the relative positions of
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each microphone for the blast wave source had small errors over the two days. Moreover,
even for the same day, ̅̅̅̅̅̅̅
P(i) varied for each shot, and s was 7% of ̅̅̅̅
P in maximum,
as shown in Tables 3.4 (a) and 3.5 (a), respectively. The primary cause for s was
uncertainty in the mass of the report composition, the direction and position of the paper
tube in which the report composition was contained. In the case with turbulence, Table
3.5 (b) shows that ̅̅̅̅
P was greater than that in the case without flow for the same day
because the propagation through the counter flow caused an increment in the relative
̅̅̅̅ in maximum. Although
Mach number. Under this condition, s was less than 9% of P
the ratio of s for ̅̅̅̅
P was 30% greater than that in the case without flow, the result
indicated that ̅̅̅̅
P in this case had reproducibility equal to that in the case without flow.
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Table 3.4 Histories of average of overpressures in i-th shot, ̅̅̅̅̅̅̅
P(i); serial shot number,
i.
(a) without flow
(b) with turbulence
̅̅̅̅̅̅̅
P(i) [kPa]

i

1

0.715

1

0.629

2

0.687

2

0.769

0.654

3

0.726

4

0.676

4

0.718

5

0.583

5

6

0.720

6

0.798

7

0.576

0.794

8

0.698

9

0.618

10

0.591

11

0.806

12

0.897

13

0.889

i

3

7

day

Day 1

Day 2

8

day

Day 1

14

Day 2

̅̅̅̅̅̅̅
P(i) [kPa]

0.719
0.673

0.945

15

0.933

16

0.935

17

0.875

̅̅̅̅ , and standard deviation caused by
Table 3.5 Average overpressure in a day, P
reproducibility, s .
(a) without flow

(b) with turbulence

Day 1

Day 2

Day 1

Day 2

(1 ≤ i ≤ 5)

(6 ≤ i ≤ 8)

̅̅̅̅
P [kPa]

0.663

0.771

̅̅̅̅
P [kPa]

0.672

0.897

s [kPa]

0.045

0.036

s [kPa]

0.062

0.044

(1 ≤ i ≤ 10) (11 ≤ i ≤ 17)
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3.3.3 Effect on standard deviation of peak overpressure
In this section, the effect of the local turbulence on the blast wave is evaluated. To
extract the effect only of the turbulence, P(i, j) is standardized by ̅̅̅̅̅̅̅
P(i) in each shot.
̃j), is given by Eq. (3.28).
The standardized peak overpressure, P(i,
̃j) =
P(i,

P(i, j)
̅̅̅̅̅̅̅
P(i)

(3.28)

̃j) is unity. Using Eq. (3.28), the standard deviation
The average of the entire P(i,
caused by the local modulation of the standardized peak overpressures, ̃t , is given by
Eq. (3.29).
N

K

1
̃j) − 1}2
̃t = √ ∑ ∑{P(i,
KN

(3.29)

i=1j=1

̃j) in each shot and at each microphone.
Figure 3.12 shows the distributions of P(i,
The gray belts in Fig. 3.12 represent the width of 2̃t . In the case without flow (Fig. 3.12
̃j) was relatively small, ̃t = 0.016, which was 2%
(a)), the standard deviation in P(i,
̃j). One of possible reasons why ̃t was not zero is that
of the average of the entire P(i,
it was affected by the turbulence induced by the natural wind before performing the shot,
and the non-uniform distribution of atmospheric temperature. However, the result
indicated that the blast waves propagated almost uniformly.
̃j) greatly
In contrast, in the case with turbulence, Fig. 3.12 (b) shows that P(i,
scattered in each shot and at each microphone. Focusing on the individual peak
̃j) at each microphone greatly varied for different shots, and the
overpressures, P(i,
variations in each microphone were obviously larger than those in the case without flow.
̃1) was greater than the average P(i,
̃j) = 1
For example, at the microphone 1, P(i,
̃1) was less than the average in the
when i = 2, 5, 7, 8, 12, 13, 14 and 17, while P(i,
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̃j) also
other shots. In addition, the relationships between the magnitude of each P(i,
varied shot by shot because of the turbulence interaction. For example, in the case without
̃1) were greater than P(i,
̃4) in a same shot. However, in the case
flow, every P(i,
̃1) was greater than P(i,
̃4) when
with turbulence, this relationship did not hold: P(i,
̃1) was less than P(i,
̃4) in the other shots. The
i = 2, 5, 7, 12 and 16, while P(i,
̃j) randomly appeared between each microphone, and its pressure
inversion of P(i,
difference in a same shot also varied shot by shot in random manner. As described in
Section 3.3.1, the local modulations of the peak overpressure were caused by the local
difference of the upstream flow velocity of the blast wave: relatively large upstream flow
velocity induced higher peak overpressure than the average, and vice versa. These local
difference of the upstream flow velocity randomly existed in turbulent flow, therefore
such peak overpressure modulation appeared in random manner. As a result, the standard
̃j) was ̃t = 0.110 , which was 11% of the average of the entire
deviation in P(i,
̃j). This value was quite large compared to the value obtained in the case without
P(i,
flow; ̃t in this case was 7 times larger than that without flow.
̃j) obtained at each microphone had non-negligible
On the other hand, P(i,
̃2) in Day 1 and P(i,
̃3) in Day 2 were
deviations. For example, most of P(i,
̃j) = 1.0, which is the average of the entire
distributed in the region less than P(i,
̃j). In contrast, most of P(i,
̃4) in Days 1 and 2 were greater than P(i,
̃j) = 1.0. It
P(i,
can be explained by the following reason; the installation error of the blower in the
turbulence generator caused non-uniformity of the average flow, which affected the
relative Mach numbers of the blast waves. In practice, the distortion of the averaged flow
velocity was observed in the measurement of the turbulence characteristics conducted in
an indoor laboratory, as shown in Table 3.2. However, the results mentioned above clearly

60

Chapter 3

indicated that the peak overpressure of the blast waves were locally and randomly
modulated by the interaction with the local turbulent flow.

(a) without flow, ̃t = 0.016.

(b) with turbulence, ̃t = 0.110.

̃j) ; the standard
Figure 3.12 Distribution of standardized peak overpressure, P(i,
deviation of standardized peak overpressure, ̃t ; j corresponds to microphone numbers
in Fig. 3.6.
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Summary of this chapter
In this chapter, the effect of the interaction with a local turbulent flow on the
overpressure of the weak blast wave with large curvature radius was investigated.
-

An experimental system for the investigation was developed in a field. Using the
system, multipoint pressure measurements were conducted in the case without flow
and with turbulence, in which the condition of “broken shock” criteria was almost
satisfied.

