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Chapter 1

Introduction

1.1 Problems related to shock waves in aerospace

engineering

A shock wave is a symbolic phenomenon in compressible fluids. In aerospace
engineering, where high-speed flow often occurs, shock waves appear in various
situations. Because instantaneous compression by a shock wave increases entropy
(Landau and Lifshitz, 1987), appropriate control of shock waves is required to improve
efficiency. In particular, supersonic and hypersonic flights always struggle with
aerodynamic problems related to shock waves. Realization of these new generation
transportation means could contribute to the innovative values in human society and
reduce transportation time. However, the complex behaviors of shock waves in non-
uniform fluid fields render difficulty in aerodynamic problems and prevent sustainable
operations.

A sonic boom is a serious problem caused by rapid compression by a supersonic flight
vehicle. The sonic boom is an explosion-like loud noise heard on the ground owing to its
two sudden pressure increases represented as an “N-wave” (Maglieri et al., 2014). The
unpleasant noise affects human activities, and in worse cases, structures such as windows

are broken. Furthermore, the overpressure characteristics of the sonic boom, such as the



peak value of overpressure and the pressure risetime, are locally changed by atmospheric
turbulence existing between the supersonic flight path and ground. Supersonic flight tests
conducted in the past by the National Aeronautics and Space Administration (NASA)
revealed that the overpressure history measured at multiple points on the ground
considerably varied (Kane, 1972). Subsequently, researchers investigated the effects of
atmospheric turbulence on the overpressure characteristics of the sonic boom by
simplified laboratory experiments (e.g., Lipkens and Blackstock, 1998) and numerical
simulations (e.g., Kanamori et al., 2021). To determine the operational rules of supersonic
flight above the ground, the effect of atmospheric turbulence on the changes in
overpressure by the sonic boom must be clarified.

In supersonic flight, the engine intakes air in a supersonic state and transfers it to the
propulsion system; subsequently, a diffuser is employed to slow this supersonic air down
to a subsonic state. From a compressible fluid dynamics viewpoint, supersonic flow
cannot be decelerated to subsonic flow while preserving entropy: the supersonic flow
must be compressed by shock waves (Shapiro, 1953a). Thus, the diffuser is designed to
generate multiple weak oblique shock waves and compress air without considerably
increasing the entropy (Strack and Morris Jr., 1988). In the process, the shock waves
interact with a boundary layer developed from the wall; this phenomenon is called a shock
wave-boundary layer interaction (SWBLI) (Clemens and Narayanaswamy, 2014). In the
boundary layer, the pressure waves can propagate upstream because the flow speed in the
boundary layer is subsonic. This causes undesirable complex shock wave behaviors in the
internal flow field, thereby leading to serious problems, such as a reduction in operating
conditions and efficiency deterioration (Trapier et al., 2006).

Scramjet (supersonic combustion ramjet) is a developing technique that attempts to



take place a combustion process and obtain thrust in supersonic airflow (Ferri, 1973;
Curran et al., 1996). This method enables efficient high-speed operation because the
propulsion system does not have to slow down the supersonic flow. However, completing
the combustion process in supersonic or hypersonic flow involving multiple shock waves
is challenging. Therefore, the mixing process by shock waves should be clarified to
enhance mixing efficiency.

To offer solutions for these shock-related aerodynamic problems in applicational
situations, the shock wave behaviors in complex flow fields should be well understood.
Therefore, the abovementioned aerodynamic phenomena should be investigated in
reasonably simplified configurations, and essential parts of shock wave behavior should
be extracted. To understand the interaction of shock waves with complex flow fields
(atmospheric turbulence, boundary layers, and fuel jets), an interaction between a shock
wave and turbulence (shock—turbulence interaction) has been investigated as the most
fundamental configuration (Andreopolous et al., 2000). In the next section, the related

academic work of shock—turbulence interactions are reviewed.

1.2 Related studies on shock—turbulence interactions

1.2.1 Effect of shock waves on turbulence

In a shock—turbulence interaction, velocity fluctuation is amplified and length scales
are changed in turbulence owing to the instantaneous compression of a shock wave. These
phenomena directly affect mixing, one of the most important features of turbulence in
engineering. Budzinski et al. (1992) reported that the enhancement of mixing by shock

waves could be applied to the combustor of hypersonic vehicles. Therefore, numerous



researchers have investigated the effects of shock waves on turbulence characteristic
changes for a long time.

Keller and Merzkirch (1990) used a shock tube with grid turbulence and a shock wave
reflected at the end wall. They measured the density fluctuations using speckle
photography and reported an amplification in the turbulence intensity at lower wave
numbers in the spectrum. Honkan and Andreopoulos (1992) conducted an experiment on
the interactions of a planar shock wave with grid-generated turbulence in a shock tube.
They developed a hot-wire measuring technique for shock tube flow and found that the
amplification of the root-mean-square value of velocity fluctuations and its gain ratio
depended on the upstream isotropic turbulence characteristics. This finding was
confirmed using a similar experimental device (Briassulis et al., 1996; Agui et al., 2005).
In another experimental system, Barre et al. (1996) studied an interaction between a
planar shock and quasi-homogeneous isotropic turbulent supersonic flow at Mach 3. They
reported that the shock wave increases the longitudinal fluctuating velocities and
decreases the longitudinal integral scales. Recently, McManamen et al. (2021) measured
velocity and temperature fluctuation using molecular tagging velocimetry (MTV) and
two-line planar laser induced fluorescence (PLIF) in a pulsed wind tunnel at Mach 4.4.
They reported that the temperature fluctuation amplification factor was between 3.0 and
4.5.

Improvements in the computing capacity and development of numerical simulation
methods enable numerical simulations of the interaction between a planar shock wave
and isotropic turbulence to be conducted. Direct numerical simulation (DNS) has
primarily been used to understand shock—turbulence interaction problem. In studies

involving DNS, the characteristic change in turbulence, including very strong



compressible turbulence, have been investigated (Lee et al., 1993; Larsson and Lele,
2009; Larrson et al., 2013; Ryu and Livescu, 2014; Chen and Donzis, 2019). These DNSs
confirmed the experimental results of the amplification of turbulence velocity fluctuations
and the change in scales of turbulence. Additionally, important changes in the shock wave

affected by turbulence were reported in these DNS studies, as summarized later.

1.2.2 Effect of turbulence on the post-shock pressure field

Modulation of post-shock overpressure is important for numerous engineering
applications, such as the sonic boom behavior while passes through atmospheric
turbulence and behavior of the blast wave in the far field. To predict the effect of a
modulated shock wave on humans and buildings, understanding overpressure modulation
characteristics caused by a nonuniform flow field is crucial.

Lipkens and Blackstock (1998) conducted a model laboratory experiment of sonic
boom propagation through atmospheric turbulence. The sonic boom was imitated by an
N-wave induced by an electric spark source, and the turbulence was generated by a plain
jet. Their experiments were conducted multiple times and indicated that the peak pressure
and rise time of the N-waves were considerably scattered by interacting with the plane
jet. Kimet al. (2010) generated a spherical shock wave using an Nd: YAG laser breakdown
and by allowing the shock to pass through a turbulent slit jet. They obtained distinct
relationships between the overpressure history and visualized shock front deformation.
The peak overpressure was increased when the shock front was flattened, whereas it
decreased when humped. Sasoh et al. (2014) demonstrated an interaction between a
spherical shock generated by an open-ended shock tube and grid turbulence in a wind

tunnel. They found that the impact of the turbulence on the standard deviation of the peak



post-shock overpressure was much larger than that of its ensembled average. Using a
similar experimental device, Inokuma et al. (2017) simultancously measured
overpressure and velocity of the grid turbulence; they found that the shock modulation
was induced by the large-scale turbulent motion. Additionally, they statistically
investigated the peak overpressure of the shock wave in grid turbulence and discussed the
effects of a shock and turbulent Mach number on the averaged peak overpressure
(Inokuma et al., 2019). Tamba et al. (2016) conducted a field experiment of the interaction
between a blast wave and grid turbulence using a gunpowder explosion and grid
turbulence. They found that the effect of turbulence on peak overpressure was seven times
that of non-turbulence.

In the abovementioned studies, spherical shock waves were used, whereas, in a shock
tube, a planar shock wave, which is a much simpler type of shock wave, can be obtained.
Dosanjh (1956) experimentally visualized the wave front of the planar shock wave
fluctuating owing to the interaction with grid turbulence using a shock wave with
shadowgraph visualization. Xanthos et al. (2002) conducted an experiment on a planar
shock wave reflected from an end wall with grid-generated turbulence in a shock tube.
The variation in the post shock pressure of the planar shock wave owing to its interaction
with grid turbulence was investigated. Using DNS, Tanaka et al. (2018 and 2020) studied
the relation between planar shock wave deformation and the change characteristics of

overpressure of the deformed shock wave.

1.2.3 Effect of turbulence on the shock wave structure

The deformation of a shock wave is a common outcome of shock—turbulence

interactions. In studies involving DNS, the shock wave structure in the interaction



between a planar shock wave installed in a supersonic flow and isotropic turbulence has
been investigated. Lee et al. (1993) first reported an interaction regime, where shock
waves no longer had well-defined fronts in DNS. This finding was remarkable because,
in the classical theory of linear interaction analysis (LIA) of the shock—turbulence
interaction (Ribner, 1954), the shock wave was assumed to always maintain its
discontinuous structure. They suggested M > 0.1 (M ? — 1) as the interaction regime
where shock waves that no longer have a front occur. Here, M; is a turbulent Mach number
(a value obtained by dividing the root-mean-square value of velocity fluctuation of
turbulence by the speed of sound in the turbulence), and M is a flow Mach number of the
upstream flow of the stationary shock wave. Subsequently, Larsson and Lele (2009)
categorized the regimes in the shock—turbulence interaction into the “wrinkled shock”
regime, in which the discontinuity of the shock wave is maintained although it deformed,
and “broken shock” regime, in which locally continuous parameter changes appear to the
shock wave front; they suggested M > 0.06 (M? — 1) as a predictor of the broken shock
regime. Larsson et al. (2013) studied a wide range of interactions and proposed M; > 0.6
(M — 1) as a more precise criterion for the broken shock regime. Simultaneously, Donzis
(2012) derived the same criterion from theoretical analysis. He assumed that the upstream
turbulent flow of the shock wave follows the Gaussian velocity field and computed a ratio
of locally subsonic flow. Chen and Donzis (2019) confirmed that this assumption is
appropriate using DNS. Further, they reported a “vanished” regime as a new type of
interaction regime, where the location of the shock wave front could not be easily defined
entirely. This “vanished” regime occurred when the shock wave was weak and turbulence

was strong.



1.3  Objective of this thesis

Among the aforementioned important features of the shock—turbulence interaction,
this thesis focuses on the modulation and moderation of a planar shock wave front, which
is the most fundamental type of shock wave, during its interaction with turbulence. We
believe that fundamental understanding of the changes in a planar shock wave front and
consequent pressure modulations by turbulent flow will aid in reliably predicting the
noise level of a sonic boom affected by atmospheric turbulence and developing innovative
methods to efficiently control the shock wave strength.

Earlier research has revealed that deformation of a planar shock wave considerably
affects the shock—turbulence interaction (Lee et al., 1993; Larsson and Lele, 2009; Kim
et al., 2010; Larsson et al., 2013; Tanaka et al., 2018 and 2020; Chen and Donzis, 2019).
However, regarding the regime of the shock—turbulence interactions, previous studies
have the following limitations:

A) The regimes of shock—turbulence interactions have only been investigated using
DNS.

B) The “broken” and “vanished” regimes have been obtained only for intensive
turbulence conditions.

C) The mechanism leading to the “vanished” regime during the interaction is unclear.

Let us first evaluate A). In numerical simulations, a shock wave is approximated as a
thin continuous profile because a finite length is required to express the shock wave in
the simulation. This assumption deviates from the structure of an actual shock wave,
whose thickness is extraordinarily small (the same order to the mean free path of gas). In
addition, regarding the numerical setup in the DNS, to simulate the interaction between

the stationary planar shock wave and isotropic turbulence, the boundary conditions,



including the turbulence effect (Lele, 1992), are applied based on the Rankine—Hugoniot
equations. If these conditions are not applied, the shock wave unstably moves in the
calculation domain, a phenomenon called “shock drifting” (Larrson et al., 2013). That is,
an artificial external force acts on the shock wave to maintain its location. Therefore,
these earlier studies were conducted on the assumption that the shock wave remains
stationary; this assumption is different from the real situation. Thus, the results obtained
by the numerical simulation cannot be guaranteed to be applied to real phenomena.
Additionally, the obtained characteristic changes in the shock wave and turbulence are
the results from the “steady” state of the shock—turbulence interaction. Therefore, the
unsteady modulation and moderation of a shock wave propagating through turbulence
and the mechanism through which the shock wave settles into a steady state remains
unclear.

Regarding B), the DNS studies examined the strong turbulence condition to
investigate shock wave deformation: turbulent Mach number M; in these studies is
typically greater than 0.1. This range of turbulence is not frequently observed in the
atmosphere. For example, according to measurements using a radiosonde, the averaged
wind speed in the troposphere is 9.55 m/s in the height from 0 to 11 km (Takahashi et al.,
2018). If we assume the temperature as 300 K, M; = 0.028 is obtained. Thus, the shock—
turbulence interactions must be investigated under these weak turbulence conditions to
address the real phenomenon. However, whether a broken and vanished regime occurs in
an interaction between a weak shock wave and weak turbulence has not been investigated.
To answer this question, a wide range of conditions of the shock wave and turbulence
should be examined. However, the constraints of experimental facilities make performing

these examinations difficult.



Topic C) is about the vanished regime of the shock wave. This new regime has been
reported in just one recent DNS study (Chen and Donzis, 2019), and the criterion for
occurrence has not been proposed yet. The understanding of this regime is important
because the vanished regime shows the possibility of mitigation of the shock wave by the
interaction of the flow field.

The objective of this thesis is to tackle these limitations in shock—turbulence
interactions and provide novel insights. Regarding topic A), we conduct experiments
between the planar shock wave and grid turbulence. To establish the experiment, the first
part of this thesis focuses on a generation method for shock wave. In general, generating
a shock wave depends on an opening process of diaphragm that separates a driver and
driven gases (e.g., White, 1958). The objective of this part is to understand the
characteristics of shock wave generation in a shock tube for the following experiment of
the shock—turbulence interaction. Then, the experiments between the planar shock wave
and grid turbulence are conducted by a counter-driver shock tube (CD-ST) (Tamba et al.,
2015). The experimental investigation in the CD-ST is expected to provide novel insights
into shock—turbulence interactions. First, the experimental investigation enables the
validation of the results obtained by DNS studies. As aforementioned, the shock wave is
approximated as a continuous profile in numerical simulations. By conducting
experimental investigations, this thesis aims to validate the DNS studies and offer insight
into the physics in shock wave deformations. Second, the experiments performed can
overcome the problem of unphysical boundary conditions. In the CD-ST, the planar shock
wave and grid turbulence can be generated by an independent driving force. We can
evaluate the shock wave unsteadily propagating through grid turbulence, without an

artificial force applied to the shock wave. Because the planar shock wave does not change
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properties by itself during propagation, pure effects of unsteady propagation through
turbulence on the shock wave can be investigated. Although a similar system can be
obtained in DNS (Tanaka et al., 2020), their research was conducted under limited shock
wave and turbulence conditions. Further investigations are still required.

Regarding topic B), this thesis parametrically evaluates the effects of parameters in
shock—turbulence interactions, such as the shock and turbulent Mach number, on shock
wave deformations. The weak turbulence effect (M; < 0.025) on the modulation and
moderation of the shock wave profile is examined in this thesis, which has not been
investigated earlier. The experimental validation of the “broken” and “vanished” shock
regime in the shock—turbulence interaction, under weak shock wave and weak turbulence
conditions, is also an important objective of this thesis.

Regarding topic C), this thesis aims to experimentally validate the “vanished” regime
and give a physical understanding by expanding a fundamental shock wave interaction

theory (the Riemann problem).

1.4  Structure of this thesis

In Chapter 2, as preparation for the shock—turbulence interaction experiments,
investigations of a cellophane diaphragm rupture process and its impact on the shock
wave formation in a shock tube are conducted. The process of a tensioned cellophane
diaphragm is observed using high-speed visualization, and the petal formation law, which
can predict diaphragm stress condition where a shock wave can be successfully generated,
is obtained. Finally, we conclude that the opening process of the cellophane diaphragm is
suitable for weak shock formation in a short shock formation distance.