-

The modulation of the pressure field behind the blast wave caused by the interaction
with local turbulent flow were observed. It indicated that the peak overpressure of
the blast waves were modulated through the interaction with the local turbulent flow.
-

The pressure waveforms without flow were similar to the Friedlander waveform.
The standard deviation in peak overpressure was 2% of the ensemble average of
the peak overpressure.

-

With local turbulent flow, the pressure waveforms were modulated: the peak
overpressure and the period to reach its peak overpressure from the start of the
rising were randomly and locally varied shot by shot. The standard deviation due
to the effect of the turbulence interaction was 11% of the average of the
standardized peak overpressure, which was 7 times larger than that without flow.

62

Development of
counter-driver shock tube and
planar shock wave-grid turbulence
interaction
Method to investigate interaction between planar shock
wave and isotropic turbulence
To investigate phenomena related to turbulence, grid turbulence, which is nearly
isotropic in a certain region, has been generally applied (Roach, 1987). For fundamental
investigation of the interaction between a shock wave and turbulence, it is also suitable
to utilize the combination of a planar shock wave, which is not decay with propagation
distance, and grid turbulence. However, it is difficult to apply both of them to the
experimental investigation of the shock wave-turbulence interaction, as shown in Section
3.1.2. In Chapter 3, a quasi-planar blast wave, of which the attenuation was negligible,
was applied to the evaluation using a large scale system, however expansion waves
followed the shock wave front and there still exists difficulty in usage of grid turbulence
in such a field. Some researchers used shock tubes to evaluate the effects of the
interactions on a shock wave and grid turbulence (Dosanjh, 1956; Keller and Merzkirch,
1990). The grid turbulence was generated by disturbing uniform flow behind an incident
shock wave that passed through a grid, and it interacted with a reflected shock wave
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formed by the shock wave reflection on the end wall of the shock tube. Although the
interaction between a planar shock wave and grid turbulence was realized in the shock
tubes, the experimental conditions were quite limited because the shock wave and the
grid turbulence were not independent. However, a shock tube has the potential to become
an useful facility to investigate the shock wave-turbulence interaction if we overcome the
limitation using some techniques.
A shock tube is a basic tool for experimentally investigating shock wave phenomena.
It utilizes the beneficial characteristic that a shock wave is naturally stable (Landau and
Lifshitz, 1987). A planar shock wave can be generated in a straight tube (a “shock tube”),
which is separated into high-pressure and low-pressure sections. In the low-pressure
section, a planar shock wave of interest propagates after the separation between the lowand high-pressure sections is removed. Some effort has gone into further extending the
function of a shock tube to investigate the interactions between a shock wave and various
flows. Barbosa et al. constructed a “bifurcated” shock tube in which the low-pressure or
driven section was bifurcated and then re-unified at the test section (Barbosa and Skews,
2002). The interaction of two planar shock waves colliding with each other at a controlled
incident angle was investigated. Some researchers installed porous end walls in the lowpressure sections of shock tubes to weaken the reflected shock wave for the interaction
with grid turbulence (Honkan and Andreopoulos, 1992; Honkan et al., 1994; Xanthos et
al., 2002; Agui et al., 2005). Weakening the strength of the reflected shock wave by the
porous end walls, they succeeded to extend the experimental conditions of the interaction.
However, in these studies, the conditions of the interacting shock waves or flows
depended on the operation condition of a single driver and the porosity of the porous end
wall. Thus, their experimental conditions were still restricted, especially stronger shock
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wave than the incident shock wave could not be applied. To set the conditions of the
interacting flows independently, two independent drivers are necessary.
In many cases, shock tube operation is initiated by rupturing a diaphragm, which is
usually made of plastic or metal depending on the pressure difference of the operation. If
it has a single driver, temporal control of the diaphragm rupture is not necessary. The
diaphragm can be ruptured by manually driving a needle through it or by using a so-called
“double diaphragm” (Oertel, 1966), in which the gas in a middle-pressure section is
manually released. However, when two drivers are used, temporal control of the two
driver operations is necessary.
Therefore, we develop a shock tube, which has two counter driver sections with a
temporally controlled actuation system. Hereafter, we will refer to the shock tube as a
“counter-driver shock tube (CD-ST).” Using two counter-drivers, the interaction between
a planar shock wave and a counter turbulent flow can be realized while controlling their
conditions independently. Moreover, in this facility, we can also control the interaction
length by adjusting the actuation timing of the drivers, although its effect has not been
investigated yet in both experimental and numerical studies. This chapter describes the
development of the CD-ST, and interaction experiments between planar shock wave and
grid turbulence conducted using the CD-ST are discussed.

Operation principle of counter-driver shock tube
Figure 4.1 schematically illustrates the configuration and operation of the CD-ST.
(a) Initially, the inside of a straight tube is subdivided into three sections: “L (left)-Driver,”
“Driven,” and “R (right)-Driver.” As shown in Fig. 4.1(a), the initial state of each section
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is labelled as “4L,” “1,” and “4R,” respectively. The ends of the Driven section have
separators to the L-Driver and the R-Driver sections. The separator openings are actively
controlled so that the shock waves and post-shock flows from both ends meet, and their
interactions are diagnosed at the test area of the Driven section. Although its basic
configuration is symmetrical, in this study, we consider that the L-Driver starts first,
followed by the R-Driver. (b) After the separator for the L-Driver section opens, a rightrunning, incident shock wave, L-iSW, propagates in the Driven section, and its post-shock
flow, L-PSF (state “2L”), follows behind L-iSW and ahead of the contact surface, L-CS.
(c) After a delay time, the separator for the R-Driver section opens, a left-running,
incident shock wave, R-iSW, propagates in the Driven section, and its post-shock flow,
R-PSF (state “2R”), follows behind R-iSW and ahead of the contact surface, R-CS. (d)
Then, the two incident shock waves collide. (e) After the collision, two transmitted shock
waves, the right-running (L-tSW) and left-running (R-tSW) shock waves, are generated,
along with a contact surface, CS (Glass, 1994). (f) Then, R-tSW interacts with L-PSF,
and L-tSW interacts with R-PSF.
In a shock tube operation, the condition of each state is determined from the wellknown shock tube relations based on the Riemann problem. Following the tradition, the
states in the shock tube operation are labelled as shown in Figs. 4.1, 4.8 and 4.13. The
initial operation conditions of the CD-ST are fully set by specifying the pressure, P, speed
of sound, a, and specific heat, , in each section. P2L is obtained from the implicit Eq.
(4.1).
−

a P
(4L − 1) a 1 ( P2L − 1)
P4L P2L
4L
1
=
1−
P1
P1
P
√21 [21 + (1 + 1) ( 2L − 1)]
P1
{
}

24L
4L −1

(4.1)
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Here a flow speed is designated by u. Using P2L , u2L and a2L are given as
2
u2L = a1 (

 ( + 1)
P2L
)√ 1 1
P1
P2L 1 − 1
P1 + 1 + 1

(4.2)

1 − 1 P2L
+1
P2L 1 + 1 P1
a2L = a1 √
∙
P1 P2L 1 − 1
P1 + 1 + 1

(4.3)

The condition of the state 2R is also determined as follows.
−

a P
(4R − 1) a 1 ( P2R − 1)
P4R P2R
4R
1
=
1−
P1
P1
P
√21 [21 + (1 + 1) ( 2R − 1)]
P1
{
}

24R
4R −1

(4.4)

2

 ( + 1)
P2R
u2R = − a1 ( ) √ 1 1
P1
P2R 1 − 1
P1 + 1 + 1
1 − 1 P2R
+1
P2R 1 + 1 P1
a2R = a1 √
∙
P1 P2R 1 − 1
P1 + 1 + 1

(4.5)

(4.6)

After the collision of L-iSW and R-iSW, it is assumed that transmitted shock waves, LtSW and R-tSW, and a contact surface, CS, are generated; the state between R-tSW and
CS is labelled as “5R,” and CS and L-tSW as “5L.” u5L and u5R are given by
2
u5L − u2R = − a2R (

 ( + 1)
P5L
)√ 1 1
P2R
P5L 1 − 1
+
P2R 1 + 1

(4.7)

2

 ( + 1)
P5R
u5R − u2L = a2L ( ) √ 1 1
P2L
P5R 1 − 1
P2L + 1 + 1

(4.8)
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The boundary conditions of the contact surface are
u5R = u5L
P5R = P5L ≡ P5

(4.9)
(4.10)

P5 is uniquely determined by Eqs. (4.7) – (4.10), and the shock Mach number of R-tSW,
Ms , is obtained by

1 + 1 P5
 +1
+ 1
21 P2L
21

Ms = √

(4.11)

Test flow condition, that is the combination of P2L , u2L and Ms , is given by Eqs. (4.1),
(4.2) and (4.11).
Figure 4.2 shows the operation map of the CD-ST in P4L ⁄P1 − P4R ⁄P4L coordinate.
The solid lines are contours of Ms , and the vertical broken lines indicate u2L , which are
calculated using the above equations. The horizontal broken line P4R ⁄P4L = 1
corresponds to the reflected shock wave from a solid end wall in a single driver shock
tube (Dosanjh, 1956; Keller and Merzkirch, 1990). The gray region, P4R ⁄P4L < 1, can
be realized by using a porous end wall in a single driver shock tube (Honkan and
Andreopoulos, 1992; Honkan et al., 1994; Xanthos et al., 2002; Agui et al., 2005).
However, the effective value of P4R ⁄P4L is set only in a discrete manner because it
depends on the porosity of the porous end wall. The region of P4R ⁄P4L > 1 is realized
by only using the CD-ST. For a value of u2L , which is determined by P4L ⁄P1 , any value
of Ms can be obtained by tuning P4R ⁄P4L within its operational condition.
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(a) Initial configuration.

(b) After left driver initiation.

(c) After right driver initiation.

(d) Collision of two shock waves.

(e) Interactions between a post-shock flow and a transmitted shock wave. The direction
of the contact surface depends on the operation conditions.
Figure 4.1
Configuration and operation of counter-driver shock tube; left(driver/driven), L-; right-(driver/driven), R-; incident shock wave, iSW; transmitted
shock wave, tSW; contact surface, CS; post-shock flow, PSF.

Figure 4.2 Contours of counter flow speed, u2L , and shock Mach number, Ms , on
P4L ⁄P1 − P4R ⁄P4L coordinates; 4L = 1 = 4R = 1.4, a4L = a1 = a4R = 340 m/s.
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Technical details
4.3.1 Diaphragm rupture
There exist several types of shock tube drivers in which the temporal control of
operation is possible. “Oguchi piston” (Oguchi et al., 1991) is useful because no
diaphragm fragments are produced by a run. However, the uniformity of the post-shock
flow is contaminated by the relatively slow motion of the piston (White, 1958; Simpson
et al., 1967; Ikui and Matsuo, 1969; Hickman et al., 1975); the complicated flow passage
past the piston worsens the performance. The mass of the separation element can be
decreased by replacing the free piston with a thin rubber membranes (Yang et al., 1994
and 1996). However, with this rubber membrane, the driver and test sections are not
connected in a straight tube, which induces pressure loss, flow non-uniformity, and
unsteadiness. Active rupture of the diaphragm by electromagnetic force (Miller, 1977) or
laser pulse (Sasoh et al., 2006) induces pressure disturbance that contaminates the test
flow.
To generate ideal planar shock wave and uniform flow behind it, the following
requirements should be satisfied: (1) small pressure loss, and (2) short opening time. In
this study, we initiated shock tube operation by rupturing a layer (or layers) of cellophane
diaphragm with a needle driven by a pneumatic piston. This method satisfied these
requirements as well as the following conditions: (3) small pressure difference is allowed
and large pressure difference can be covered by layering (from several kilopascals to
about 30 kPa with a layer of 18-m-thick diaphragm for 120 × 120 mm2 square cross
section), and (4) simple and safe.
Figure 4.3 illustrates the pneumatic diaphragm rupture device developed in this study.
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One layer (or multiple layers) of cellophane used as a diaphragm (thickness: 18 or 36 m)
was sandwiched between two shock tube flanges, and set at a driver-driven connection.
O-ring seals were used at both surfaces of the diaphragm. A pneumatic piston (CJ2B1060A or CJ2B10-60AZ, SMC Co.) was set on the center axis of the shock tube using struts.
A piston rod (diameter 4 mm) was held in the cylinder with smooth contact and sufficient
hermetic sealing. A stainless steel (SUS304) needle was attached to the tip of the piston
rod. This needle had a diameter of 5 mm and a full apex angle of 90°. The piston rod was
driven by high-pressure air (pressure 500 – 700 kPa) to a full stroke of 60 mm within 60
ms (nominal value). The driver air was supplied through two 4.0-mm (outside diameter)
polyurethane tubes connected to a high-pressure air reservoir via a five-port
electromagnetic valve (SY-3220, SMC Co.). Before a run (Fig. 4.3 (a)), the high-pressure
air was connected to the “Pull” line, with the piston rod set at the bottom. By supplying
the high-pressure air to the “Push” line (Fig. 4.3 (b)), the piston was pushed to crack the
diaphragm within a period of 7 ms, which was estimated using the initial separation
distance and nominal piston speed. The transition from “Pull” to “Push” was done using
an electrical trigger signal to the electromagnetic valve. If the effective delay time for the
diaphragm rupture was well calibrated, this diaphragm rupture operation could be
synchronized with that of the other driver and various electrical instruments.
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(a) Initial state.