In Chapter 3, interactions between a planar shock wave and grid turbulence are

11



conducted using a counter-driver shock tube. The shock wave propagating through the
turbulence is visualized using the shadowgraph and schlieren method, and the effects of
the shock Mach number, turbulent Mach number, and the interaction length on the shock
wave front profile are evaluated. An unsteady increase in the side projected thickness of
the shock wave is discussed. Moreover, the broken regime is experimentally obtained
when the shock wave is weak after traveling a sufficient interaction length.

In Chapter 4, the vanished regime of the shock wave is investigated in an experimental
and theoretical manner. In the experiment, losing the shock wave front profile during
propagation through turbulence is obtained on images using schlieren visualization.
Based on the Riemann problem, a condition where the shock wave changes into
expansion waves is derived for a one-dimensional system. By expanding that to a

multidimensional system, a new criterion for the vanished shock regime is derived.
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Chapter 2

Experimental law in cellophane
diaphragm rupture processes and its
impacts on shock tube performance

2.1 Introduction of this chapter

2.1.1 Introduction to shock tubes

A shock tube is the most fundamental experimental device for generating a planar
shock wave, which is the simplest form of shock waves. A diaphragm separates the long
tube inside a shock tube into two sections: driver and driven. High- and low-pressure
gases are filled in the driver and driven sections, respectively. On the rupture of the
diaphragm, the high-pressure gas abruptly compresses the low-pressure gas, and a planar
shock wave propagates in the driven section. Shock tubes have been used in various fields
of science and engineering, e.g., fundamental shock wave physics, shock wave reflections,
dynamic responses of materials, and chemical reactions. In this thesis, we use a shock
tube to investigate the behavior of shock waves interacting with turbulence, and the
results are discussed in Chapters 3 and 4. This chapter describes the experimental
examination of the fundamental operation of a low-pressure shock tube, conducted as a

preliminary study for the subsequent shock—turbulence interaction experiments.
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2.1.2 Effect of diaphragm rupture on shock wave formation

The strength of a shock wave and its associated flow conditions in an ideal shock tube
operation are straightforwardly obtained from the initial conditions using inviscid shock
tube relations based on the Rankine—Hugoniot equations (Shapiro, 1953b; Liepmann and
Roshko, 1957; Glass and Sislian, 1994). However, in an actual shock tube operation, the
viscosity, heat transfer, and diaphragm rupture processes should be carefully considered.
Among these processes, diaphragm rupture typically affects the shock wave formation
and flow field.

White (1958) investigated the effect of the diaphragm opening time on strong shock
wave formation in a shock tube using a stainless-steel diaphragm. Petrie-Repar and
Jacobs (1998) obtained similar results by numerical simulation. Simpson et al. (1967)
measured the opening time of a 0.55-millimeter-thick brass diaphragm and demonstrated
that a shorter opening time resulted in a shorter shock formation distance.

The diaphragm opening morphology also significantly affects the flow in a shock tube.
Yang (1995) reported that a shock wave weakens with the reduction in the cross-sectional
area ratio of the diaphragm of a shock tube, based on theoretical analysis. Gaetani et al.
(2008) investigated, both experimentally and numerically, the performances of shock
tubes with various diaphragm opening area ratios. They confirmed that shock strength
decreased with decreasing opening ratio of the diaphragm. They also evaluated the
disturbance characteristics in the shock tubes and proposed a simple analytical model for
reducing the local frequency disturbance. Houas et al. (2012) showed that compression

waves do not coalesce in a shock tube with an opening area ratio smaller than 0.5.
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2.1.3 Objective of this chapter

The abovementioned previous research dealt with relatively strong shock waves and
used metal diaphragms to sustain the large pressure difference before diaphragm rupture.
On the other hand, for generating a weak shock wave with a shock Mach number smaller
than 1.1, a diaphragm formed of a light and brittle material is preferred to ensure
diaphragm opening under a relatively smaller pressure difference. However, such a
diaphragm causes a crucial problem in shock tube experiments because it needs a long
time to open. In one-dimensional analysis, the shock wave formation distance, Ls, of
compression waves, whose time derivative of pressure under the initial conditions is

(Op/0f):=0, can be estimated as follows (Sasoh, 2020):

L = 2V pOaO
Syt (a_p) (2.1)
Ot/

where y is the specific heat ratio and po and ao are the pressure and speed of sound in front
of the head of the compression waves, respectively. This equation shows that the shock
formation distance is proportional to the diaphragm opening time and the inverse of the
pressure increase. Thus, the shock formation distance for a weak shock increases not only
with a small pressure increase but also with the diaphragm opening time increase in a
shock tube.

The experiments presented in this thesis had to handle this problem. We used a
counter-driver shock tube (CD-ST) in shock—turbulence interaction experiments, which
are discussed subsequently. The CD-ST had two counter drivers on both sides of the
driven section. Therefore, the distance between the diaphragm and the test section was
limited compared to that in a conventional single-driver shock tube. Moreover, the

behavior of weak shock waves interacting with turbulence was a crucial aspect of the
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study presented in this thesis. Therefore, to conduct the shock—turbulence interaction
experiments under wide conditions in the CD-ST, the effect of the opening process of a
diaphragm on the shock wave formation needed to be clarified. In this study, cellophane
was employed as the diaphragm material. To generate weak shock waves, cellophane has
been empirically adopted as the diaphragm material owing to its light and thin features
(Henshall, 1955; Ikui and Matsuo, 1969; Ikui et al., 1969; Tamba et al., 2015). However,
the opening process of the cellophane diaphragm has not been sufficiently investigated.
Under humid experimental conditions, the author of the present thesis observed an
incomplete opening of a cellophane diaphragm, which resulted in the deterioration of
shock formation. Therefore, the objectives of the study presented in this chapter were to
clarify the opening process of a cellophane diaphragm by high-speed imaging and

investigate the effect of the opening process on the formation of a weak shock wave.

2.2 Experimental setup

2.2.1 Shock tubes

Figure 2.1 shows the experimental setups used in the study. Two types of stainless-
steel shock tubes with square cross-sections were used. The length of the side square
cross-section, D, were 62 and 120 mm, and the lengths of the driver section were 515 and
1020 mm, respectively. Those of the driven section were changed depending on the
objectives of the experiments (visualization of diaphragm opening process or
measurement of the overpressure). To separate the driver and driven gases, a one-layer
cellophane diaphragm was used. A layer of a “white” cellophane film (Futamura

Chemical Co. Ltd., PC5-W #300) with a thickness e of 21 um was used to enhance the
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visibility of the diaphragm opening process. The mechanical properties of the white
cellophane film were largely similar to those of a plane one without any additive or
surface coating (Futamura Chemical Co. Ltd., PL #300). Specifically, the differences in
their measured tensile strengths and elongations were approximately 6% and 4%,
respectively. Therefore, the experiments were conducted using the white cellophane film;
however, the results obtained in this research can also be applied to the widely used plain
cellophane. We adopted an active diaphragm rupture system using a needle driven by a
pneumatic piston controlled by electronic signals. This system was introduced into a
counter-driver shock tube, in which the relative diaphragm rupture timing of the driver
should be controlled precisely (Tamba et al., 2015). To drive the pneumatic cylinder
(SMC Co., CI2B10-60AZ), high-pressure air was supplied by two 4.00-millimeter-thick
polyurethane tubes using a feedthrough installed on the driver channel to actuate the
needles. These tubes were connected to a high-pressure air bottle via a five-port
electromagnetic valve (SMC Co., SY-3220). Valves on the upper and end walls of the
driver channel were also connected to a Bourdon pressure gauge and attached to the driver
air supply from a compressor. The initial pressures in the driver and driven sections are
denoted as p4 and p1, respectively. The driver was supplied with dry compressed air using
a dryer (SMC Co., ID300-04) and a compressor (ANEST IWATA Co., TFP04C-10C)
through which atmospheric air was passed. The temperature and relative humidity, ¢, of
the driven section were recorded using a thermo-hygrometer immediately before the
diaphragm rupture. Because atmospheric conditions in the laboratory exhibited everyday
alterations, the relative humidity of the driven section was passively set in a range of
20.0%RH < ¢ < 76.6%RH. The accuracies of the temperature and relative humidity

measurements were £1 K and £5%RH, respectively.
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2.2.2 Visualization systems

Figures 2.1 (a) and (b) show the schematically show the setups for the visualization
of the diaphragm rupture process. As shown in Fig. 2.1 (a), we set the origin, O, at the
diaphragm center before its bulge. The x-axis is defined from O toward the right along
the central axis of the driven section, the y-axis is from O toward the depth direction in
the sideview, and the z-axis points upward. The distance, 7, is considered from the central
axis (see Fig. 2.1 (a) and 2.2). s is the arc length from the top of the bulged diaphragm
(see Fig. 2.1(a)).

Setup I (see Fig. 2.1 (a)) was used to capture the crack-propagation process during a
relatively early stage of the diaphragm rupture. The diaphragm was illuminated by a
strobe light (Panasonic, PE-60SG) installed off the central axis of the shock tube. The
diaphragm rupture process was visualized using a high-speed camera (SHIMADZU co.,
HPV-1) set along the axis of the driver channel. This setup had a resolution of 312 % 260
pixels and a framing rate of 5 x 10° fps with an exposure time of 1 s.

Setup II (see Fig. 2.1 (b)) was used for capturing the opening motion of the petals of
the ruptured diaphragm. The frame rate of the high-speed camera (SHIMADZU Co.,
HPV-1 or nac Image Technology Inc., ULTRA Cam) was set as 3.2—4.0 x 10* fps (time
interval was 32-25 ps) and the exposure time was 3—16 ps. To replicate an actual shock
tube operation, the driven section was installed on the low-pressure side. A transparent
acrylic endplate was installed at the end of the driven section. The feedthrough port on
the top surface of the driven section was kept open until immediately before the
diaphragm rupture. Therefore, the initial conditions of the gas in the driven section were
equivalent to those of the laboratory atmosphere (pressure, temperature, and humidity),

as in Setup 1. For Setup II, the strobe light source was the same as used as in Setup 1.
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2.2.3 Overpressure measurement

Setup III (see Fig. 2.1 (c)) was used to measure the overpressure histories of the
shock waves in a long driven channel. Pressure transducers (113B27, PCB Piezotronics

Inc.; rise time 1 us) were flush-mounted on the upper wall of the shock tube.
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Figure 2.1 Experimental setups. (a) Setup I for visualizing crack propagation. (b) Setup
II for visualizing the complete opening process of the cellophane diaphragm in the

shock tube. The strobe light source is omitted in the sideview. (¢) Setup III for the

overpressure measurement.
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2.3 Cellophane diaphragm rupture

2.3.1 Strain stress acting on cellophane diaphragm

To consider the fragmentation process of a tensioned thin membrane, evaluating the
strain and the stress before fragmentation is important (Moulinet and Adda-Bedia, 2013).
We calculated the tensile stress acting on the cellophane diaphragm subjected to a
pressure difference by displacement. The displacement of the diaphragm was measured
by changing ps and ¢ using Setup I. The measurement results revealed that the diaphragm
was deformed into an almost spherical shape. Thus, by measuring displacement at the
center of the diaphragm, xo (on the x-axis), and assuming a zero displacement at (y, z) =
(0, = D/2) and (= D/2, 0), we obtained the spherical shape of the diaphragm with a radius
of curvature R. The tensile stress o; [Pa] acting on a partial spherical diaphragm with a
thickness e under a pressure difference Aps1 (= ps — p1) is calculated as follows (Roark,

1938):

_ ApuiR

> (2.2)

Oj
The error in o;, estimated by the measurement errors of xo and Aps1 was approximately
2%. The maximum o; used in this research was 68.7 MPa.

The bulge at the center of the diaphragm, xo, varied depending on the pressure
difference and humidity on the low-pressure side. Specifically, it increased with humidity
for the same pressure difference and with the pressure difference for the same humidity,
on the low-pressure side. The former trend was consistent with the technical data of the
mechanical properties of the cellophane diaphragm provided by the cellophane
manufacturer, i.e., its elongation of the cellophane diaphragm increases with the relative

humidity, and tensile strength decreases with relative humidity (Futamura Chemical Co.
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Ltd., private communication, 2021). If the compressibility of the material is ignored, the
strain of a diaphragm can be estimated as the ratio of the stretched length to the length in
the original state. In this study, the minimum strain was 0.011 and the maximum was 0.42.
For natural rubber (Moulinet and Adda-Bedia, 2013), the measured strain has been found

to be 7.0 + 0.5, indicating that the studied cellophane diaphragm was very brittle.

2.3.2 Crack propagation process in cellophane diaphragm

In the early stage of the diaphragm opening process, high-speed crack propagation
was observed. Examples of sequence images of the crack propagation observed using
Setup I are shown in Fig. 2.2. The results obtained with the cross-section size, pressure,
humidity, and temperature of D = 62 mm, ps = 140.9 kPa, p1 = 100.9 kPa, and ¢ =
35.0%RH are shown in Fig. 2.2 (a). The images captured under D = 120 mm, p4 = 121.5
kPa, p1 = 101.5 kPa, and ¢ = 41.5%RH are shown in Fig. 2.2 (b). The calculated tensile
stresses under these conditions were i = 54.8 MPa (Fig. 2.2 (a)) and 54.1 MPa (Fig. 2.2
(b)), respectively. The frame immediately before the first crack was identified and set as
t = 0 ps. The time, ¢, had an uncertainty of 2 us owing to the frame interval. The crack
propagated from the center of the diaphragm immediately after needle impingement. As
the distance from the origin increased, crack branching was observed. This high-speed
crack propagation has not been observed in aluminum and copper diaphragms (Campbell
et al., 1965; Rothkopf and Low, 1974). We also visualized a polyester diaphragm (see
Appendix A); however, we did not observe high-speed multiple crack propagation in the
early stage of the diaphragm opening.

The crack front positions were manually extracted from Fig. 2.2 every 10 us, and the

results are shown in Fig. 2.3. The propagation speed of the crack front under these

22



conditions remained unchanged. Figure 2.4 shows the time evolution of the averaged
crack length on the arc of the diaphragm, s. The effects of the differences in the shock
tube scale, pressure, and low-pressure section humidity on the crack propagation speed
were examined. For ¢ = 53.7, 76.6%RH, and D = 120 mm, the experimental results
obtained with Setup II were used. As the time resolution of Setup II was 32 or 25 ps, the
time, ¢, was synchronized by comparing the images of the first crack appearance with the
results obtained under the same pressure difference but different humidity values. In Fig.
2.2, saturated regions of brightness exist on the left-hand side (20 <y <—10 in Fig. 2.2
(a)) and right-hand side of the diaphragm (20 <y <40 in Fig. 2.2 (b)). Therefore, s was
calculated using the crack fronts at y > 0 in Fig. 2.2 (a) and y <0 in Fig. 2.2 (b). As shown
in Fig. 2.4, 5 increases linearly with time, i.e., the crack speed is constant. Under the
low-pressure condition (Aps41 = 3.0 kPa), a single crack was generated (subsequently
shown in Fig. 2.5 6; =20.0 MPa), and its propagation speed was lower than that under the
other condition (619 m/s). Under this condition, the initial stress appeared to be
insufficient to fully accelerate the crack. Under the other conditions, multiple cracks were
generated, and a constant crack front propagation speed was obtained regardless of D,
Apa1, and ¢. The average crack speed v. was 855 = 37 m/s. This crack propagation speed
should be compared with the longitudinal and shear wave speeds. In this study, we
calculated the longitudinal and shear wave speeds of the cellophane diaphragm. Using

Young’s modulus, £, and Poisson’s ratio, x, of the material by assuming a bulk state, the

longitudinal and shear wave speeds can be expressed as JE(I — ,u)/{pc(l + u)(1 - Z,u)}

and /E/{ch(l + ,u)}, respectively, where pc (= 1460 kg/m?) is the density of cellophane.