(b) Rupture motion.

Figure 4.3 Pneumatic diaphragm rupture device; length of connection tube, lt .

4.3.2 Weakening of interacting shock wave
The strength of the planar shock wave in a shock tube can be controlled by an initial
condition, which is the ratio of driver pressure, P4 , and driven pressure, P1 . However, it
is generally difficult to generate a weak planar shock wave in a shock tube: when P4 ⁄P1
is set to a small value to form a weak shock wave, the pressure difference P4 − P1
becomes too small to rupture the diaphragm and the formation of an ideal planar shock
wave fails. In this study, to expand the operation condition, a method to generate a weak
planar shock wave was developed using shock attenuation in a porous wall. Britan et al.
reported that solid plates with holes or slit reduced the overpressure of the shock wave
while the rising of the shock wave remained sharp (Britan et al., 2006). However, using
a porous foam, which is compressible, the shock wave was attenuated and degenerated
into compression waves (Kitagawa et al., 2006). Therefore, in this study, the porous wall
was composed of layers of rigid punched plates, and its attenuation performance was
evaluated in a preliminary experiment. In the experiment, 16 layers of solid punched
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plates (diameter of punched hole, 1 mm; thickness of punched plate, 1 mm; solidity,
82.5%) with an interval of 1 mm were used for the porous wall.
The porous wall was installed at x = 5020 mm in the 120 mm × 120 mm square CDST described in Section 4.4.2. Figure 4.4 shows overpressure histories obtained in the
preliminary experiment to demonstrate weak shock wave generation using the porous
wall. In this experiment, the shock tube was operated in a single-driver configuration
using the Driven and R-Driver section. The initial condition was set to P4R = 50.0 kPa
and P1 = 43.0 kPa, which was almost a minimum pressure difference to generate a planar
shock wave in the shock tube. At the position before the porous wall, two shock waves,
an incident shock wave and a reflected shock wave from the porous wall, were obtained
(Fig. 4.4 (a)). The shock Mach number of the incident shock wave calculated from the
overpressure was Ms = 1.03. At the position after the porous wall, a transmitted shock
wave was observed (Fig. 4.4 (b)). What is important to note here is that the transmitted
shock wave was obviously a planar shock wave, having a sharp rising and constant static
pressure behind the shock wave. The post-shock pressure was approximately 2 kPa lower
than that of the incident shock wave, and the shock Mach number calculated from the
overpressure was Ms = 1.01, which has never been realized, until hitherto, without a
porous wall.
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(a) x = 5270 mm (before porous wall)

(b) x = 2470 mm (after porous wall)

Figure 4.4 Overpressure histories obtained in preliminary experiment of weak planar
shock wave generation, using R-Driver and Driven section of 120 mm × 120 mm square
CD-ST described in Section 4.4.2; porous wall was installed at x = 5020 mm;
P4R = 50.0 kPa, P1 = 43.0 kPa.

4.3.3 Calibration of hot-wire anemometer
Constant temperature hot-wire anemometer is a useful tool for investigations of
turbulence because it can detect flow velocity with high temporal resolution. For accurate
measurements, it is necessary to obtain calibration curves for individual probes. However,
for measurements in compressible flow, the calibration becomes difficult because the
output voltage of hot-wire anemometer, E, is not only a function of velocity, U, but also
density, , and static temperature, Ts , of the fluid in the strict sense. The exact equation
of the output is
Tf a
Tf b
E = {A ( ) + B ( ) (U )n } (Tw − Tf )
T1
T1

(4.12)

Tf = Ts + U 2 /(2Cp )

(4.13)

2

where Tw is the temperature of hot-wire probe, T1 is the reference temperature, Cp is
the specific heat at constant pressure, and A, B, a, b, n are constants (Briassulis et al.,
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1995). To calibrate the hot-wire anemometer, Eq. (4.12) is simplified using the following
assumption: if we consider the flow field behind a planar shock wave, with a constant
shock Mach number, Ms , and constant ambient temperature, T1 , the flow velocity, u2 ,
and the static temperature behind the shock wave, T2 , also become constant. It should be
noted that the density behind the shock wave, 2 , is the function of Ms and the initial
density, 1 , which is the density of the driven section.

2 = 1

( + 1)Ms2
( − 1)Ms2 + 2

(4.14)

Substituting 2 , u2 and T2 for , U and Ts in Eqs. (4.12) and (4.13), respectively, Eq.
(4.12) can be rewritten as Eq. (4.15) below.
E2 = A′ + B′(2 u2 )

n

(4.15)

where A′ , B′ and n are constant values, as described in Eqs. (4.16) and (4.17).
Tf a
A′ = A ( ) (Tw − Tf )
T1

(4.16)

Tf b
B =B ( ) (Tw − Tf )
T1

(4.17)

′

As shown Eq. (4.14), 2 can be controlled by setting the initial condition of the driven
section even with the constant Ms , therefore the relation between the mass flux, 2 u2 ,
and the output of hot-wire anemometer, E, can be obtained. Figure 4.5 shows examples
of calibration curves obtained by this method. In this chapter, a combination of a hot-wire
anemometer (Model 1011, KANOMAX JAPAN Inc.) and a hand-made I-type probe was
used for the measurement. The probe of the hot-wire anemometer was tungsten wire with
the length lw = 1 mm and the diameter dw = 5 m such that lw ⁄dw = 200, for high
frequency response and spatial resolution. When a flow with a mean flow velocity U =
100 m/s is measured using the probe, the maximum frequency resolution is roughly
evaluated as U⁄lw = 100 kHz. An important point to note here is that the calibration
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curve should be obtained for the static temperature of the flow, where the probe of the
hot-wire anemometer measures, because the constant values in Eq. (4.15) depends on the
flow temperature.

Figure 4.5 Examples of calibration curves for each T2 , calibrated by shock waves
with the shock Mach numbers of 1.05 and 1.10.

Operation performance
4.4.1 Proof of principle
Figure 4.6 shows the shock tube for the CD-ST concept demonstration and
associated control and measurement systems developed in this study. Originally, the
shock tube was manufactured as an ordinary single-driver device with a circular crosssection (inner diameter 70 mm). The 4015-mm-long circular tube on the left side includes
the 1515-mm-long “L (left)-Driver.” To extend it, tubes with an inner square cross-section
(62 mm × 62 mm) were added to the right end of the circular tube with a 200-mm-long
transition section. The square tube part was subdivided into the “R (right)-Driver” section
(515 mm in length) and the 1015-mm-long “Driven” section. At the test section, a pair of
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acrylic windows was set for flow visualization (not used in this study). Six piezoelectric
pressure transducers, G1 to G6, (either 113B27, H112A21, or HM102A18, PCB
Piezotronics Inc.; rise time 1 – 2 s) were flush-mounted on the inner wall of the shock
tube so that local shock speeds and overpressure histories could be measured.
The high-pressure air supplied to the pneumatic cylinders was set to 500 kPa in the
demonstration experiment. TTL operation signals to each diaphragm rupture device was
supplied from a pulse generator. Each TTL signal was sent to a photocoupler, which in
turn output a 24-V signal to drive an electromagnetic valve to operate the diaphragm
rupture device. The relative delay time, , which is the time difference between the output
of each TTL signal as described in Fig.4.6, could be determined from the calibrated
operation characteristics of each diaphragm rupture device. The control and measured
signals were recorded in a digital memory scope.
To produce shock wave-counter flow interactions of interest at a desired location,
the synchronization between the left and right driver operations needed to be well
controlled. For this purpose, calibration experiments to determine an effective delay time
for each diaphragm rupture device were conducted. From the moment that an operation
signal from the pulse generator was output, ignoring the propagation periods for the
electrical signals, there were three delay components in series that determined the
effective delay time: (1) the opening time for the electromagnetic valve, 1 ; (2) the
pressure propagation period from the electromagnetic valve to the pneumatic cylinder,

2 ; (3) the period for the translational motion of the piston rod, 3 . Here, the duration
time for the diaphragm rupture itself was assumed to be negligible. The nominal value of

1 (= 12 ms) was given by the manufacturer, and 3 (= 7 ms) was estimated as
mentioned in Section 4.3.1, and they are assumed to be the same in the following analysis.

Chapter 4

77

The effective value of 2 was determined experimentally under the assumption that it
was proportional to the length of the connecting tubes from the electromagnetic valve to
the pneumatic cylinder, lt . It should be noted that the lt is greater than the length of the
drivers because the tubes connect the pneumatic cylinders installed next to the
diaphragms and the electromagnetic valves put outside of the drivers. In Fig. 4.7,
experimentally measured shock wave diagrams are plotted with the time origin, t = 0,
being the instant of a trigger signal from the pulse generator, and the spatial origin, x = 0,
being the diaphragm location. The shock wave trajectory was extrapolated with a constant
wave speed. The moment of diaphragm rupture, tr , was defined as the intersection of the
shock wave trajectory and diaphragm location. The jitter of tr was less than 1.1 ms. From
each diagram, 2 is obtained by

2 = tr − 1 − 3

(4.18)

It is assumed that

2 = k

lt
a

(4.19)

where k and a denote a constant and the speed of sound of the high-pressure air,
respectively. Equating the value of 2 obtained from the operation diagrams of Fig. 4.7
using Eqs. (4.18) and (4.19) with a = 340 m/s and lt = 2.0 m for the left driver and lt =
1.1 m for the right driver, respectively, k is fitted to be 7.4 ± 0.4.
Figures 4.8 and 4.9 present an example of a wave diagram and the pressure histories
obtained in a counter-driver operation, respectively. Here, the origins of x and t are the
diaphragm location for the L-Driver section and the moment of the trigger signal to the
L-Driver, respectively. The relative delay time from the L-Driver to the R-Driver, , was
set to be 20.5 ms. The transitions from compression waves to shock waves from both of
the drivers occurred in the driven section. The shock Mach numbers of L-iSW and R-iSW
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were 1.04 and 1.30, respectively. These two incident shock waves collide with each other
at x = 3200 mm and t = 62.9 ms. In five test runs, the uncertainty (rms) in determining
the location of the interaction was less than 34 mm, which was 1/169 of the whole shock
tube length. At x = 1800 mm (G2) and x = 2830 mm (G3), two pressure jumps are
observed, first by L-iSW (A2 and A3 ) and then by R-tSW (B2 and B3 ). At G2, after the
second overpressure jump, the overpressure settles to a constant value of 33.8 kPa, and
then starts to decrease due to the expansion fan from the left end, L-rEF. At G3, the
pressure decrease, C3 , after the two jumps, A3 and B3 , is caused by the expansion fan
from the right end, R-rEF. In the plateau pressure after the second jump, at t = 65.6 ms,
the contact surface generated in the collision between the incident shocks passes the
location. In the pressure history at x = 3330 mm (G5), the first and second pressure jumps
are due to R-iSW (A5 ) and L-tSW (B5 ). The pressure decrease at C5 is due to R-rEF.

Figure 4.6 Counter-driver shock tube system; pressure transducers, G1 to G6; relative
delay time from L-Driver to R-Driver actuations, .
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(a) L-Driver, lt = 2000 mm.
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(b) R-Driver, lt = 1100 m.

Figure 4.7 Example of x-t diagrams of individual driver operation; solid lines are
calculated from ideal shock tube relation; cross symbols are measured.