According to the cellophane manufacturer, £ for cellophane with a humidity of

23



approximately 60%RH is E =~ 4.42 GPa. However, we obtained a value of £ = 3.2 GPa
from the elastic range of the stress—strain curve (0.25% stretch at 80 MPa) presented in
an earlier study using plain cellophane (Zhang et al., 2015). We assumed u as 0.3-0.4,
similar to those of other polymer materials. Consequently, using £ = 4.42 and 3.2 GPa,
the longitudinal wave speeds were calculated as 2269-2806 m/s and 1930-2387 m/s,
respectively. Correspondingly, the shear wave speeds were estimated as 1402—-1455 m/s
and 1194-1239 m/s. Therefore, the difference of 1.2 GPa in E obtained by the two
approaches caused differences of 339—419 m/s and approximately 200 m/s in the
longitudinal and shear wave speeds, respectively. It can be concluded that the crack
propagation speed obtained experimentally was approximately 30-38% longitudinal
wave speed and 59-61% shear wave speed on employing the value supplied by the
manufacturer. It was 36—44% longitudinal wave speed and 69—72% shear wave speed on
using the value of Zhang et al. (2015).

In a molecular dynamics simulation conducted by Martin et al. (2000), a branching
instability occurred when the crack speed reached a critical crack tip speed. This speed
was estimated at 70% that of a wave propagating near the surface (the Rayleigh wave),
which in turn is approximately 90% of the shear wave speed (Landau and Lifshitz, 1986).
Thus, the critical point of crack speed is approximately 63% of the shear wave speed. In
our experiment, the crack propagation speed with branching was estimated at 59-72% of
the shear wave speed, correlating with the prior figure. However, the Young’s modulus £
of the cellophane was assumed to be constant throughout our analysis. Because the stress—
strain relationship was affected by humidity, £ and the wave speeds must likewise be
influenced by the humidity effect. However, the measured crack propagation speed was

constant. To clarify the relationship between the change in physical properties and
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constant crack propagation speed, further investigation is necessary.

We now examine differences among materials. Prior studies using highly tensioned
natural rubber reported a constant crack propagation speed with branching (Moulinet and
Adda-Bedia, 2013) through an experiment conducted in a single length-scale of the
experimental device. The present study confirmed a constant crack propagation speed
even given changes in experimental device length, pressure difference, and humidity on

the low-pressure side.
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2.3.3 Petal formation law

Figure 2.5 shows examples of the opening process of the cellophane diaphragm
visualized using Setup II. The temperature in the driven section ranged from 289.6 to
295.0 K. The humidity, ¢, in the driven section was different in all experiments, within
20.0%RH < ¢ <76.6%RH. The humidity affected the initial deformation of the diaphragm,
which changed the initial tensile stress acting on the diaphragm, o;. The calculated values
of o; were within 0 MPa < g; < 68.7 MPa. A small tensile stress (g < 10.3 MPa) was
obtained under the following pressure setting: first applying ps = p1 + 20.0 kPa and
subsequently decreasing it to p4 < p1 + 3.0 kPa. The diaphragm was ruptured at p4 =0, 1,
and 3 kPa. Because the diaphragm underwent a partial plastic deformation owing to the
pressure difference, we obtained a small Apsi and R using Eq. (2.2) following the
aforementioned procedure and examined the small tensile stress condition. The time, ¢,
was synchronized by comparing the images of the first crack appearance to the images
captured every 2 us in the previous experiment (Fig. 2.2). As shown in Fig. 2.5, two types
of crack propagation regimes are observed. When a; = 3.45 and 20.0 MPa, a single crack
was generated, and a crack branch was not observed. Moreover, in the lowest tensile stress
case (oi = 3.45 MPa), the crack propagation stopped before reaching the duct wall. This
partial diaphragm opening regime is unfavorable for shock wave formation. Alternatively,
in the higher tensile stress cases (g; > 25.9 MPa), petal-like fragments were formed by
crack propagation with a branch from the center of the diaphragm, and they began rotating
about the axis-of-rotation on the wall. The number of petals varied with ¢;. Under a high
tension, o; = 68.7 MPa, numerous petals were formed (146 petals), and the apex angle of
the petals became extremely small. On the contrary, a smaller tensile stress resulted in a

fewer number of petals. The number of petals was 9 when ¢; = 25.9 MPa. Notably, the
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aforementioned two types of crack propagation regimes were observed in a previous
study on a highly elastomeric material (Moulinet and Adda-Bedia, 2013). However, in
this study, these crack propagation regimes emerged for a highly brittle material.

Figure 2.6 shows the variation in the number of crack fronts, N, with respect to the
coordinate, », obtained from the images. For clear detectability of the petal tips, the
images in the range of 100 us < ¢ <200 us were used for D = 120 mm. The detected
branch position (petal tip position) was different from the initial branch point by
approximately 3 mm maximum. This was because the central area started to rotate earlier
than the marginal area. For D = 62 mm, the post-mortem cellophane diaphragm after the
experiment was used in the analysis. With increasing », N increased almost linearly. This
trend indicated that the crack growth maintained a certain constant difference from
neighboring cracks. When » exceeded D/4 (30 and 15.5 mm for D = 120 and 62 mm,
respectively), the rate of increase in N decreased compared with that for » < D/4.

In the following, the number of cracks formed is discussed. We examined the number
of crack fronts equidistant from the origin that were induced by needle impingement using
N2zr m™!. For counting the number of cracks, the region of » < D/4 was used, in which
N linearly increased with » (as shown in Fig. 2.6). In this region, boundary reflections
were irrelevant according to the abovementioned estimated longitudinal and shear wave
speeds. Fig. 2.7 shows a plot of N/2zr as a function of the initial diaphragm tensile stress
oi. The maximum value of N/2zr was 531 m™! when ¢; = 68.7 MPa. If we assume that the
cracks were generated equidistantly, each crack grew keeping a constant distance of 1.88
mm from the neighboring cracks. On the contrary, the smallest value was 47.7 m™' when
oi = 25.9 MPa, and the distance between cracks was estimated as 20.9 mm. Under the

conditions wherein crack branch events were observed (g; > 25.9 MPa), the relation
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between N/2zr and o; were fitted using a linear function as follows:

N2nr = y(oi— oc), (2.3)
where y and o are fit to constants of 1.20 x 10> Pa 'm ! and 23.7 MPa, respectively. The
determination coefficient is 0.859. o. = 23.7 MPa can be considered as the threshold stress
of the crack branch in the cellophane diaphragm. This petal-formation law was derived
from the experimental results with different device scales D and humidity ¢. Therefore,
the petal-formation law in Eq. (2.3) is a single function of g, i.e., the distance between
cracks can be quantitatively estimated by ai. Thus, this law enables predicting the
fragmentation behavior of the cellophane diaphragm in application scenarios.
Alternatively, when g; was smaller than oc, the cracks exhibited a different behavior from
that in the high-stress case. In a magnified plot of Fig. 2.7, the behavior of N/2zr under a
low stress can be observed. When oi < 20.6 MPa, crack branch events could not be
observed (N = 2). Under the condition of lower i, the single crack did not reach the shock
tube wall. When ¢; = 3.71 MPa, the right-side tip of the single crack stopped at » < D/4,
and N = 1. When the tensile stress was zero, the needle simply penetrated the diaphragm
without causing crack propagation (N = 0). The present experiments clarified that N/2zr
was significantly influenced by gi. When o; was higher than a certain minimum value
(25.9 MPa in the experiments), crack branching events occurred, and N/2zr followed Eq.
(2.2). When o; was smaller than a certain maximum value (20.6 MPa in the experiments),
a single crack was generated, and the diaphragm opening was partial. Moreover, when a;
was smaller than 3.71 MPa, the crack propagation stopped prior to the wall. These results
suggested that i should be set higher than o. = 23.7 MPa to obtain multiple petal
formation and subsequently achieve full diaphragm opening during the shock tube

operation.
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0; = 3.45 MPa
After ruptured

0, = 25.9 MPa, 0; = 32.5 MPa,
t =496 ps t =492 ps

0, =63.1 MPa, 0, = 68.7 MPa,
t=510 ps t =510 ps

Figure 2.5 Examples of the ruptured diaphragm morphologies under different humidity
values at different o; obtained using Setup II. The brightness and the contrast are

adjusted for visibility.
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Figure 2.6 Number of cracks N as a function of r.
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Figure 2.7 N/2zr versus oi, where the dashed line represents the linear fitting results for

all the cases wherein crack branch events are observed. The data points for ¢; < 10.3

MPa (with gray plot frames) correspond to the experimental condition wherein p4 = pi

+ 20.0 kPa and is subsequently decreased to ps < p1 + 3.0 kPa. The line colors in Fig.

2.6 and 2.7 for D = 62 mm are the same.

32



2.3.4 Opening dynamics of cellophane diaphragm

In this section, the opening process of the fragmented petals of the diagram is
discussed. In this part of the study, the stress acting on the diaphragm (i > 0. = 23.7 MPa)
in the shock tube with D = 62 mm was used. The humidity in the side of the low-pressure
section was fixed at approximately 35%RH. Figure 2.8 shows sequence images of the
diaphragm opening motion. Figures 2.8 (a)—(c) correspond to trials with different initial
pressures of the driver and driven sections. The cellophane diaphragm is shown by a
dashed enclosed black line in each image on the top-left corner. With the opening of the
diaphragm, the needle and its sting installed in the driver section appeared in the gaps of
the petals. They could be easily recognized owing to the glare from the illumination
reflection. Taking Fig. 2.8 (¢) as an example, the entire diaphragm opening process is
described. At t = 6 ps, crack propagation occurred. This was the initial state of the
diaphragm opening, as discussed in the previous section. The compression waves
generated from the torn area by the crack were propagated into the driven section. At ¢ =
166 us, clustered triangular petals were formed by a straight crack propagation from the
center to the wall. Some petals were small because of the crack branching in the
propagation process. From ¢ = 166 to 806 us, the area between the petals increased
because the petals inclined toward the driven section. At ¢ = 806 ps, the diaphragm
opening was nearly complete. The petals remained on the wall, and some of them were
deformed. This sequence of events is also qualitatively confirmed from Fig. 2.8 (a) and
(b).

The time variations of the projective diaphragm opening area ratio, a, are shown in
Fig. 2.9. The opening area ratio is defined as the ratio of the projective opening area to

the cross-section area of the shock tube. o increased steeply from ¢ = 0 to 40 ps. This
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period corresponded to the initial crack propagation process from the stimulated point to
the shock tube wall. To distinguish between the opening due to the petal motion, the
opening area ratio associated with the cracks is defined as Aa. Aa was calculated using
the visualization image captured immediately after the crack propagation. The values of
Ao were 0.05, 0.085, and 0.11 for p4 — p1 = 20, 30, and 40 kPa, respectively. Reasonably,
the Aa value was approximately proportional to the number of cracks, and it continuously
increased after the crack propagation was completed (¢ ~ 40 ps). With time elapse, the
time variations of a showed inflection points and subsequently achieved constant values
smaller than 1. The values of a did not reach 1 because the petals remained at the wall
after the opening process. The opening time of the diaphragm shortened with the increase

in the initial pressure difference.
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Figure 2.8 Examples of the visualized petal opening processes: (a) p4+ = 120.6 kPa, p;

=100.6 kPa, (b) p4 =129.9 kPa, p1 =99.9 kPa, and (c) p4 = 140.6 kPa, p1 = 100.6 kPa.
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Figure 2.9 Time variations of the projected opening area ratio.
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To understand the cellophane diaphragm opening processes, the opening motion of
the petals was modeled by the equation of the rotational motion around the shock tube
wall. This developed model is called the “rotational motion model” in this study. To
establish this model, we needed to simplify the diaphragm opening motion. The following
assumptions were made:

(1) The opening by the cracks was offset as a = Aa at £ = 0 because the rotational motion
model could not express the diaphragm opening due to the cracks correctly.

(2) Att=0, the diaphragm was equally and instantaneously divided into triangular petals
with the wall as their base. Thus, the base length was 4D/N, where N is the number
of cracks.

(3) The petals exhibited a rigid-body rotational motion with the wall as the axis of
rotation.

(4) The diaphragm before rupture did not bulge under the initial pressure difference.

(5) The pressure difference driving the rotational motion of the petals was the initial
pressure difference that was sustained when ¢ < r and became zero after # = 7. Here, 7
is the effective opening force period by the pressure difference.

(6) The petals presented an equiangular acceleration motion at the effective opening
force period, 7, and subsequently a constant-angular velocity motion by inertia.

(7) The frictional resistance of the rotating shaft was negligible.

From the above assumptions, the area of a petal (4), moment of inertia /, pressure

difference App acting on the petals, and equation of the rotational motion are respectively

expressed as follows:

A== = (2.4)
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D? e?
I=Aepc ﬁ + E (25)

A (0<t<7)
Ap, = { 541 (T<t)T (2.6)
10(f)= Ap,AD (2.7)
6

Equation (2.7) can be analytically solved using Egs. (2.4)—(2.6). The different solutions

during and after 7 are

Ap,,D-t?

—— (0<i<7)
0(1) = 126p0<12)—4+%> 2.8)

d@t-D+0@ (<1

In Eq. (2.8), the inclination of the petals, 8, is expressed by D, which is dependent on the
size of the shock tube, thickness of the diaphragm e, and density of the cellophane
diaphragm pc, which is determined by the diaphragm characteristics. The entire projected
opening area ratio, a, is expressed as a function of € as follows:
a(t)=1- cos [0 ()] + Aa (2.9)

The value of 7 in Eq. (2.8) is required to solve Eq. (2.9). To estimate z, the pressure
states of both sides of the petals were considered by the development of the domain of
influence of the characteristic waves generated by crack propagation. A schematic of the
sequence of the development of the domain of influence is shown in Fig. 2.10. As shown
in Fig. 2.10 (a), an isosceles triangular petal with a base length of 4D/N, height of D/2,
and perimeter that is the shock wave cross-section divided by N is a representative of the
petal shape. The average number of petals experimentally observed was used in this
analysis: N=16.3, 25.5, 44.1, and 63.3 for p4s — p1 = 10, 20, 30, and 40 kPa, respectively.
Figure 2.10 (b) shows the state in which the cracks propagate from the top to the shock

tube wall. From the crack speed measurements shown in Fig. 2.4, we assume that the
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crack speed is constant regardless of the initial pressure difference. Because the crack
propagation speed, ve, is higher than the speed of sound of the test gas, the head of the
domain of influence forms a Mach angle y of 25.3° with the leading edge of a crack as
the top. The state presented in Fig. 2.10 (c) corresponds to the time of the completion of
the crack propagation (this time is defined as ¢ = #1). The shortest distance between the
center of the petal base and the head of the domain of influence is defined as /. ¢ is the
base angle of a diaphragm petal. After the completion of the crack propagation, the
domain of influence spreads at the speed of sound, as shown in Fig. 2.10 (d). When the
Mach wave reaches the petal base center, the domain of influence covers the entire petal
(Fig. 2.10 (e)). This time is defined as ¢ = t,, which is taken as the 7 estimated from the

analysis. From the geometrical relationships, #, /, and 7, are expressed as follows:

1, 4
- Dzt 32 (2.10)
vC
2D . 2D . N . (a;
= Wsm (e-yp) = Wsm {arctan (Z) — arcsin (V—C)} (2.11)
/
L=t + 0_1 (2.12)

t1 and © depend only on the number of cracks, &, because v. is constant. ¢ is a decreasing
function of &, and s and #, are decreasing functions of N> 5. The values of #, are 57, 51,
46, and 43 ps for Aps1 = 10, 20, 30, and 40 kPa, respectively. Because N increases with

the increase in Aps; and the petals become smaller, #; is a decreasing function of Ap4i.
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Figure 2.10 Schematic of the estimation model of the propagation of the domain of
influence on the diaphragm petal at ps = 120.6 kPa and p1 = 100.6 kPa: (a) a
representative of the petal shape, (b) the state when the cracks propagate from the top
to the shock tube wall, (c) the state at the time of the completion of the crack
propagation (¢ = #1), (d) the state after the completion of the crack propagation with
spreading of the domain of influence, and (e) the state when the domain of influence

covers the entire petal.
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The time variations of o calculated using the rotational motion model (Egs. (2.8) and
(2.9)) and obtained from the experiments are shown in Fig. 2.11. The solid lines show the
results of the best fit when varying t among integers in the model. 7 used for the best fit
is denoted as 7., and z. = 49, 42, and 39 us for Aps1 of 20, 30, and 40 kPa, respectively.
For the dashed line case, the estimated # from the analysis of the development of the
domain of influence is employed as the 7 in the rotational motion model. In the
experimental results, the time variation of o shows an inflection point and a constant value
of smaller than 1. In contrast, using the rotational motion model, the time variation of a
does show an inflection point, and its slope continuously increases. This is because the
effects of the drag by the gas and the deformation of the petals are ignored in the model.
For the initial pressures of ps = 140.6 kPa and p = 100.6 kPa, the best fit (7 = 7e = 39 ps)
when varying 7 reproduces well the experimental results in the range of Aa < a <0.48 (40
us <t <296 us). Therefore, it reflects the initial state of the actual diaphragm opening
well. Moreover, as a result of using 7> = 43 us as 7, the model can reflect the experimental
results in the initial stage of Ao < a < 0.2 (40 us <t < 136 ps). For each initial pressure
difference, as shown in Fig. 2.11, similar relations are confirmed between the
experimental and rotational motion model findings. The best fit of the rotational motion
model results reproduces the initial diaphragm opening process well. As the pressure
difference decreases, the results from the rotational motion model fit a larger value of a.