Figure 4.8 Example of x-t diagram of counter-driver operation; P4L = 43.4 kPa, P1 =
36.9 kPa, P4R = 129.3 kPa; incident and reflected expansion fans, iEF and rEF; the
states in the boxes corresponds to those in Fig. 4.1; A, B, C, refer to those in Fig. 4.9;
cross symbols are measured; lines are drawn based on the ideal shock tube relation.
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(a) G2 (x = 1800 mm)

(b) G3 (x = 2830 mm)

(c) G5 (x = 3330 mm)
Figure 4.9 Overpressure histories measured at G2, G3, and G5 in demonstration
experiment shown in Fig. 4.8 (A, B, C, refer to those in Fig. 4.8).
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4.4.2 120 mm × 120 mm square counter-driver shock tube
For the interaction experiments between planar shock wave and grid turbulence, a
large CD-ST was constructed. Fig. 4.10 shows a typical configuration of the shock tube.
The CD-ST has a total length of 10.085 m and 120 × 120 mm2 square cross section. The
cross section was expanded in comparison with the shock tube described in Section 4.4.1
to minimize the effect of the boundary layer developed behind a planar shock wave. The
lengths of the L-Driver, the Driven, and the R-Driver sections were 3025 mm, 6040 mm
and 1020 mm, respectively. However, the shock tube was composed of a 1000-mm-long
tube such that the length of each Driver and Driven section could be adjusted to satisfy
experimental conditions. In each Driver section, the active rupture system described in
Section 4.3.1 was installed to realize shock wave generation with temporal control. At the
test section, a pair of BK7 windows with an effective diameter of 110 mm was set for
flow visualization (center of the window at x = 2470 mm). Figure 4.11 shows the optical
system of shadowgraph/Schlieren visualization. A high-speed camera (Phantom v1211,
Vision Research Inc.; 256 pixels × 256 pixels, 100 kfps) and a synchronized pulse diode
laser (CAVILUX smart, Cavitar Ltd; wavelength 640 nm) were used for the visualization.
In some cases of shadowgraph visualization, a half mirror was set on the light pass
because the intensity of the laser light source was too high to visualize the shock wave.
Piezoelectric pressure transducers (either 113A21, 113B27, or H112A21, PCB
Piezotronics Inc.; rise time 1 – 2 s) were flush-mounted on the inner top wall of the
shock tube for the measurement of local shock speeds and overpressure histories. The
porous wall described in Section 4.3.2 was installed at x = 5020 mm to form weak planar
shock waves in the cases of weak shock wave interaction.
In the interaction experiments between planar shock wave and grid turbulence
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described in the following section, a square grid was installed in the shock tube at x =
2020 mm to form grid turbulence by disturbing L-PSF. Figure 4.12 shows the
configuration of the square grid. The square grid was composed of 5 × 5 mm2 square
pillars, which crossed each other at intervals of 25 mm such that the solidity was 30.6%.
The outer frame of the square grid was flush-mounted on the inner wall of the shock tube
to eliminate the effect of the edge on the characteristics of the grid turbulence. By using
the hot-wire anemometer calibrated by the method described in Section 4.3.3, the
characteristics of the grid turbulence was obtained under a certain condition. It should be
noted that the temperature of the grid turbulence was increased by a reflected shock wave
from the grid (Grid-rSW in Fig. 4.13), as mentioned by Xanthos et al. (Xanthos et al.,
2002). Therefore, the calibration of the hot-wire anemometer was conducted under the
assumption of the temperature behind Grid-rSW. In the case that the mean flow velocity
of the grid turbulence, ̅̅̅̅
u2L , was 102 m/s, the rms velocity fluctuation under the
assumption of isotropic turbulence, u′2L , was 4.0 m/s and the integral length scale was 11
mm at x = 2470 mm, i.e. at the center of the visualization window. Taking the speed of
sound behind Grid-rSW as a2r = 358 m/s, which was calculated using an ideal shock tube
relation, the turbulent Mach number was Mt = u′2L ⁄a2r ≈ 11 × 10−3 .
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Figure 4.10 120 mm × 120 mm square counter-driver shock tube, electric circuit
corresponds to Fig. 4.6.

Figure 4.11 Top view of optical system of shadowgraph/Schlieren visualization
(shock tube is described in side view to indicate the position of the visualization
window).

Figure 4.12 Square grid, solidity = 30.6%.
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Interaction between planar shock wave and grid
turbulence
4.5.1 Experimental condition
The interaction experiments between planar shock wave and grid turbulence were
conducted using the CD-ST described in Section 4.4.2. Figure 4.13 shows a wave diagram
under a typical condition of Case 1, where the shock Mach number of R-tSW was Ms =
1.01 and the estimated turbulent Mach number was Mt = 6 × 10−3 (see Table 4.1).
From the L-Driver, L-iSW propagated to the right with L-PSF behind it. The square grid
installed at x = 2020 mm disturbed the flow and formed grid turbulence. With an
appropriate delay time, R-iSW was generated from R-Driver and propagated to the left.
In this case, R-iSW was weakened by the porous wall installed at x = 5020 mm and then
collided with L-iSW. After the collision of these two incident shock waves, L-tSW and
R-tSW formed. R-tSW collided with the front of the grid turbulence at x = xTU and
propagated to the left as it interacted with the grid turbulence. In this study, the interaction
between R-tSW and the grid turbulence was optically observed at the visualization
window, which had a center of x = 2470 mm. The interaction length, Li , was defined as
the length between xTU and the center of the window on the shock fixed coordinate.
Table 4.1 shows the experimental conditions for each case. By changing the initial
condition, the shock Mach number of R-tSW, Ms , and turbulent Mach number of the grid
turbulence, Mt , were manipulated. It should be noted that Mt of these cases were
estimated from an assumption: the velocity fluctuation, u′2L , was proportional to the mean
flow velocity of L-PSF, ̅̅̅̅.
u2L Under the assumption, u′2L in each condition was estimated
from ̅̅̅̅
u2L obtained by an ideal shock tube relation and u′2L = 4.0 m/s at ̅̅̅̅
u2L = 102 m/s,

Chapter 4

85

which was obtained by the hot-wire anemometer as described in Section 4.4.2. In Cases
1 and 3, the porous wall was installed in the shock tube at x = 5020 mm to weaken the
interacting shock wave. In Case 3, a different type of porous wall was applied (diameter
of punched hole, 2 mm; thickness of punched plate, 2 mm; solidity, 74.0%) while the
porous wall in Case 1 was that described in Section 4.3.2. Cases 1 and 3 were the cases
of the interaction between relatively weak shock wave and relatively strong turbulence,
in which the “broken shock” criteria Mt ≳ 0.6(Ms − 1), proposed by the numerical
study (Larsson et al., 2013), could be satisfied, and Case 2 was vice versa. For each case,
the interaction length, Li , was varied by adjusting the relative delay time of the L- and
the R-Drivers.