In Fig. 2.12, #1, t», and 7. for each initial pressure condition are plotted. The values of
t1 are similar under all conditions. Because N increases with the increase in the initial
pressure difference, > decreases. The time used in the best fit, 7., obtained from the best
fit of the experimental results also becomes a decreasing function with the increasing

initial pressure difference. Under all conditions, # is greater than z.. This is because of the
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overestimation of the effective time, 7z, caused by its definition as the time for the domain
of influence to cover the entire petal surface. However, the difference between z. and #, is
small considering the complexity of the actual morphology of the cellophane diaphragm.
In the following, we discuss in the detail the petal opening motion in the initial stage.
Using the developed rotational motion model, we evaluated the petal angular velocity, w,
and the area-averaged petal velocity, v, at = t,. Table 2.1 summarizes the petal motion
at t =1, and compares v, (¢ = f2) and the contact surface velocity, uc, calculated using the
Rankine—Hugoniot relation applied under the shock tube operation conditions of p4 and
p1. As seen 6(t = 1) in Table 2.1, the initial pressure difference in the angular acceleration
process of the petals only occurs in the initial period when the petals hardly incline.
Specifically, the largest petal inclination, O(¢ = 2) is 4.6° when ps = 140.6 kPa and p| =
100.6 kPa. Moreover, at ¢ = f, the area-averaged petal velocity, vy, is similar to the
contact surface velocity, uc, even at the early stage of the diaphragm opening (# is
estimated as 40 ps <t < 60 us, as shown in Fig. 2.12). After this matching, the diaphragm
does not impede the shock tube flow. This is significantly effective for shock wave
formation.

From the above discussion, if the number of petals and the crack propagation speed
are known, the initial process of the petal opening motion can be modeled as an
equiangular acceleration rotational motion when ¢ < 7. The initial pressure difference
duration, 7, can be estimated using the developed simplified model considering the
propagation of the domain of influence by the characteristic waves on the petals.
Moreover, the petal opening motion is determined at the initial stage mainly by the
morphology of the crack propagation. As discussed in a subsequent section, these

characteristics of the motion of petals are very important because the shock wave
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formation distance is determined by the initial opening process of the diaphragm.
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Figure 2.11 Time variations of the projected opening area ratio from the experiments
and the models. The solid lines show the results of the best fits when various integer
values of 7 = 7. are used in the rotational motion model. The dashed lines show the

results using estimated #, for 7, calculated from the analysis shown in Fig. 2.10.
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Figure 2.12 Plots of the characteristic times as functions of Apai. e is the effective
opening force period used in the best fitting, # is the time of crack propagation
completion, and #, is the time when the domain of influence covers the entire petal

surface.

Table 2.1 Petal states at the beginning of the inertial motion (¢ = #2). The inclination angle
of a diaphragm petal is 6, angular velocity of a diaphragm petal is w, area-averaged petal

velocity during the inertial motion is v,, and contact surface velocity is uc. uc is calculated

from initial pressures ps4 and p.

(ps, p1), kPa 0(t=1),° o(t=tn),radls  Vy(t=h), m/s U, m/s
(110.6, 100.6) 1.9 1198 12.3 11.7
(120.6, 100.6) 3.1 2127 22.0 22.4
(129.9, 99.9) 4.0 2951 30.5 32.4
(140.6, 100.6) 4.6 3657 37.8 41.3
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2.4 Effect of cellophane diaphragm rupture on shock wave

formation

In this section, the relation between the diaphragm opening processes and the shock
wave formation is presented. To obtain the pressure histories, the shock tube was operated
using Setup III (Fig. 2.1 (¢)). The overpressure, Ap, was measured on the shock tube wall
using the flush-mounted pressure transducers. The same diaphragm employed in the
above experiments was used.

Figure 2.13 (a) and (b) shows the Ap waveforms measured at x/D = 2.26 and 22.4,
which are the pressure measurement points closest to and farthest from the diaphragm,
respectively. The initial pressure conditions were p4 = 110.6 kPa and p1 = 100.6 kPa. Even
at x/D = 22.4, the coalescence of the compression waves to form a shock wave was
incomplete, and the pressure behind the shock wave continued to increase. Hence, a fully
planar shock wave was not generated even at the farthest measuring point in the present
experimental setup when Ap41 was 10 kPa.

Figure 2.14 shows the overpressure waveform under stronger initial conditions than
for those in Fig. 2.13, i.e., p4 = 140.6 kPa and p1 = 100.6 kPa. At x/D = 2.26 (Fig. 2.14
(a)), a tendency of increasing overpressure similar to that in Fig. 2.13 (a) is observed.
Relatively strong pressure fluctuations are observed in the period of approximately 80—
150 ps after passing through the leading shock wave. In contrast, at x/D = 22.4 (Fig. 2.14
(b)), a single steep pressure increase is seen, and a gradual multistage pressure increase
is not noted. The flush-mounted pressure transducers on the shock tube wall had diameter
of 5.5 mm each. Approximately 16 ps are needed to pass the transducer at the speed of

sound. The time of the pressure increase due to the passing of the shock wave, as shown
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in Fig. 2.14 (b), is similar at this level. Considering the time resolution of these
measurements, it can be inferred that the compression waves transit to the single shock
wave. The pressure disturbances due to the transverse waves are also attenuated.

To evaluate the coalescence of the compression waves, understanding the states of the
characteristic waves is necessary. As an example, the results shown in Fig. 2.14 (ps =
140.6 kPa and p1 = 100.6 kPa) are taken. The speeds of the characteristic waves, c+, at
characteristic points (1)—(iv), which are shown in Fig. 2.14 (a), were calculated using the
pressure history. Point (i) is the time when the head of the compression wave reaches the
measuring point. Point (ii) is the time when the slope of the pressure increase becomes
steep. Point (iii) is the end of the steep pressure increase. Point (iv) is the time when the
average overpressure is first reached after the pressure increase. Although,
multidimensional disturbances are observed in the overpressure history at x/D =2.26 (Fig.
2.14 (a)), one-dimensional shock wave formation can be discussed based on the them
using the averaged overpressure at point (iv). The shock formation distance can be
estimated by analyzing the propagation of the compression waves at points (i)—(iv). The
speeds of the characteristic waves, c+, at points (1)—(iv) are expressed as follows (Sasoh,

2020):
y-1
y+1<p1+Ap>2V 2

1 a. (2.13)
2 )2 y—1 !

cy =

A diagram of the characteristic waves is shown in Fig. 2.15. The time variations of
the projection opening ratio from the experiments and the best fit of the rotational motion
model results (which are the same results as in Fig. 2.11) are shown in Fig. 2.15 (a). Under
the considered condition, the compression waves at points (i1)—(ii1) coalesce at x/D = 3.87.

In the measured pressure history at x/D = 4.27, the gradual pressure increase between
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points (i) and (ii) at x/D = 2.26 is not observed. The compression waves at points (iii) and
(iv) coalesce at x/D = 27.1. Considering that the characteristic velocity behind the shock
wave is higher than the shock wave propagation velocity, all compression waves coalesce
into the leading shock wave at x/D = 27.1 and form a single shock wave, which is
consistent with the experimental results at x/D = 22.4 (Fig. 2.14 (b)). Thus, we can
confirm the reasonability of this analysis.

To consider the relationship between the compression wave integration and the
diaphragm opening time, the speed of the characteristic waves obtained at x/D = 2.26 is
extrapolated to x = 0, which is the point of the diaphragm installation. The time at which
the compression waves are generated at x = 0 can be estimated and compared as the
diaphragm opening time obtained in the previous experiments. Let the time at which the
compression waves generate corresponding to point (i) in Fig. 2.14 (a) at x=0be =0,
which corresponds to the beginning of the diaphragm opening process. The time of the
compression wave generation corresponding to point (ii) at x = 0 is £ = 38.2 ps. From Fig.
2.12, this time is approximately the time, #1, when the crack propagation is completed.
Therefore, we can conclude that the pressure increase between points (i) and (i1) measured
at x/D = 2.26 is due to the compression waves leaking from the cracks to the low-pressure
chamber during the crack propagation. The time of the compression wave generation at
point (ii1) is # = 78.2 ps. Although the pressure at x/D = 2.26 reaches approximately 90%
average overpressure owing to these compression waves, these waves are generated at
the beginning of the opening process, which is approximately twice the completion time
of the crack propagation. Furthermore, the time of the compression wave generation at
point (iv) at x = 0, which finally forms a single shock wave, is # = 118 ps. As shown in

Fig. 2.15 (a), = 118 ps is approximately one-fifth of the diaphragm opening time. At this
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time, the projected opening ratio of the diaphragm does not reach o = 0.2, and the
diaphragm is still in the middle of its opening process. Considering that the compression
waves generated after this time do not affect the shock wave formation, the entire opening
process of the cellophane diaphragm does not play an effective role in the shock wave
formation. Therefore, the initial opening process corresponding to the period of
approximately twice—thrice the completion time of the crack propagation is suggested to
play a dominant and significant role. The matching process between the petal velocity
and the contact surface, as discussed in Section 2.3.4, seems to contribute to this result.
Compression waves are unexpected to generate after this matching process. The same

tendencies are also confirmed for ps— p1 =20 and 30 kPa.
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Figure 2.13 Overpressure histories at p4 = 110.6 kPa and p1 = 100.6 kPa. (a) x/D =2.26
and (b) x/D = 22.4. Under these conditions, a fully planar shock wave is not formed

because the shock formation distance is longer than the used driven section length.
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Figure 2.14 Overpressure histories at ps = 140.6 kPa and p1 = 100.6 kPa. (a) x/D =2.26
and (b) x/D = 22.4. Red points (i)—(iv) correspond to the characteristic set of time and

overpressure used in the analysis of the coalescence of the compression waves.
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2.5 Summary of this chapter

The relationship between a cellophane diaphragm rupture and the formation of a weak
shock wave was examined as a preliminary study for conducting interaction experiments
between a planar shock wave and grid turbulence. The self-shaping opening process of
the cellophane diaphragm was observed in the initial stage. A crack propagated at a
constant speed of approximately 855 m/s, regardless of the initial pressure difference,
humidity, and shock tube size. The number of cracks was expressed as a linear function
of the tensile stress acting on the diaphragm before rupture. The experimental results
suggested that the strain stress should exceed 23.7 MPa to completely open the cellophane
diaphragm and generate a shock wave. To model the motion of the diaphragm opening, a
rotational motion model was developed, which successfully expressed the initial process
of petal rotation. The characteristic time for sustaining the initial pressure was estimated
by analyzing the propagation of the domain of influence caused by the crack propagation.
The effective petal acceleration was completed in the initial stage when the petals barely
inclined. In this early stage, the petal motion almost matched the flow velocity and did
not impede the shock tube flow. Moreover, considering the relationship between the time
of the diaphragm opening and the time of the compression wave generation, the opening
process corresponding to a period of approximately twice—thrice the completion time of
the crack propagation plays a dominant role. This result suggests that the observed
cellophane diaphragm opening motion significantly contributed to the weak shock wave

formation in the shock tube.
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Chapter 3

Shock wave modulation by interaction
with grid turbulence

3.1 Introduction of this chapter

This chapter presents a study on the unsteady modulation of a shock wave propagating
through a grid turbulence by conducting systematic experiments using a counter-driver
shock tube (CD-ST) (Tamba et al., 2015), which generates two shock waves from two
drivers. In these experiments, the CD-ST generated a shock wave and a grid turbulence
independently and evaluated the effect of the grid turbulence on the shock wave, which
was not under an artificial external force similar to previous direct numerical simulation
(DNS) studies (Lee et al. 1993; Larsson and Lele 2009; Larsson et al. 2013; Chen and
Donzis 2019). Moreover, the effect of the interaction length can also be evaluated in the
CD-ST because the interaction length can be altered by adjusting the burst timings of the
two driver sections.

The presented study aimed to experimentally clarify the effects of the shock Mach
number (M;), turbulent Mach number (M), and interaction length between the shock wave
and the grid turbulence (Li) (defined subsequently) on the structure of the shock wave
during interaction with the turbulence. Ms is obtained by dividing the relative velocity of

the shock wave to the flow in front of the shock wave by the speed of sound in the gas in
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front of the shock wave. M; is determined by dividing the root-mean-square value of the
velocity fluctuation of the turbulence by the speed of sound in the turbulence. The
interaction of the planar shock wave is in the range of M; = 1.01-1.15 with grid
turbulences of M; = 0.005, 0.009, and 0.014. These ranges are frequently observed in the
real world and smaller than the conditions adopted in DNS studies. Thus, whether a
“broken” shock regime occurred in such interactions between a weak shock wave and a
weak turbulence was also a subject of interest. In addition, because L; varied with different
sets of M and M; values, unsteady propagating effects were investigated. Although these
unsteady effects are quite important in applications such as a sonic boom problem, no
related research has been conducted except for a recent numerical study in the same
period of this investigation (Tanaka et al., 2020). In this chapter, these effects are
discussed based on optically visualized side-view images of a shock wave propagating in

a turbulent field in terms of the projected thickness and profile.

3.2 Experimental setup

3.2.1 Counter-driver shock tube

In the experiments, we used a CD-ST, which had drivers on the left- and right-hand
sides of the driven section, a cross-section of 120 mm x 120 mm, and a total length of
approximately 14 m (Fig. 3.1 (a)). The same diaphragm rupture system as described in
the previous chapter was installed in both drivers. Figure 3.1 (b) shows an example x—¢
diagram of the CD-ST obtained in the planar shock wave—grid turbulence interaction
experiments. In the figure, the x-axis is directed from the left diaphragm to the right and

the Ax-axis is directed from the grid location to the left (which is the direction in which
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the grid turbulence advances). The y-axis is defined with its origin at the bottom inner
wall and is directed to the upper wall. The z-axis origin is located on the front inner wall
and the axis is directed to the opposite wall. A square grid containing 5 mm X 5 mm square
pillars with a mesh size m of 25 mm is located at x = 5.00 m in the setup shown in Fig.
3.1. To weaken the shock wave such that its M; is smaller than 1.03, sheets of punched
metal are installed at x = 1.0 m if necessary. In the experiments, the following series of
events occurred in the CD-ST. First, a right-side incident shock wave (R-iSW, where R,
1, and SW represent right-side, incident, and shock wave, respectively), proceeded in the
left direction after the breaking of the diaphragm of the right-side driver section. When
the R-iSW reached the square grid, a grid-transmitted shock wave (R-gSW) propagated
toward the left and a weak grid-reflected shock wave (R-rSW) proceeded in the right
direction. The uniform flow behind the R-iSW compressed because of the R-rSW.
Subsequently, the flow experienced a grid turbulence when it passed through the square
grid from the right to the left. Conversely, a left-side incident shock wave (L-iSW)
propagated toward the right following the rupture of the left-side diaphragm after a delay
time (Zqelay). At a certain point in the driven section, a head-on collision occurred between
the R-gSW and the L-iSW, and these shock waves converted into transmitted shock waves
R-tSW and L-tSW, respectively. The L-tSW met the grid turbulence, shown as [GT] in
Fig. 3.1 (b), proceeding to the left, and an interaction between the planar shock wave and
the grid turbulence occurred. The interaction length, Li, is defined as the distance from
the head of the grid turbulence to the shock wave arriving at the center of the visualization
window. By setting the delay time (Zic1ay) between the incident shocks generated by the
two drivers, L;i could be controlled well (see Fig. 3.1 (b)).

In the experiments using the CD-ST, three control parameters governed the condition
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of the interaction. The initial pressures in the left driver, right driver, and driven section
are denoted as par, par, and pi, respectively. The initial pressure ratio between the left
driver and driven sections, par/p1, primarily determined the shock Mach number of the L-
tSW, denoted as M;1-sw, during the interaction with the grid turbulence. The right-side
initial pressure ratio, psr/p1, decided the shock Mach number of the R-iSW, M;Rr.isw.
Because the R-iSW had a one-to-one relationship with the turbulent mean velocity, p4r/p1
determined the turbulent Mach number, M, of the grid turbulence. The delay time
between the left and right incident shock generations, fdelay, determined the collision point
of the incident shock wave at the same set of M;«sw and M, and thereby controlled the
interaction length, Li. In these experiments, we evaluated the effects of the three
parameters—AM; 1 «sw, M, and Li—Dby appropriately setting the values of p1, par, par, and
taelay. This independent variation of parameters has not been achieved using a typical
single-driver shock tube (Dosanjh 1956; Keller and Merzkirch, 1990; Honkan and
Andreopoulos, 1992; Briassulis and Andreopoulos 1996; Xanthos et al. 2002; and Agui
et al., 2005).

The shadowgraph and schlieren methods were used to visualize the shock wave
propagation through a grid turbulence. The visualization system consisted of a high-speed
camera (Phantom v1211, Vision Research Inc.; 256 x 256 pixels, 100 kfps) and a
synchronized pulse diode laser (CAVILUX Smart, Cavitar Ltd.; wavelength 640 nm,
pulse duration 10 ns). This system visualized shock waves before and during their
interaction with grid turbulences at a pair of BK7 windows (effective diameter 110 mm)
installed on the sidewall at Ax = 0.45 m. The optical path length from the test section to
the high-speed camera was approximately 20 m, to facilitate the capture of weak density

changes with high sensitivity.
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In a diaphragm-type shock tube, the generation of a weak planar shock wave is
difficult because the opening time of the diaphragm increases with small pressure
differences between the driver and driven sections. When the left-side initial pressure
difference, psL — p1, was smaller than 20 kPa, a 21-micrometer-thick cellophane sheet was
used as the diaphragm. In this shock tube, the obtained minimum shock Mach number
was approximately M risw = 1.04—1.05. Thus, the planar shock wave needed to be
weakened to generate a shock with a Mach number of 1.01. To generate a weak shock,
we installed punched metal sheets with small holes in the shock tube at x = 1.0 m using a
flange. The shock Mach number became small when a shock wave was transmitted
through the punched metal sheets (Britan et al., 2006). When the shock wave passed
through three sheets of punched metal with a thickness of 1 mm, hole diameter of 2 mm,
and blocking ratio 64%, the M;-isw value decreased from 1.05 to 1.03. To generate a
weak shock wave with a Mach number of 1.01, we used 16 sheets of punched metal with
a thickness of 0.8 mm, hole diameter of 1 mm, and blocking ratio of 82.5%. Figure 3.2
shows the pressure history of the shock wave at x = 1.25 m after it passes through the 16
sheets of punched metal. The pressure rise time for the L-iSW after it passed through the
punched metal sheets was shorter than 20 ps. This time was close to the time resolution
obtained when the weak shock wave passed over a flush-mounted pressure sensor with a
diameter of 5.5 mm. We also confirmed the planarity of the weakened shock wave based
on optically visualized images. The pressure behind the shock wave was nearly constant.
Therefore, a planar shock wave with a Mach number of approximately 1.01 was generated
well in the CD-ST.

In the CD-ST, a hot-wire anemometer probe was damaged by the debris from the

finely ruptured cellophane diaphragm that impinged against it, and this effect became
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serious in higher pressure difference operation. In this study, a 100-micrometer-thick
polyester diaphragm was used when the pressure difference between the driver and driven
sections exceeded 100 kPa, to suppress the debris generation by the diaphragm rupture.
The polyester diaphragm did not show a degraded opening performance at large pressure
differences, and the shock wave formation distance was within the allowable value in
these experiments. Consequently, a hot-wire anemometer probe was used to measure the
grid turbulence with a flow velocity of approximately 160 m/s without any damage to the

probe.
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Figure 3.1 (a) Schematics of CD-ST. (b) Example of x—¢ diagram of shock—turbulence
interaction for Msysw = 1.05, Msr-gsw = 1.32, and L; = 1185 mm. L-, from the left
driver; R-, from the right driver; i, incident; t, transmitted; g, grid transmitted; r,
reflected from the grid; SW, shock wave; EW, expansion waves; CS, contact surface;
[1], driven section; [4L], left driver; [4R] right driver; [2L], state behind L-iSW; [2R],
state behind R-iSW; [2R’], state behind R-gSW; [2Rr], state behind R-rSW; [GT], grid

turbulence state.
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3.2.2 Flow characteristics in counter-driver shock tube

Table 3.1 lists the initial pressure conditions and measured shock Mach numbers (The
measured characteristics of grid turbulence are also shown in the table and are explained
later in the following section). The propagation velocities of the L-iSW, R-iSW, and R-
gSW were measured by the time-of-flight principle. The shock Mach number, M;, was
calculated by dividing the shock wave velocity by the speed of sound in the gas in the
driven section. We assumed that the gas was calorically perfect, i.e., the specific heat ratio
was constant (y = 1.4). Because the L-tSW propagated in a uniform flow behind the R-
gSW, the shock Mach number was calculated by the pressure jump obtained by the
pressure sensor. Here, the static pressure in states [2R’] and [GT] were assumed to be

constant because the boundary between them was the contact surface.
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Table 3.1 Measured shock wave and grid turbulence characteristics and the initial operation conditions

— paL D1 D4R Sheets of punched | L — —
Ms - M, Re Re Ms -i Ms -i ]\/[S -

LW ' (kPa) (kPa) (kPa) metal (mm) " A LW AW RS
1.012 £ 0.001/0.005 £ 0.001| 61.9 482  75.2 | Thickness: 0.8 79 | 41x10° | 126 | 1.013+0.001 | 1.094+0.001 1.089 + 0.001
1.011 £0.001/0.009 £0.001| 51.3 39.6 93.3 | mm,hole 103 | 7.7x10* | 357 | 1013+0.000 | 1.189+0.001 1.179+0.001

diameter: 1 mm,
blocking ratio:
1.009 + 0.003]0.014 £ 0.001| 42.0 32.0 138.2 6.0 | 9.6x10* | 1034 | 1.014+0.001 | 1.340+0.006 1.319 +0.006
0.825, and 16
sheets
1.029 + 0.001/0.005 = 0.001| 60.3 482 752 | Thickness: 1mm, | 7.9 | 4.1x10" | 126 | 1.031+0.001 | 1.094+0.000 1.090  0.000
hole diameter: 2 4
1.026 + 0.001]/0.009 £ 0.001| 49.5 39.6  93.3 _ 10.3 | 7.7x10" | 357 | 1.029+0.001 | 1.188+0.001 1.179 +0.001
mm, blocking
1.021 £0.002|0.014 £0.001| 40.0 32.0 1382 ”}11“‘” 0.64,and3 | ¢ | 9.6x10¢ | 1034 | 1.026+0.001 | 1.34140.003 1.318 +0.005
sheets
1.047 £0.001]/0.005 £ 0.001| 61.9 482 752 7.9 | 41x10° | 126 | 1.049+0.001 | 1.092+0.000 1.088 = 0.000
1.047 £0.003]0.009 £ 0.001| 51.3 39.6  93.3 103 | 7.7x10* | 357 | 1.050+0.001 | 1.188+0.001 1.179+0.001
1.047 £0.0020.014 £ 0.001| 42.0 32.0 1382 6.0 | 9.6x10" | 1034 | 1053+0.002 | 1.341£0.002 1.317 =0.002
1.105 +0.001]0.005 £ 0.001| 80.2 482  75.2 w/o 7.9 | 41x10" | 126 | 1.110+0.000 | 1.094+0.000 1.090 +0.001
1.100 + 0.001]0.009 £ 0.001| 65.9 39.6  93.3 103 | 7.7x10* | 357 | 1.111+0.000 | 1.190+0.000 1.180 +0.001
1.150 £ 0.001]0.005 £ 0.001| 97.8 482  75.2 7.9 | 41x10" | 126 | 1.157+0.000 | 1.095+0.000 1.091 +0.001
1.150 + 0.002/0.009 £ 0.001| 82.7 39.6  93.3 103 | 7.7x10* | 357 | 1.163+0.001 | 1.189+0.001 1.180 +0.001
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3.2.3 Grid turbulence characteristics

The state in the grid turbulence [GT] was compressed because of the grid-reflected
shock R-rSW. Thus, the temperature in the state [GT] was higher than that in the upstream
uniform flow [2R’]. To quantify the grid turbulence characteristics, we measured the total
temperature and velocity using cold and- hot-wire anemometers. The total temperature
was measured by varying the Ax- and y-direction values and fixing the z-direction value
at 60 mm. As defined earlier, the y-axis was defined with its origin at the bottom inner
wall and direction to the upper wall. The z-axis origin was located at the front inner wall
and directed to the opposite wall. The measurement range in the y-direction was 5 <y <
60 mm, and the flow symmetry was assumed for y > 60 mm. Figure 3.3 shows the
normalized mean total temperature in the state [GT] versus the initial temperature in the
driven section, 71, in the same x plane. The error bars represent the standard deviations.
The measurement point in the y-direction was changed while maintaining the same
distance from the grid, Ax. The measurement points in the Ax-direction were Ax = 0.45
and 0.75 m for Msr-gsw = 1.09 and x = 0.45 and 0.95 m for Msr-gsw = 1.18 and 1.32,
respectively. A nearly uniform temperature field was formed at 20 <y < 60 mm under all
conditions. The total temperature uniformity was maintained in the y-direction for the
measured range in the Ax-direction. The total temperature in region 0 < y <20 mm was
lower than that in the central area. On the y—z plane with Ax = 0.45 m, the total
temperatures measured at y = 60 and 10 mm were different: approximately 3, 4.5, and 8
K under the condition of Msr.esw = 1.09, 1.18, and 1.32, respectively. This low-
temperature field was generated because of the wall effects. The grid size, m (m =25 mm),
was considered to have a dominant effect on the creation of the low-temperature region

because this region was similar (0 < y < 20 mm) under all grid turbulences. The
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measurement results found that the core region of the grid turbulence was approximately
80 mm X 80 mm in the center of the CD-ST under the symmetrical condition assumption.
Thus, in these experiments, only the phenomena around the center of the CD-ST were
evaluated.

An I-type constant-temperature hot-wire anemometer was calibrated based on the
obtained total temperature information of the grid turbulence, and the velocity was
measured. The response limit of the hot-wire anemometer was approximately 20 kHz, as
discussed in Appendix B. Figure 3.4 shows the turbulent Mach number, M,, of the grid
turbulence as a function of the distance from the grid, Ax. The measurement point was
the shock tube center: y =z = 60 mm. The isotropic nature of the grid turbulence generated
in a shock tube has already been confirmed in previous experimental research. In the
experiments by Agui et al. (2005), the measurements of three velocity components
supported that the grid-generated turbulence in the shock tube was isotropic. Our
conditions for the grid turbulence characteristics, such as the mesh Reynolds number,
were close to those in their experiments. The turbulent Mach number was calculated using
the root-square-mean value of the measured x-component of the velocity fluctuation, u’,
assuming that the grid turbulence was isotropic. Thus, the relationship, M, =+/3u/agr,
was used, where agr is the speed of sound in the grid turbulence. Here, to evaluate the
measured grid turbulence characteristics, decay constant £ of the grid turbulence was
considered. Typically, grid turbulence shows a power law decay of the turbulence
intensity (u’/U)? as a function of distance from the grid, where U denotes the mean
velocity of the grid turbulence. Decay constant k£ shows the decay tendency of the grid
turbulence, expressed as (u’/U)? = (Ax/m) *. Here, m denotes the grid size. The value of k

was 0.9, 1.2, and 0.3 for Msr-gsw = 1.09, 1.18, and 1.32, respectively. The decay tendency
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and the value of k& were consistent with the grid turbulence measurement results obtained
in a wind tunnel and a shock tube in previous studies (Roach, 1987; Briassulis, et al. 2001;
Kitamura et al., 2014). Some parameters of the grid turbulence changed with increasing
distance from the grid. To distinguish these value changes depending on the distance from
the grid, we express the representative value using a tilde (~) . For example, the
representative of the turbulent Mach number is presented as M. In this study, the
representative values were adopted for the value at Ax = 0.45 m, the location in the center
of the window where the shock wave was visualized using the optical method. The
representative values of the turbulent Mach number were Z\7ft = 0.005, 0.009, and 0.014
for Msrgsw = 1.09, 1.18, and 1.32, respectively. Table 3.1 also lists representative values
of integral scale L, mesh Reynolds number Re,, = Um/v, and turbulent Reynolds number
based on the Taylor microscale, Re; = u’A/v. In this expression, v is the kinematic viscosity,
u’ is the root mean square of the velocity fluctuations, and A is the Taylor microscale. The
integral scale of turbulence was obtained by calculating an autocorrelation coefficient
using the measured velocity fluctuation signal. Because the integral scale of the
turbulence physically corresponded to the length of the dominant scale eddies in a

turbulent flow, the interaction length was normalized by L in subsequent evaluations.
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Figure 3.3 Distribution of the normalized total temperature of the grid turbulence in the

y-direction: (a) Msr-gsw = 1.09, (b) Msr-gsw = 1.18, and (c) Msr-gsw = 1.32.
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Figure 3.4 Turbulent Mach number as a function of the distance from the grid.
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3.3 Effects of turbulence on side projected shock wave

In this section, we present the qualitative study conducting using projected shock
wave images. The shadowgraph and schlieren methods were used to visualize the shock
wave propagation through a grid turbulence, as described in previous sections. The
proceeding direction of the planar shock wave was from the left to the right, and that of
the grid turbulence direction was from the right to the left. These are shown in Fig. 3.1
(b). To eliminate stationary noise such as scratches on the window, a reference image was
subtracted from the obtained images (Kim et al., 2010). The images included in this study
were the differential images obtained after subtraction. The reference image was obtained
at a quiescent gas state before operation of the CD-ST.

Figure 3.5 shows the projected images of the planar shock wave with M; 1w = 1.01
interacting with a grid turbulence. The horizontal axis represents the dimensionless
interaction length normalized by the representative value of the integral length scale of
the grid turbulence, Li/L. The vertical axis represents the representative value of the
turbulent Mach number, M,. The images enclosed in solid- and dashed-line frames were
visualized by the shadowgraph and schlieren methods, respectively. An area with
approximately 80 mm in height in the center of the shock tube was extracted as the
evaluation region. A negative value of Li/L indicated that the shock wave had not started
interacting with the grid turbulence. Under all conditions, the shock waves were almost
planar with L/L < 0. In the interaction with the weakest turbulence (3, = 0.005), the
projected thickness of the shock wave increased with increasing Li/L. At Li/L=41.6, some
lines showing density changes were observed because a multidimensionally deformed
shock wave was observed from the side view. For the interaction with the grid turbulence

with M, = 0.009, shock waves were not easily detected using the shadowgraph method
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when Li/L was above 33.7. Using the schlieren method, the deformation of a shock wave
was observed even for Li/L = 92.8. The lines representing the density gradient by the
shock wave were dispersed in the x- and y-directions. This state is termed as a “dispersed
profile” in this thesis. This profile showed a large deformation of the shock wave in this
state. For the interaction with the strongest turbulence (M, = 0.014), the shock wave was
deformed by the turbulence at Li/L=26.4. When Li/L was above 42.5, the density changes
in the projected image of the shock wave became considerably weak. Using the
shadowgraph and schlieren methods, the visualized shock waves exhibited dispersed
profiles. For Li/L > 100, the density changed smoothly because the shock wave caused a
loss in the sharp lines, which was not observed in the initial stage of the interaction. The
projected shock wave region weakened and expanded in the traveling direction, and we
could not easily detect the edge of the shock wave.

Figure 3.6 shows the images of shock waves with M 1.«sw = 1.02—1.03 interacting
with a grid turbulence. In the interaction with the turbulence at A, = 0.005, the shock
wave was planar even when it proceeded through the turbulence. Under this condition,
the projected thickness of the shock wave slightly increased because of the turbulence.
For the grid turbulence at M, = 0.009, the shock wave was detected during the entire
interaction, and the projected thickness was greater than that of M, = 0.005 under
approximately the same Li/L. For the interaction with the strongest turbulence (M, =
0.014), the shock wave remained planar until L/L <46.2. When Li/L exceeded 53.3, the
shock wave dispersed in the x-direction. Numerous lines remained relatively sharp in the
visualized region. Using the shadowgraph and schlieren methods, the shock wave lost the
single-line profile appearance and locally disappeared in the projected images. However,

unlike the weak shock wave of Ms Lsw = 1.01, the sharp lines did not vanish entirely.
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Figures 3.7-9 show the projected side-view images of the shock—turbulence
interactions of planar shock waves with Mach numbers of 1.05, 1.10, and 1.15. Unlike
the interaction involving the weaker shock wave with M;sw < 1.03, the remaining shock
waves did not show dispersed profiles. The line representing the change in the density of
the shock wave remained sharp in the entire y-direction.