Figure 4.13 Example of x-t diagram of an interaction experiment between planar
shock wave and grid turbulence (Case 1, see Table 4.1); P4L = 68.0 kPa, P1 = 43.0
kPa, P4R = 50.0 kPa; shock Mach number of R-tSW, Ms = 1.01; turbulent Mach
number, Mt = 6 × 10−3 (estimation); interaction length, Li = 108 mm; solid lines
are calculated from an ideal shock tube relation; cross symbols are measured.
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Table 4.1 Experimental conditions; turbulent Mach numbers, Mt , were estimated
from an assumption of a proportional relationship between ̅̅̅̅
u2L and u′2L .
Case 1

Case 2

Case 3

P4L [kPa]

68.0

68.0

310.0

P1 [kPa]

43.0

43.0

43.0

P4R [kPa]

50.0

99.9

50.0

Porous wall

w/

w/o

w/

R-tSW, Ms [-]

1.01

1.18

1.02

u2L [m/s]
̅̅̅̅

50

50

215

Mt [-]

6 × 10−3
Shadowgraph

6 × 10−3
Shadowgraph

23 × 10−3
Schlieren

Turbulence

Visualization

4.5.2 Side view thickness of shock wave region
Figures 4.14 and 4.15 show the typical shadowgraph images of R-tSW for Cases 1
and 2, which were expected to satisfy and not satisfy the “broken shock” criteria,
respectively. The field of view in Fig. 4.14 is relatively dark because a half-mirror was
placed in the light pass of the shadowgraph system as described in Fig. 4.11; however, it
did not affect the result. Figures 4.14 (a) and 4.15 (a) denote the images before the arrival
of the grid turbulence in the field of view: R-tSW propagated to the left against
undisturbed L-PSF (u2L = 50 m/s). The others show R-tSW interacting with the grid
turbulence with the interaction length, Li . The available maximum Li varied depending
on the experimental conditions, which was restricted by the arrivals of L- and R-EF and
Porous-rSW. It is important to note that a shadowgraph image represents the integration
of density gradient of the fluid over the entire light pass. When an ideal planar shock wave
is visualized by shadowgraph imaging, the density gradient along the shock wave front
causes brightness variation on the shadowgraph image.
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In the case that R-tSW is a relatively weak condition (Fig. 4.14), the wave front of
R-tSW had dark and bright straight lines, which were the features of a planar shock wave
in shadowgraph visualization (Fig. 4.14 (a)). In general, the thickness of a shock wave is
the order of the mean free path of the molecules; however, it is represented by the width
of several pixels when the shock wave is recorded by shadowgraph/Schlieren
visualization using a digital camera. Hereafter, the region where these lines exist, which
represent the density gradient due to the shock wave, is referred to as a “shock wave
region.” During the interaction with the grid turbulence with the interaction length of 108
mm, the shock wave region expanded into the left and right, and its width varied locally
(Fig. 4.14 (b)). In the shock wave region, more than two lines, which indicated density
gradient, could be observed. Sometimes, it became difficult to identify the edge of the
shock wave region because these lines were locally dispersed. These results suggested
that the wave front of R-tSW “wrinkled” or was locally “broken”: the integration of the
local density gradient due to the wrinkled wave front was represented as the shock wave
region with a certain width on the shadowgraph images. These effects became stronger
as Li increased (Fig. 4.14 (c)). However, in the case that R-tSW was relatively strong
(Fig. 4.15), the clear modulation shown in Fig. 4.14 could not be observed. When R-tSW
interacted with the grid turbulence for equivalent distances to Fig. 4.14, the features of RtSW were similar to a planar shock wave, although slight fluctuations, which represented
small, local deformations of the wave front, were observed in the shock wave regions.
The similar phenomenon was reported in the previous study, in which the wave front of
a planar shock wave of Ms ≈ 1.2 fluctuated as a result of the interaction with grid
turbulence of u̅ ≈ 100 m/s (Dosanjh, 1956). Figure 4.16 shows the Schlieren images in
the case of the interaction with extremely strong grid turbulence. In this case, a relatively
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stronger modulation of the shock wave was obtained: the shock wave almost collapsed
and disappeared from the center of the image (Fig. 4.16 (c)).
To reveal the relationship between the interaction length and the modulation of the
shock wave, the side view thickness of the shock wave region was evaluated using image
processing. Based on the background-subtracted shadowgraph images, the distribution of
brightness gradient of each pixel on the image was calculated using the Sobel filter (Sobel,
1968). Thereafter, the edge of the gradient was detected using the Canny edge detector
(Canny, 1986) to obtain the outline of the side view thickness of the shock wave region.
Figure 4.17 shows the relationship between the interaction length, Li , and the average of
the side view thickness of the shock wave region. This processing was done in the vertical
range from 64 pixels to 191 pixels. It should be noted that the data at Li = −230 mm
represent the average of the side view thickness of R-iSW, which propagated in the
stationary gas before the arrival of L-iSW with an equivalent shock Mach number to each
case. In the case of a relatively weak shock wave (Fig. 4.17 (a)), the average of the side
view thickness of the shock wave region was almost constant for Li < 0, which was
before the interaction with the grid turbulence. As mentioned above, a shock wave
recorded by shadowgraph visualization has a finite thickness on shadowgraph images;
therefore, the average of the thickness was not zero even before the interaction. After the
interaction (Li > 0), the average of the side view thickness tended to become larger with
increasing Li . It clearly indicated a correlation between the modulation of the wave front
and the interaction length. In contrast, in the case of a relatively strong shock wave (Fig.
4.17 (b)), the effect of the turbulence interaction on the shock wave was relatively small
because the average of the side view thickness hardly varied before and after the
interaction. One of the possible reasons why the errors increased after the interaction is
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the fluctuation in the shock wave region. As shown in Fig. 4.15, the shock wave region
slightly fluctuated as a result of the interaction with the grid turbulence even in the case
that R-tSW was relatively strong. When the side view thickness of the shock wave region
was integrated, the fluctuation in the shock wave region appeared as the error in Fig. 4.17
(b). However, the result indicated that the fluctuation in the shock wave region was not
enhanced by the interaction, and the shock wave front remained almost planar. This
tendency that the magnitude of the shock wave modulation depended on the relative
strength of the shock wave was consistent with the results obtained in the previous studies
using direct numerical simulation (Lee et al., 1993; Larsson and Lele, 2009; Larsson et
al., 2013).
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(a) before interaction.