In conclusion, for an interaction involving a weak shock wave with M1.sw < 1.03,
the projected thickness of the shock wave increased with increasing Li/L. Under the same
intensity of the shock wave, the projected thickness of the shock wave propagating in the
grid turbulence increased with the increase in the turbulent Mach number. When the
intensity of the grid turbulence was the same, an increase in M, L«sw prevented an increase

in the projected thickness of the shock wave against increases in Li/L.
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Figure 3.5 Projected images of the shock waves propagating through the grid
turbulences for (Mssw, M,) = (1.012+0.001, 0.005 £ 0.001), (1.011 = 0.001, 0.009
+0.001), and (1.009 + 0.003, 0.014 £+ 0.001). The central area from y = 20 to 100 mm

is extracted from the differential images.
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Figure 3.6 Projected images of the shock waves propagating through the grid
turbulences for (Mssw, M) = (1.029 +0.001, 0.005 + 0.001), (1.026 + 0.001, 0.009
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Figure 3.7 Projected images of the shock waves propagating through the grid
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+0.001), and (1.047 = 0.002, 0.014 = 0.001).
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Figure 3.9 Projected images of the shock waves propagating through the grid turbulence
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Subsequently, we analyzed the projected images to investigate the planar shock
modulations caused by the grid turbulences. We evaluated the edge profiles and
thicknesses in the projected images captured from the side view. In the typical schlieren
and shadowgraph methods, the information in the same direction as the light path (the z-
direction, in this study) is integrated and shown on an image. Therefore, if a shock wave
was not detected in the projected images, the shock wave was considered to locally lose
a sharp density change in the x direction for the entire light path direction. In this shock
wave edge analysis, the evaluation range was N, pixels in the y-direction around the center
of the shock tube and all the pixels in the x-direction. The value of N, was 80 in this
analysis (approximately 32 mm in the y-direction). The edges in the projected images
were extracted using the Canny method (Canny, 1986), which is one of the most famous
edge detection methods. Figure 3.10 shows examples of the left and right edges of a shock
wave detected in the analyzed area. In the location where the edge was not found, the
shock wave could lose its discontinuous property change profile in the x-direction for the
entire z-direction. At a certain point y; in the y-direction, where i represents the sequential
number, the existence of the shock wave was evaluated in the x-direction. This operation
was continued from i = 0 to N,. Subsequently, the number of y-direction pixels in which
the shock wave was not found in the x-direction, N, wio shock, Was counted. The
undetectable ratio of the shock wave, 5, was defined as the ratio of the y-direction pixels
where the shock wave front did not exist throughout the x-direction, and it is calculated
as follows:

ﬂ = Ny,w/o shock / Ny- (3 1)
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Figure 3.10 Example of detected shock edge from shadowgraph image for (Ms, Lsw,

M, Li/L) = (1.021 £ 0.002, 0.014 + 0.001, 124.6).

Figure 3.11 shows the dependence of the undetectable ratio, B, on Li/L. The same
process was applied to the shadowgraph and schlieren images. The undetectable ratios of
the projected shock waves obtained from the shadowgraph (closed symbol) and schlieren
(open symbol) images presented similar tendency except under some conditions. Figure
3.11 (a) shows the undetectable ratio variations of the interacting shock wave with M;.
sw =~ 1.01. For the interaction with the weakest turbulence (M, = 0.005), the undetectable
ratio was zero during the entire observed interaction. In the interaction with A, = 0.009,
the projected shock wave locally lost its edge when Li/L exceeded 20. The value of  was
in the range of 0.1-0.4 at Li/L = 40. In the schlieren image obtained at Li/L = 90, the
undetectable ratio returned to zero. However, only under this condition, the shadowgraph
and schlieren images could be considered to yield different § owing to the difference in

the detection sensitivity. For the interaction with the strongest turbulence (M, = 0.014),
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the undetectable ratio sharply increased above Li/L = 30 and nearly reached unity when
Li/L exceeded 100. The visualized image in Fig. 3.5, whose undetectable ratio is
approximately 1, shows that the shock wave lost its sharp profile, demonstrating
continuous property changes in the x-direction.

The shock waves with M;.«sw=1.02—1.03 (Fig. 3.11 (b)) showed perfectly detectable
profiles in the interaction with the grid turbulences with A7, = 0.005 and 0.009. In the
interaction with the strongest turbulence (M, = 0.014), the undetectable ratio started to
increase at approximately Li/L = 50 and obtained a value in the range of 0.1-0.5 at Li/L
> 250. The relatively strong shock waves with Mssw = 1.05, 1.10, and 1.15 showed
detectable profiles in the projected images under all conditions of the grid turbulences:
the undetectable ratio was zero (Fig. 3.11 (¢)—(e)). Because the shock wave maintained
the discontinuous profile in these conditions, these results corresponded to the “wrinkled”
state, as reported in the DNS studies.

In the shock wave edge analysis of the projected images, the shock—turbulence
interactions with (MsLsw, M,) =~ (1.01, 0.009), (1.01, 0.014), and (1.02, 0.014) led to an
undetectable profile of the shock wave on the projected image when Li/L reached
approximately 20-50. These three conditions corresponded to weak shock waves and
relatively intense turbulences, respectively. In addition, these conditions satisfied the
criterion of the appearance of a broken shock: M; > 0.6(M — 1), in which the shock wave
front could become subsonic, as proposed by Donzis and Larsson et al. (Donzis, 2012;
Larsson et al., 2013). Note that M denotes the upstream flow Mach number of the
stationary shock wave in the studies conducted in a shock fixed system. From the
viewpoint of the strength of the shock wave, the M used in the shock fixed system and M;

used in the shock propagating system (this research) were the same. Because the projected
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images of a shock wave were obtained by the optical system with a constant sensitivity
remaining constant throughout the experiments, our experimental results showed
consistency with previous DNS study results, although the shadowgraph and schlieren
visualizations depended on the sensitivity in general. In addition to this agreement, an
important difference between the experimental and numerical results was observed. Our
experimental results emphasized the effect of Li/L on the appearance of the “broken”
regime: Li/L =~ 20 was required for the “broken” regime to appear. The aspect of
interaction length has not been investigated in detail in numerical studies. To clarify the
relationship between the present experimental results and a DNS study, a systematic

analysis and comparison will be performed in future research.
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Subsequently, the projected thickness of the shock wave region was evaluated. The
projected thickness of a shock wave is an important parameter corresponding to the
deformation extent of the shock wave in the x-direction. The projected shock wave region
for y = yi was defined as the distance between the left and right edges and expressed as d;
= Xi, R-edge — Xi, L-edge. 1 he average value of o, in the range of i = 0 to N, was defined as the
projected shock wave thickness, 6. Here, the averaging operation was only conducted for
vi, where the shock thickness was definable. In the shadowgraph method, a second
derivative of the density change is expressed as a change in the brightness. Because a
single planar shock wave had light and dark areas in its images, the minimum shock wave
thickness had two pixels on the obtained image. A pixel in the projected image
corresponded to approximately 0.4 mm. Therefore, the resolvable minimum thickness of
the shock wave region obtained from the image is approximately 0.8 mm. Under all
conditions, o before interaction with the grid turbulence was approximately 1-2 mm. This
thickness was the limit resolution of the shock waves in the images in this study, and this
resolution did not correspond to the actual thickness of the shock wave. After the shock
wave entered the grid turbulence, the projected thickness of the shockwave increased with
increasing interaction length. Therefore, the projected thickness during the interaction
with the turbulence reflects the deformation region of the shock wave in the x-direction
by the turbulence interaction. Moreover, we evaluated the projected thickness as the
deformation extent of the shock wave.

In Fig. 3.12 (a), the dimensionless projected thickness normalized by the integral scale
of the grid turbulence, &/L, is shown as a function of Li/L. The value of §/L of the weakest
shock wave with M;s1sw = 1.01 (Fig. 3.12 (a)) increased after the shock wave interacted

with the grid turbulence of A, = 0.005. 6/L was 0.2—0.4 at Li/L > 20. In the interaction
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with the turbulence at A, =0.009 and 0.014, the shock wave was deformed considerably
by the grid turbulence. Because the projected image showed a dispersed undetectable
profile and did not maintain sharp lines, the projected thickness of the shockwave region
was difficult to precisely define. In the interaction of the shock waves with the law, M-
sw = 1.02—1.03 (Fig. 3.12 (b)) and /L of the shock region increased rapidly when Li/L
was 0-50. In the interactions with the turbulences with A, = 0.005 and 0.009, the
normalized projected thicknesses became approximately 0.4 and 0.5, respectively, at Li/L
= 40. In the interaction with the turbulence at A, = 0.014, the shock wave region
significantly expanded. When Li/L was above 53.3, the shock wave dispersed, and at Li/L
=30, the value of 3/L reached 0.5. Because this value was close to the standard deviation
of the average thickness, the expansion and partial disappearance of a shock wave were
confirmed. §/L with M; 1sw = 1.05 (Fig. 3.12 (c)), whose undetectable ratio was 0 under
all interactions, increased moderately compared to the thickness of the weaker shock
waves. As the turbulent Mach number increased, the increase in §/L became slightly
steeper. For the shock waves with M 1.sw = 1.10 and 1.15 (Fig. 3.12 (d) and (e)), the
value of §/L before and during the interactions with the grid turbulence at M, = 0.005
remain the same. In the interaction with the grid turbulence at M, = 0.009, 6/ with M
Lssw = 1.10 and 1.15 were 0.3 and 0.2, respectively, at Li/L > 50. In this case, which
involved a strong shock wave, the shock wave front was slightly deformed with the
increase in Li/L.

Figure 3.13 shows the plots of 6/L against the dimensionless interaction time, /to.
The dimensionless time was used in a DNS by Tanaka et al. (Tanaka et al., 2020), in which
the numerical setup of the shock—turbulence interaction was close to our experimental

system. Specifically, the shock waves propagated through a local isotropic turbulent
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region. In the definitions, #, is the time after the interaction and # is the ratio of the integral
scale to the velocity fluctuation. #o is expressed as L/(M,agr/V3) using the variables in
this thesis. Tanaka et al. (2020) showed that the initial growth rate of the root-mean-square
value of the local shock wave location in the non-dimensional time follows a similar
tendency. We can see this tendency of the shock wave thickness, /L, in Fig. 3.13 (b) and
(c), where Msi.sw = 1.02-1.03 and 1.05, respectively. However, under the other
conditions, evaluating this tendency was difficult because the shock profile became
dissipative for the weak shock case (M;sL..sw= 1.01), and a resolution limit was observed
in the stronger shock case (MsL«sw= 1.1 and 1.15).

Under all conditions, the projected thickness of the shock wave region increased with
the increase in Li/L. The maximum value of 6/L was approximately 1.5, i.e., the largest
deformation of the shock wave in the x-direction had the same order as the integral scale
of the grid turbulence. The gradient of the projected thickness against the changes in Li/L
differed depending on M +sw and M,. When the shock wave exhibited an undetectable
profile, its thickness was difficult to define, and the deviation obtained from the side-view
image became large. When the shock wave was continuous on the image even after its
interaction with the grid turbulence, the projected thickness of the shock wave had a
steeper increase with the increase in the turbulent Mach number. The shock Mach number
contributed to the robustness of the shock wave against the turbulence. In addition, in Fig.
3.12 (b) and (c), the value of /L became saturated when the interaction length increased.
Because the planar shock wave attempted to sustain its planar profile by itself when it
was deformed (Landau and Lifshitz, 1987), the self-stability appeared to act in the
interaction with turbulence. Thus, the saturation of the projected thickness indicated that

the self-stability of the shock wave and the disturbance by the velocity fluctuation of
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turbulence were balanced. The saturation of the projected thickness occurred because the
self-stability of the shock wave and the disturbance by the velocity fluctuation of the
turbulence were balanced. In a DNS study by Tanaka et al. (2020), the statistical location
of the moving shock wave entering the turbulence region was studied. Their results
showed that the root-mean-square value of the local shock wave location gradually
increased after the shock wave enters turbulence. When the shock wave propagates to
approximately ten times the integral scale of the turbulence, the root-mean-square value
of the local shock wave location became saturated. In our results, as shown in Fig. 3.12
(b) and (c), approximately 20-50 times of the integral scale were required for the
projected thickness to saturate and for this value to have the same order as the DNS result.
Moreover, a similar tendency in the initial growth of ¢/L after interaction was obtained
(Fig. 3.13 (b) and (¢)). Therefore, the similarity between the experiment and the DNS was

confirmed.

3.4 Summary of this chapter

In this chapter, the study on an interaction of a planar shock wave with a grid
turbulence was conducted using a CD-ST. Three parameters—shock Mach number Ms,
turbulent Mach number M,, and interaction length Li—were independently controlled, and
their effects were evaluated.

In the grid turbulence formed in a post-shock flow, a temperature variation was
observed with a height of approximately 20 mm from the wall in a shock tube with cross-
section of 120 mm x 120 mm. A nearly uniform grid turbulence zone of approximately
80 mm x 80 mm was formed in the center of the shock tube. The measured turbulent

Mach number was 0.005, 0.009, and 0.014.
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We analyzed the edge profile and thickness of a projected image of a planar shock
wave interacting with the grid turbulence. When the turbulence was relatively strong, the
planar shock wave exhibited a dispersed profile on its interaction with the turbulence. A
large shock deformation occurred when the grid turbulence was the strongest (M, = 0.014,
the tilde represents the value at the visualized position), and the shock wave was the
weakest (Ms-sw = 1.01). In the projected shadowgraph and schlieren images in which
the interaction length normalized by the integral scale of grid turbulence Li/L is above
50, the sharp lines of the shock wave vanish entirely. In the interaction with (Ms 1w, M,)
=(1.02, 0.014) and (1.01, 0.009), when L/L was above 50, the shock wave exhibited an
undetectable profile in the image. The undetectable ratio in the image ranged from 0.2—
0.5. When the shock wave exhibited an undetectable profile in the image, the relationships
between M1 sw and M, satisfied the broken shock criterion, M; > 0.6(M — 1), proposed
in previous DNS studies (Larsson et al., 2013; Chen and Donzis, 2019). However, in these
experiments, Li/L was significantly affected the shock wave profile. Planar shock waves
with a Mach number of 1.05 and higher did not show an undetectable profile when they
interacted with the grid turbulence at M, examined in this study. When the shock wave
was detectable, the projected shock wave thickness increased with the increasing M, and
saturation of the projected shock wave thickness was seen. We consider that the saturation
occurred because the shock wave self-stability and the disturbance by the velocity
fluctuation of the turbulence were balanced. Regarding the interaction length, until the
projected thickness saturated, a similarity to the recent numerical simulation (Tanaka et

al., 2020)) was confirmed.
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Figure 3.12 §/L versus Li/L for (a) Msprsw = 1.01, (b) Msprsw = 1.02-1.03, (c) Ms-
wsw =~ 1.05, (d) Mssw = 1.10, and (e) Ms+sw = 1.15. Close symbols: results calculated

using shadowgraph image. Open symbols: results calculated using schlieren image.
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Figure 3.13 §/L versus dimensional interaction time ti/to for (a) Mssw = 1.01, (b) M-
sw =~ 1.02—1.03, (c) Msuisw = 1.05, (d) Msi+sw = 1.10, and (e) Ms«sw = 1.15. Close
symbols: results calculated using the shadowgraph image. Open symbols: results

calculated using the schlieren images.
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Chapter 4

Criterion for losing shock wave front
profile by interaction with grid
turbulence

4.1 Introduction of this chapter

A direct numerical simulation (DNS) has been used to investigate the interaction of a
planar shock with isotropic turbulence, and three types of shock wave structures have
been reported. The “wrinkled” regime, where deformations occur on the shock wave, is
the modest state of the interaction. In the “broken” regime, local holes appear on the shock
wave, and a gradual change in quantity is observed through the shock wave (Larrson and
Lele, 2009; Larrson et al., 2013). The “vanished” state shows that the location of the shock
wave front is difficult to be completely defined (Chen and Donzis, 2019). As a predictor
of the broken shock regime, M; > 0.6 (M — 1) is reported using DNS data (Larrson et al.,
2013) and through a theoretical analysis (Donzis, 2012). Specifically, M, is the turbulent
Mach number, and M is the mean upstream supersonic flow Mach number of the shock
wave. Further, Chen and Donzis (2019) confirmed that their theory corresponded with
DNS.

In Chapter 3, we confirmed the shock wave deformation (“wrinkled” regime) and the

increase of undetectable ratio of the shock wave (“broken” regime) caused by interaction
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with grid turbulence in a shock wave propagating system. However, the “vanished” state
has not yet been observed experimentally as demonstrated in the DNS (Chen and Donzis,
2019). This chapter aims to experimentally demonstrate the vanished shock regime and

propose a criterion for this regime in a shock propagating system.

4.2 Experimental verification of vanished shock regime

4.2.1 Experimental setup

This experiment was conducted using the CD-ST in a similar setup to that in Chapter
3. The coordinate system is also similar to that in Chapter 3. Figure 4.1 shows an example
of an x (space)—¢ (time) diagram of the CD-ST operation. Each driver generated left- and
right-incident shock waves (denoted by L-iISW and R-iSW, respectively). Under specific
conditions, we weakened the L-iSW using punched stainless-steel sheets installed at x =
1.0 m. Specifically, R-iISW passed through a square grid and became a grid-past shock
wave (i.e., R-gSW). The square grid containing 5 mm x 5 mm square pillars with a mesh
size of 25 mm was installed at x = 5.0 m (Fig. 4.1). A uniform flow behind R-iSW was
transmitted to the grid turbulence beyond the square grid. After the collision of L-iISW
and R-gSW, the transmitted shock waves, L-tSW, and R-tSW propagated in the directions
shown in Fig. 4.1. At a specific point, L-tSW entered and interacted with the grid
turbulence. We defined the interaction length (L) as the distance from the shock waves to
the head of the grid turbulence. The value of L; was controlled by the time difference #4clay
of each driver’s operation. We visualized the shock wave propagating through the grid
turbulence using the schlieren method. The visualization system comprised a high-speed

camera (Phantom v1211, Vision Research Inc.; 256x256 pixels, 100 kfps) and
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synchronized pulse diode laser (CAVILUX Smart, Cavitar Ltd; wavelength 640 nm, pulse
duration 10 ns). This system visualized the shock wave through a pair of BK7 windows
(effective diameter of 110 mm) that were installed on the sidewall at 450 mm downstream
of the square grid. To capture the weak density changes with high sensitivity, the optical
path from the test section to the high-speed camera was approximately 20 m.

The main role of the right driver was to generate grid turbulence behind R-gSW. In
this experiment, we used a single condition of the grid turbulence. Hence, the right-driver
and driven sections’ initial pressure conditions were equal to those under the CD-ST
operation. The initially filled gas in the right driver was a mixture of He and atmospheric
air supplied from a compressor through a dryer. The fill pressure ratio was He:air = 9:1,
and air was used as the driven gas. The initial pressure conditions of the right driver and
driven section were psr = 128.3 kPa and p1 = 12.3 kPa, respectively. The shock wave
velocity was measured using the time-of-flight principle. By dividing the shock wave
velocity by the speed of sound in the gas in the driven section, the shock Mach numbers
of R-iSW and R-gSW were calculated as M; r-isw = 1.82 and M; r-gsw = 1.76, respectively.
Here, we assumed that the gas in the driven section was calorically perfect such that the
specific heat capacity was a constant value (y =1.4). The velocity of the grid turbulence
mainstream flow was approximately 340 ms!, as calculated using Rankine-Hugoniot
relations. The left driver conditions primarily determined the shock Mach number of the
interacting shock wave, that is, M, rsw. In this research, we set the left driver pressure
to paL = 18.3 or 20.3 kPa depending on the condition. Further, two types of punched
stainless-steel sheets were used to change the shock Mach number. Type A comprised 16
punched stainless-steel sheets with the thickness of 0.8 mm, hole diameter of 1 mm, and

a blocking ratio of 82.5%. Type B comprised three punched stainless-steel sheets with the
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thickness of 1 mm, hole diameter of 2 mm, and a blocking ratio of 64%. When ps. was

18.3 kPa, we obtained Ms 1-sw = 1.006, 1.034, and 1.046 using types A and B punched

stainless-steel sheets and those without the sheets, respectively. When p4r. was 20.3 kPa,

we obtained Ms 1sw = 1.013 using type A punched stainless-steel sheets. Here, the shock

Mach number of the left-transmitted shock wave, M r«sw, was calculated using the

solution from the head-on collision of L-iISW and R-gSW.

Visualizing window \,/— Grid
: |

I I
Head of grid I

@ 1stshock arrival
O 2nd shock arrival

2 4 x (M)

10 12

L-Driver (2.02 m) Driven (8.02 m)

Sheets of punched stainless steel (if needed, x =1 m)

R-Driver (4.03 m)

Figure 4.1 Example of an x—¢ diagram of the CD-ST operation: p4r. = 20.8 kPa, p; = 12.8 kPa,

and psr = 128.3 kPa. L-, from the left driver; R-, from the right driver; i, incident; t, transmitted;

>

g, grid transmitted; r, reflected from the grid; SW, shock wave; EW, expansion waves; CS,

contact surface.
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4.2.2 Visualization of shock—turbulence interaction

Under the conditions applied in this study, the grid turbulence characteristics could
not be measured because a hot-wire probe was broken by finely ruptured cellophane
debris. Hence, the turbulent Mach number was estimated using a linear extrapolation from
the obtained relationship between the mainstream-flow Mach number of the grid
turbulence and turbulent Mach number that was reported in the previous chapter. The
near-linear relationship between the mainstream-flow Mach number of the grid
turbulence and turbulent Mach number can be observed in the measurement of the grid
turbulence that was generated in a shock tube from the mainstream-flow Mach number
(0.3-0.7) for a constant mesh size (Briassulis et al., 1998). We applied this linear

"and flow

relationship to our facility. With a mean grid turbulence velocity of 340 ms™
Mach number of 0.72 (calculated using the Rankine-Hugoniot equations in a perfect gas),
the representative value of the turbulent Mach number was M,= 0.025 (tilde represents
the value at the center of the visualizing window located at 450 mm downstream of the
grid). Because the data used to estimate M, were a standard deviation of approximately
10%, the estimated M, had a similar degree of error. As the generated grid turbulence
was not supersonic flow, strong disturbances such as shock waves generated by the strong
velocity fluctuations of turbulence, i.e., shocklets (Lee et al., 1990), could not be
confirmed in schlieren images. Pressure oscillation in the grid turbulence, which was
induced mainly in the initial diaphragm rupture processes, was 1.7% of the absolute
pressure in the grid turbulence based on the pressure measurement using a flush-mounted
pressure sensor in the inner wall of the shock tube. This pressure oscillation caused a

1.3% change in the speed of sound.

The schlieren visualization results of the shock wave moving from the left to right
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against the grid turbulence blowing from the right to left are shown in Fig. 4.2. To enhance
the signal-to-noise ratio in the images, all the images presented in this paper are
differential images formed by subtracting the quiescent-state image before the shock tube
operation from the rough image (Kim et al., 2010). As also shown in the figure, the shock
tube center of approximately 86 mm range is extracted. The positive and negative values
of L; correspond to the interaction lengths during and before the interaction, respectively.
The image sequences presented in each row were extracted from the same CD-ST
operations. The image sequence in the lower row corresponds to the trial in the long-
interaction-length case. Regarding the interaction of the weakest-shock wave case of M,
Lsw = 1.006 (Fig. 4.2 (a)), the shock wave was perfectly planar before interacting with
grid turbulence (L; < 0). After the interaction, the shock wave contrast on the visualized
image gradually diminished with an increase in the interaction length. At L; > 200 mm,
the shock wave profile was not detected on the schlieren images. Finally, the contrast
level of the shock wave became equivalent to the density changes caused by the grid
turbulence. A similar result was observed in the case of Ms r«sw = 1.013 (Fig. 4.2 (b)).
When L; exceeded 300 mm, we did not observe the shock wave profile. Because the
schlieren visualization integrates information from a spanwise direction, a sharp line
would be visible if the shock wave remains locally. Hence, for L; > 300 mm, the shock
wave appeared to lose its discontinuous profile because of its interactions with the grid
turbulence. Regarding this shock wave behavior, Chen and Donzis recently reported on
the “vanished” regime of the interaction, wherein the upstream and downstream of the
shock wave could not be identified clearly in the DNS results (Chen and Donzis, 2019).
A similar result was observed during our experiment. However, we found novel insight

during the experiment when moving the shock wave. The shock wave gradually vanished
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with an increase in the interaction length. Contrarily to the case of weak shock wave, the
relatively strong shock waves with M r.sw = 1.034 and 1.046 (Figs. 4.2 (¢) and (d),
respectively) were largely deformed. With expansions in the side projected areas with a
grid turbulence, the shock wave profiles remained under the long interaction length cases,

that is, Li > 200 mm.
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Shock wave location

—89 mm

(b)

294 mm
200 300

Figure 4.2 Schlieren images of the shock wave propagating through the grid turbulence.
Arrows indicate the trajectory of the shock wave propagating at a constant velocity: (a)

M, Lisw = 1.006, (b) Ms,Lsw = 1.013, (c) Ms,Lsw = 1.034, (d) Ms, Lsw = 1.046.
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Figure 4.2 (Continued)
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4.3 Criteria for losing shock wave front profile

4.3.1 Shock-forward-induced flow interaction

To physically interpret the shock wave profile vanishment during the turbulence
interaction, we used the shock wave modulation based on a one-dimensional (1D)
unsteady interaction problem called the Riemann problem (Shapiro, 1953; Liepmann and
Roshko, 1957; Glass and Sislian, 1994; Sasoh, 2020). As shown in Fig. 4.3, the most
fundamental situation was considered, that is, a shock wave propagating in a quiescent
state with a shock Mach number of M interacting with a forward induced flow. States 0,
L, and R correspond to the quiescent state, area behind the incident shock wave, and
forward induced flow, respectively. Here, states 0 and R are assumed to have a similar
pressure. Additionally, we assumed that the proprieties of states 0 and R changed
occasionally. The gas in all the states were calorically perfect, that is, the specific heat
ratio was constant (y =1.4). When the induced shock wave entered state R, new right- and
left-running waves were generated. The states after passing the left- and right-running
waves are L and R”, respectively. The contact surface separates states L* and R*. A
schematic of the u (velocity)—p (pressure) interaction is shown in Fig. 4.4. When the
induced velocity direction had a similar direction as the shock wave propagation, the
increase in pressure by the right-running wave (curve R—R") grew smaller than that by
the incident (curve 0—L). In this case, left-running expansion waves were generated.

Under such condition, the pressure increase induced by the right-running wave is zero.
In this case, the incident shock wave transits to a sound wave by interacting with the
forward induced flow. When quantity changes do not occur with the right running wave,

the following equations for pressure p and velocity u are obtained:
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Pr+ =Py )

UR* = UR.
Because the left-running wave comprises expansion waves (Fig. 4.3), the following

isentropic equation between states L and L* is obtained:

y—1

U+ — U, _ 2 1 <@>7 (42)
ar, y—1 )2

Here, av is the speed of sound in the state L. The pressure and velocity across the contact

surface between states L™ and R* were equal. Thus, we obtained:

pL* :pR*J
(4.3)
U x = URx.
By deleting the variables of states L* and R* using Egs. (4.1)—+(4.3) and expressing the
variable state L using the incident shock Mach number M, we obtained the ratio of the

velocity of the forward induced flow ur to the velocity behind the incident shock wave

ur as a function of M as follows:

1 1 _r=t
ug (M -y + 1[G - DM +2F | <2yM£—y+ 1> 7

(4.4)

=1+
up (y-1D(MZ-1) y+1

The right side of Eq. (4.4) becomes 2 at the limit of the weak shock wave of Ms —1, and
the relationship |ur/ur —2| < 0.005 holds for values of M from 1 to 2. Hence, ur/ur =2
was the weak shock wave. The values of ur and ur can be expressed as dimensionless

Mach numbers as follows:

(4.5)

where MR is the flow Mach number of the forward induced flow and ao is the speed of
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sound in the state 0. Using Eq. (4.5), we can express the relationship ur/ur = 2 with
dimensionless Mach numbers, Mr and M. The following inequality shows the
relationship between the shock wave transition and a sound wave or expansion wave

when the shock wave interacts with the forward induced flow in a 1D system:

Vs 4 M*-1
R=w+1 M,

(4.6)

Here, let MR,y be the values on the left side, particularly when the equal sign of the above

inequality holds.
(@) (b)
(L] o [R] [L] ol B [R]
| |
PL Po | Pr = Po PL P | Pr+ Pr = Po
T To : Tr=To T Tix : Tre Tr=To
a, a, | ag = ag a, ax | Age ag = a,
PL Po : PrR=Po PL PLx : Pr* PR = Po
u, u,=0 : Ug u, U= : Ugx Ug
I — I — —
—_— — e
Shock wave Expansion  Contact Shock wave or
M waves surface expansion waves

Figure 4.3 Schematics of the 1D shock wave-forward induced-flow interaction: (a)

before and (b) after.
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Figure 4.4 Schematic of x-element during the shock wave-turbulence interaction.
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Figure 4.5 Schematic of the u—p diagram.
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4.3.2 Condition for losing shock wave front during interaction

with isotropic turbulence

The shock wave state that interacted with the turbulence was considered using a
similar analysis proposed by Donzis (2012). In his analysis, the possibility of having a
local Mach number less than unity in certain locations corresponded with that of the
appearance of continuous changes in fluid properties on the shock wave, as confirmed by
the DNS results (Larsson et al., 2013; Chen and Donzis, 2019). In this study, the
interaction between a moving shock wave and planar distributed velocity fluctuations was
considered (Fig. 4.5). Thus, we calculated the probability of having a local flow Mach
number which satisfied Eq. (4.6) in some locations as the probability of the local
vanishment of the shock wave. Here, it was assumed that only the velocity was disturbed.
Additionally, only the elements facing the shock wave (x-direction) were considered. The
turbulence velocity fluctuation was assumed to obey a Gaussian distribution, which was
a good approximation (Donzis, 2012). We confirmed the grid generated turbulence mean
velocity as 160 m/s (Appendix B). Where the Mach number of the “local” turbulence
velocity fluctuation m. = u./a: exceeded the flow Mach number Mg, (thus satisfying Eq.
(4.6)), the incident shock wave vanished locally. Here, u, is the x component of the
velocity fluctuation and a; the speed of sound of the turbulence. The probability of the
existence of a local flow satisfying Eq. (4.6) in the turbulence was defined as P (m, > Mg,
v), where P() is a function of probability of the satisfying inequality in (). Regarding the
Gaussian-distribution velocity fluctuation, the value of P (m, > Mg, v) can be statistically
expressed in a simple form using the error function erf() as P (m. > Mg, v) =

1- 1/2{1+ erf{MR, J(V2/3M,) ]} Here, regarding the turbulent Mach number, M, =
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V3u'/a, was applied because the turbulence was assumed to be isotropic, where u’ is the
root-mean-square value of u,. Here, we define the probability of the local shock wave
vanishment for one-time interaction of the shock wave with a fluctuating-velocity plane
as Pi. By substituting Mg, v, P is a function of the shock Mach number M; and turbulent

Mach number M; as expressed below:

M?—1
M
Pi=P(m,>Mg,)=1-=[1+ef{ ———||. 4.7)
\Z 5w/

Figure 4.6 shows a plot of Eq. (4.7) as a function of MM,/ (Ms*> —1). The four plotted
points correspond to the experimental conditions examined in this study. The value of P
(mx > Mg_v) was almost 0 when MM,/ (Ms*> —1) < 1. At MM,/ (M —1) = 1, that of P (mx
> Mg.v) was 0.002, and P (m, > MR._v) increased with MM,/ (Ms* —1) = 1 as the threshold
value. Hence, we obtained the following inequality for the apparition of a shock wave
local vanishment during one-time interaction with the fluctuating-velocity plane as

expressed below:

MZ2-1

T (4.8)

M, >

Inequality Eq. (4.8) is the criterion for the occurrence of local shock wave vanishment
during an interaction of a shock wave with a fluctuating-velocity plane. However, such a
case is rare in real situations, wherein shock waves repetitively interact with velocity
fluctuations during propagation through turbulent regions of certain volumes. Thus, we
considered the repetitive interaction effect on the vanishment of weak shock wave. In a
repetitive interaction with velocity fluctuations, the shock wave constantly experienced
modulation during propagation. Because quantity change caused by weak shock waves

were regarded as isentropic (Shapiro, 1953a; Liepmann and Roshko, 1957; Glass and
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Sislian, 1994; Sasoh, 2020), the flow Mach number that caused the vanishment of the
shock wave was determined only by the shock Mach number of the incident shock wave.
The shock wave vanishment condition in Eq. (4.6) did not change during the interaction.
Hence, we can conclude that the shock wave locally vanished when it met the flow,
thereby satisfying Eq. (4.6) during propagation in turbulence.