(b) Li = 108 mm.

(c) Li = 319 mm.

Figure 4.14 Shadowgraph images of Case 1; Ms = 1.01, Mt = 6 × 10−3
(estimation), “broken shock” criteria was satisfied; interaction length, Li .

(a) before interaction.

(b) Li = 93 mm.

(c) Li = 333 mm.

Figure 4.15 Shadowgraph images of Case 2; Ms = 1.18, Mt = 6 × 10−3
(estimation), “broken shock” criteria was not satisfied; interaction length, Li .

(a) Li = 58 mm.

(b) Li = 178 mm.

(c) Li = 959 mm.

Figure 4.16 Schlieren images of Case 3; Ms = 1.02, Mt = 23 × 10−3 (estimation),
“broken shock” criteria was satisfied; interaction length, Li .
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(a) Case 1 (Ms = 1.01), “broken shock” (b) Case 2 (Ms = 1.18), “broken shock”
criteria was satisfied.
criteria was not satisfied.
Figure 4.17 Relationship between interaction length, Li , and average of side view
thickness of shock wave region; Mt = 6 × 10−3 (estimation).

Summary of this chapter
In this chapter, a counter-driver shock tube (CD-ST) was developed and interaction
experiments between planar shock wave and grid turbulence were conducted using the
CD-ST.
-

An active rupture system using cellophane diaphragm and pneumatic cylinder was
developed. The operation demonstration of the CD-ST was successfully conducted
using the active rupture system. The uncertainty in determining the location of the
interaction was better than 1/169 of the whole shock tube length, which was small
enough for the CD-ST. The system was applied to a 120 mm × 120 mm square CDST.

-

A method to generate a weak planar shock wave in a shock tube was developed. By
attenuating a planar shock wave using a porous wall which was composed of layers
of rigid punched plates, a weak planar shock wave, with the shock Mach number
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Ms = 1.01, was produced.
-

A calibration method of hot-wire anemometer for measurement of compressible flow
was established. Assuming a constant shock Mach number in a shock tube, a
calibration curve at a certain temperature was obtained by varying the mass flux, u.

-

Collapse of the wave front of a planar shock wave caused by the interaction with grid
turbulence was demonstrated using the CD-ST. In the case that the interacting shock
wave was relatively weak compared to the grid turbulence, a significant modulation
on the shock wave occurred: the average of the side view thickness of the shock wave
region increased with the interaction length, and the shock wave even disappeared
under a specific condition. However, in the case of a relatively strong shock wave,
this modulation was comparatively small.
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Conclusions
In the present thesis, the modulations of a shock wave front and the pressure field
behind the shock wave when local disturbance or turbulence acts on the shock waves
were investigated. In each chapter, the various types of effects on shock waves were
experimentally evaluated by changing the characteristics of the disturbances that
interacted with the shock waves.
In Chapter 2, the effects of local density/temperature and velocity disturbance on the
shock wave-boundary layer interaction region were investigated. In this study, the shock
wave naturally oscillated on a laboratory coordinate system upon the interaction with the
boundary layer. Local disturbance artificially generated by pulsed laser energy deposition
was supplied to the shock wave-boundary layer interaction region. In the case without
local disturbance (basic flow), broad oscillation spectra of the shock wave were observed.
In the case with the local disturbance, the oscillation frequency of the shock wave was
modulated: when the frequency of the local disturbance was 30 kHz and lower, the
oscillation spectra of the shock wave had a strong peak at the repetitive frequency of the
disturbance. When the frequency of the disturbance was 40 kHz and higher, the oscillation
spectra modulated toward a much lower domain, while the spectra around the frequency
of the local disturbance vanished.
In Chapter 3, the overpressure modulation behind a blast wave by a local turbulent
flow was investigated. In this chapter, the element of disturbance was velocity fluctuation

94

Chapter 5

and it interacted with the weak blast wave that propagated over a relatively long distance,
on the order of several meters in the field, to weaken the shock wave and minimize the
curvature effects. The pressure field behind the blast wave was modulated by the
interaction with the velocity disturbance: the pressure waveforms obtained by multipoint
measurements varied locally, even in the same shot. The peak overpressure was randomly
varied for each shot and at each measured point by the interaction. Thus, the standard
deviation of the peak overpressure increased by 7 times compared to that without the
interaction.
Chapter 4 described the development of a counter-driver shock tube to investigate
the interaction between a planar shock wave and grid turbulence. A new facility, called a
“counter-driver shock tube,” in which a planar shock wave-grid turbulence interaction
can be conducted in arbitrary conditions, was developed. Shock wave generation with
temporal control was achieved by an active rupture system using a pneumatic cylinder,
and an operational test of the counter-driver shock tube was conducted. Using this facility,
the effects of quasi-isotropic velocity disturbance, i.e., grid turbulence, on the wave front
of a planar shock wave was investigated. When the shock wave was relatively weak
compared to the grid turbulence, the side view thickness of the shock wave region
increased by the interaction length, and the shock wave even disappeared under a specific
condition. However, in the case of a relatively strong shock wave, the modulation of the
shock wave was comparatively small.
In summary, the impact of the interactions with disturbances on a shock wave was
evaluated.

(1)

The

disturbances

could

modulate

the

shock

wave:

when

density/temperature and velocity disturbance repetitively acted on a shock wave, which
naturally had instability, the interaction with the disturbance induced a regular modulation
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of the shock wave front. When velocity disturbance contained randomness, the shock
wave front and the pressure field behind it were randomly modulated by the interaction
with the disturbance. (2) In the case that the disturbance was velocity disturbance, the
magnitude of the modulation depended on the relative strength of the shock wave to the
velocity fluctuation: the wave front of a relatively weak shock wave was strongly
modulated by the interaction, and there existed a correlation between the magnitude of
the modulation and the interaction length.
However, the effects of the interactions on the disturbances were beyond the scope
of the present thesis, although the interactions are generally mutual. Not only the shock
wave but also the disturbances should be modulated by the interactions, as reported in
previous studies, for example on density/temperature disturbance (Adelgren et al., 2005;
Kim et al., 2011) and turbulence (Agui et al., 2005; Kitamura et al., 2017). The
disturbances following the interactions have the potential to affect the pressure field
behind the shock wave, therefore, further investigations are required to reveal the
mechanisms of the mutual interactions.
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