Additionally, we must consider the shock wave behavior after vanishment, which is
discussed below. After the shock wave locally vanishes, compression waves are formed
by multidimensional effects surrounding the vanished area. Hence, the recovery state of
the shock wave from the compression waves is important in modeling the behavior of the
shock wave propagating through turbulence. We quantitatively analyzed the shock wave
reformation under experimental conditions similar to those in a 1D analysis as presented
by Sasoh (Sasoh, 2020). Here, we considered the bundle of compression waves wherein
its leading head initially (¢ = 0) was located at x, and the tail at x, (Fig. 4.7). We assumed
that the pressure variation between x, and x, was continuous. The thickness of the bundle
was Ax. =xa. — X». Because the local velocity of the characteristic increased with increasing
pressure, the tail compression wave gradually reached the head compression wave at ¢ =
ts, thus forming a shock wave. We defined the shock formation location as x = x, and the
shock formation distance Ls as Ls = xs — xa. The time of shock formation # is written using

the velocities of the characteristics at x, and xy as well as ¢+, and ¢+ as follows:

L Ly + Ax
fg=—— = — = (4.9)
C+ a C+b
This equation can be rewritten as
L c
S = — P (4.10)

Ax,  Cip—Cia

where c+. and ¢+ are written using the flow velocity u and speed of sound of the flow a
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as
Cia=Uy Ty, Cpp= Uyt ay. (4.11)

Using Egs. (4.9)—(4.11), we estimated the shock reformation distance after the weak
shock wave became compression waves with a thickness of Ax.. With the determined
values of u. and aa., the values of up, and ap were calculated using the isentropic
relationship for a specific pressure jump. Because properties that change owing to weak
shock waves can be regarded as isentropic, the pressure jump across compression waves
was regarded similar as that across the weak shock wave. Thus, Ls/Ax. was calculated for
a given shock Mach number M, as shown in Fig. 4.8. We used the value of u, =—340 m/s
and a, = 478 m/s, which were under similar conditions as those in the experiment. The
value of Ls/Ax. decreased with an increase in Ms. This is because c+,» became large for
strong compression waves. This behavior shows that the weak shock wave required a
longer shock formation distance than the strong shock did. The value of Ly/Ax. was 23 for
M;, 1sw = 1.006. This calculation shows that if the shock wave of M risw = 1.006
transforms into compression waves of thicknesses which are equivalent to the integral
scale of the turbulence, a propagation length of approximately ten times more than the
integral scale is needed to recover the shock profile. Contrarily, the shock waves of M;,1-
sw = 1.034 and 1.046 required propagation distances of 4.3 and 3.2 times Ax,
respectively. In these relatively strong shock wave cases, the local compression waves
soon reformed as the shock wave. Hence, the assumption that the vanished parts of the
shock wave were not recovered during the interaction was appropriate for the very weak
shock waves, such as those satisfying Ly/Ax. > O(10"). For simplicity, we assumed that
the shock waves of M; = 1.006 and 1.013 did not recover once they experienced

discontinuous profile loss.
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Based on the above assumptions, the vanishment of the weak shock waves M, 1-sw =
1.006 and 1.013 is modeled considering the interaction length effect. In a repetitive
interaction with the velocity fluctuation, we define the probability of the local shock wave
vanishment over 7 interactions as P,. In n+1 interactions, P,+1 is expressed as the sum of
the following independent cases: (1) The local shock wave remains after » interactions
and later vanishes after n+1 interactions, and (2) the local shock wave had already
vanished during interactions 1 to n. The probability of the former was P(m. > Mg, v) (1 —
P,) after considering the conditional probability, and that of the latter was P,. Hence, we
obtained P,+1 in the recurrence formula as P,+1 = P (mx > MR,v) (1 — P,) + P,. Here, the
first term of P, satisfied the relationship of P1 = P (m. > MR, v), as expressed in Eq. (4.7).
The general term of P, can be derived in the geometric progression form as

P,=1-[1-P (mx>Mr)]". (4.12)
Conversely, for the relatively strong shock waves with Ms 1-sw = 1.034 and 1.046, P, was
approximately 0 because the shock wave vanishment criterion in Eq. (4.8) was not
satisfied (Fig. 4.6). Further, the shock wave was reformed using the profile of the
compression waves (Fig. 4.8).

The gradual shock wave vanishment phenomenon with an increased interaction length
observed during the experiment was considered physically using the developed model.
We assumed that the integral length scale of the turbulence represented the length of one
velocity fluctuation because the integral scale of the turbulence physically corresponded
to the length of the dominant scale eddies in a turbulent flow. During the previous
measurement of the grid turbulence in the CD-ST, the integral scale of the grid turbulence

was approximately 10 mm for the mean flow of 50-160 m/s (see Chapter 3). In this
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analysis, we adopted this value as the integral scale of the grid turbulence. Hence, the
interaction length consumed by one-time interaction with velocity fluctuations was 10
mm in this model. In the experiment results, because the largest value of the interaction
length was approximately 300 mm, we visualized an interaction length that was 30 times
that of the shock wave with the velocity fluctuation in this study. The value of P, was
plotted as a function of the number of interactions # (Fig. 4.9). The interaction length L;
for the integral scale of 10 mm was also shown on the horizontal axis. Four types of plots
corresponded to the experimental conditions. With an increase in L;, P, sharply increased
in the weakest shock Mach number of Ms r«sw = 1.006. The vanishment probability
exceeded 80% for L; = 200 mm. The calculations from this model were consistent with
the experimental results: The contrast corresponded to density changes by the shock wave
in the visualized image decreased with increasing interaction length. The model
corresponded with the experimental results of the total shock wave vanishment at
approximately L; = 200 mm. Furthermore, in the cases of relatively strong shock waves
of M, 1-sw = 1.034 and 1.046, the shock wave vanishment probabilities remained near
zero. The proposed shock wave vanishment model also corresponded with the
experimental results of the continuous shock wave profile on the side-view image.
However, on the border condition M 1-sw = 1.013, the model did not quantitatively
describe the experimental results. The model showed a 4% vanishment on a shock wave
profile at L; = 300 mm, while the experiment showed a complete shock wave vanishment
at approximately Li = 300 mm.

Following the comparison of the experimental results, a precise correspondence was
not achieved when the shock Mach number and turbulent Mach number satisfied the

shock wave vanishment criteria (Ms,L-sw = 1.013, M, =0.025). Conversely, the proposed
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shock wave vanishment model, based on the solution of the 1D unsteady compression
problem, can explain the weak shock wave vanishment in the interaction length range of

10 times more than the integral scale of grid turbulence.
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Figure 4.6 Shock vanishment probability after one-time interaction P (my > Mg v) as a
function of MsM/ (Ms2— 1). Plots correspond to Ms, L-tsw = 1.006 (circle), Ms, L-tsw =
1.013 (triangle), Ms rtsw = 1.034 (square), and Ms, Ltsw = 1.046 (diamond),

respectively. Mt = 0.025 under all conditions.
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Figure 4.7 Schematic of shock formation by the integration of compression waves, as

presented by Sasoh (2020).
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Figure 4.8 Ratio of shock formation distance to thickness of compression wave Ls/Axc
as a function of Ms. Plots correspond to the shock Mach numbers examined during the

experiment.

106



4.4 Summary of this chapter

This chapter experimentally and theoretically investigates losing the shock wave front
profile during interactions with turbulence. We experimentally demonstrated the
vanishing of a weak shock wave profile during interactions with grid turbulence using the
CD-ST. On the side-projected schlieren images, the weak shock wave contrast gradually
decreased with an increase in the interaction length. Under the weak shock wave
conditions (Ms, L-sw = 1.006 and 1.013), the vanishing regime was confirmed when the
interaction length exceeded 200 mm. This phenomenon was modeled based on a 1D
unsteady shock interaction theory (the Riemann problem). During the 1D interaction of
the shock wave with a forward induced flow, the shock wave transformed into a sound
wave and even an expansion wave. We extended the theory to a shock wave interaction
with a planar distributed velocity fluctuation and derived a criterion M, > (Ms> —1)/M; for
the vanished regime, where M; is the shock Mach number and M; the turbulent Mach
number. The effect of the interaction length during the experiment was considered in the
proposed shock wave vanishment model by a repetitive interaction with the velocity
fluctuation. Regarding the quantitative analysis of the characteristic propagation in the
measured interaction range, we discovered that the weak shock wave did not recover once
it experienced discontinuous profile loss. Although a precise correspondence was not
confirmed for conditions wherein the shock and turbulent Mach numbers began to satisfy
the shock wave vanishment criterion, we confirmed the validity of the proposed model
for the vanishment of weak shock waves at interaction lengths that were ten times more

than the integral scale of the grid turbulence.
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Figure 4.9 Shock vanishment probability in z interactions with the velocity fluctuation.
The interaction length for the integral scale of 10 mm is also shown in the horizontal
axis. M; = 0.025 under all conditions and M;, r«sw = 1.006 (circle), Ms, 1sw = 1.013
(triangle), Ms,1sw = 1.034 (square), and M;, 1 -.sw = 1.046 (diamond). Regions indicated
by a double arrow correspond to L;, that is, where in the present experiment the shock
wave front profile vanishes based on the schlieren images at Ms 1w = 1.006 (solid

line) and M;, 1sw = 1.013 (dashed line).
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Chapter 5 Conclusions

In this thesis, unsteady changes in a planar shock wave front propagating through grid
turbulence were investigated. A preliminary experiment to generate weak shock waves
was reported in Chapter 2. Accordingly, the modulation and moderation of the shock wave
front profile affected by grid turbulence were discussed in Chapters 3 and 4. The
outcomes of each chapter are summarized below.

Chapter 2 discusses the relationship between a cellophane diaphragm rupture and
formation of the weak shock waves to conduct an interaction experiment between a planar
shock wave and grid turbulence. We experimentally obtained a law characterizing the
cellophane diaphragm rupture process and minimum stress condition for appropriate
shock tube operations. The shock wave formation was completed in the early stage of the
cellophane diaphragm opening process owing to the effective acceleration of the
fragmented diaphragm petal. This result ensured the generation of a weak shock wave in
a counter-driver shock tube, which was used in Chapters 3 and 4.

Chapter 3 discusses the interaction of a planar shock wave with grid turbulence,
investigated using a counter-driver shock tube. Three parameters (i.e., shock Mach
number M;, turbulent Mach number M, and interaction length L;) were independently
controlled. Hence, their effects on shock wave modulations were evaluated by analyzing
the edge profile and thickness of the projected image of the planar shock wave while
interacting with grid turbulence. Planar shock waves with a Mach number of 1.05 and
higher showed the apparent density change on the shadowgraph and schlieren images.

The projected thickness of the shock wave increased with an increase in M, (tilde
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denotes the representative value at the visualization location). Furthermore, saturation of
the projected shock wave thickness was observed. The interaction length before the
projected thickness saturation corresponded with the result obtained by a recently
conducted numerical simulation using a numerical setup similar to the one considered in
this research (Tanaka et al., 2020). This compatibility showed that the shock wave, while
propagating through turbulence, had a limited deformation extent depending on the
strength of the shock wave and turbulence. Regarding the appearance of extreme shock
wave deformation, which was similar to the broken regime, the criteria proposed in
previous studies (Donzis, 2012; Larsson et al., 2013; Chen and Dondis, 2019)
corresponded with our experimental observations. However, during the experiment, we
confirmed that an interaction length of approximately 20-50 times the integral scale of
the turbulence was required to observe the broken regime. This is a new finding on the
regime of shock—turbulence interactions in a shock wave propagating system.

Chapter 4 discusses the investigation of losing the shock wave front profile during
interactions with turbulence experimentally and theoretically. Under weak shock wave
conditions (Ms, L«sw = 1.006 and 1.013), when the interaction length exceeded 200 mm,
the vanishing regime was confirmed. This phenomenon was modeled based on the 1D
unsteady shock interaction theory (Riemann problem). Furthermore, a criterion M, > (M?
—1)/M; for the vanished regime was derived. We confirmed the validity of the proposed
model regarding the vanished weak shock waves at interaction lengths that were ten times
higher than the grid turbulence integral scale.

In conclusion, the outcomes obtained in this thesis based on the objective mentioned
in Chapter 1 are summarized as follows. The experiment on shock—turbulence

interactions was enabled by clarifying shock formation characteristics in the shock tube.
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Then, we experimentally demonstrated “broken” and “vanished” interaction regimes,
confirmed in earlier DNS studies, in a shock propagation system. The experimental
results of shock—turbulence interactions emphasized the importance of unsteady effects
during the modulation and moderation of the shock wave front profile. It was found that
a sufficient interaction length is required to obtain the broken and vanished regimes in a
shock wave propagation system. Regarding the appearance conditions of these regimes,
the “broken” and ““vanished” regimes were obtained during the interaction between the
weak shock wave and weak turbulence when compared to conditions adopted in the DNS
studies. Thus, the experimental results demonstrated that such interaction regimes
occurred in reality. Additionally, the criterion M, > (Ms> —1)/M; for the vanished regime
in a shock propagation system was proposed and experimentally validated. These
outcomes are advantageous to predicting the sonic boom level on the ground and
development of new shock mitigation methods based on interactions between the shock

waves and a flow field.
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Appendix A

Polyester diaphragm opening process

Here, examples of the opening process of polyester-made diaphragm are shown. A
shock tube of D = 62 mm was used. The thickness of the polyester diaphragm (DuPont
Teijin Film, Melinex® 339) was 36 um. The polyester diaphragm can handle pressure
difference higher than the cellophane diaphragm. Natural bursting occurred around Apai
=100 kPa.

Figure A.1 shows the opening of the polyester diaphragm when p4 = 201.5 kPa and p:
= 101.5 kPa. At t = 160 ps, a single crack was generated from the point pierced by a
needle. At ¢ = 320 ps, the crack arrived at the shock tube wall. Subsequently, the
diaphragm was teared by the high-pressure gas in the driver. This polyester diaphragm
opening process was different from that of the cellophane diaphragm, which has the high-
speed multiple crack propagation. This result support that the cellophane diaphragm is

quite suitable for the weak shock wave formation.
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Figure A.1 Opening process of polyester diaphragm at Ap41 = 100 kPa (p4 =201.5 kPa

and p1 = 101.5 kPa).
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Appendix B

Response limit of the hot-wire
anemometer and distribution of
velocity fluctuation of grid turbulence

Here, the response limit of hot-wire anemometer and the velocity distribution of grid
turbulence are shown as supplementary data. Figure B.1 is an example of originally
measured velocity fluctuation in the grid turbulence. The data was obtained under the
condition of U =160 m/s and measured at Ax = 0.45 m. The energy distribution of this
measured signal is shown in Fig. B.2. The signal has a peak of approximately 7-10 kHz.
The signal becomes small after the peak and takes the minimum value at approximately
20-30 kHz, and is noisy at higher frequency regions. Therefore, the response limit of the
hot wire used in this research is considered approximately 20 kHz. The turbulent Mach
number M; and other quantities of the grid turbulence are obtained at the low-pass filtered
signal of velocity fluctuation (< 20 kHz).

Figure B.3 shows the probability density function of the measured data after
processing by the low-passed filter. The measured distribution is shown as the black plot
in the figure. The gray dotted line shows the Gaussian profile for ¢ = 4.40 m/s. The

measured velocity distribution was close to the Gaussian profile.
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Figure B.1 Example of original velocity fluctuation signal measured by hot-wire

anemometer.
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Figure B.2 Energy distribution of measured velocity signal.
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Figure B.3 Example of pdf of measured u,’. Gray dotted line shows Gaussian profile.
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