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Experiments on a spherical shock wave propagating across an unheated- or a heated-
cylinder wake are performed in a wind tunnel to investigate the effects of velocity and
temperature fluctuations of turbulence on the shock wave. The temperature of the heated
cylinder is low enough for the buoyancy effect to be negligible in the wake development,
and comparisons between the heated- and unheated-cylinder experiments highlight the
effects of temperature fluctuations on the shock wave. Peak overpressure of the spherical
shock wave is measured on a wall after the shock wave has passed the wake. Along with
the overpressure measurement, temperature and velocity are measured in the heated and
unheated wakes, respectively. Larger peak-overpressure fluctuations are obtained when the
shock wave interacts with the heated-cylinder wake than with the unheated-cylinder wake.
Correlation coefficients are calculated between the velocity/temperature fluctuations of
the unheated/heated-cylinder wakes and peak-overpressure fluctuations. The temperature
fluctuations and overpressure fluctuations are found to be negatively correlated, which
is explained by the shock deformation caused by speed-of-sound fluctuations in front of
the shock wave. By comparing the correlation coefficients between velocity and over-
pressure fluctuations with those between temperature and overpressure fluctuations, it
is also discovered that the temperature fluctuations of the heated-cylinder wake have a
stronger correlation with the overpressure fluctuations than the velocity fluctuations of the
unheated-cylinder wake.
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I. INTRODUCTION

Shock wave propagation in turbulent flows causes the shock-turbulence interaction, which is
widely seen in science and engineering problems. It can be observed, for example, in the galaxy
formations caused by a supernova explosion [1]. In nuclear physics, the duration time of confine-
ment fusion is affected by the turbulence characteristics interacting with the shock wave [2]. It is
also important in engineering applications, such as in the sonic boom problem caused by supersonic
flight. The pressure waveforms of a sonic boom are known to be significantly modulated in the
atmospheric turbulence [3]. Another important engineering problem of the shock-turbulence inter-
action is the shock–boundary-layer interaction, which occurs in air intakes of supersonic jet engines
and on transonic airfoils of aeronautics, causing a decline in the aerodynamic flight performance
[4–7]. For the further understanding of such phenomena and improvement of related engineering
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equipment, it is crucial to investigate the shock-turbulence interaction from the fundamental aspects
of the problems.

There have been some laboratory-scale studies of the shock-turbulence interaction. Inner shock
tube experiments [8,9] and wind tunnel experiments [10] reported changes in turbulence char-
acteristics after the interaction, such as amplifications of velocity fluctuations [9,10], vorticity
fluctuations [9], and density fluctuations [8]. The shock-turbulence interaction also causes changes
in shock wave characteristics. An increase in the shock wave overpressure fluctuations after the
interaction was observed in experiments of shock waves propagating in grid turbulence [11,12] and
jets [13,14]. The geometrical properties of a planar shock wave interacting with grid turbulence
were visualized in inner shock tube experiments [15], where the shock wave surface was largely
deformed after the interaction with turbulence. Numerical and theoretical studies have also been
performed in order to investigate the effects of the interaction on the characteristics of shock waves
and turbulence [16–23]. One of the important results of those studies is the discovery of the broken
shock wave regime, which is the local disappearance of the shock wave surface caused by turbulence
[16,17,19,20].

There have been several attempts to systematically assess the shock-turbulence interaction by
representing the statistics of the shock wave and turbulence after the interaction as functions of a few
parameters of the problems. Most previous studies considered the shock Mach number, turbulent
Mach number, and turbulent Reynolds number as dominant parameters of the shock-turbulence
interaction [16–18,20]. The shock Mach number represents the intensity of the shock wave. The tur-
bulent Mach number is defined with the ratio between root-mean-squared (rms) velocity fluctuations
and mean speed of sound, and it can be considered as the intensity of turbulent velocity fluctuations.
The turbulent Reynolds number is one of the parameters that has been used to represent the ratio
of length scales of turbulence and shock width [18,19]. One might immediately notice that none of
these parameters is directly associated with fluctuations of thermodynamic properties of a fluid in
which the shock wave propagates. Once temperature fluctuations are induced in turbulent flows, they
can significantly affect the shock wave propagation because the local speed of sound depends on
temperature. In compressible turbulence, the turbulent Mach number implicitly takes temperature
fluctuations into account as strong compressibility that causes non-negligible temperature fluctu-
ations by viscous heating and dilatational effects in turbulence [16]. However, it is important to
treat fluctuations of thermodynamic characteristics separately from velocity fluctuations because
temperature fluctuations can also be introduced in a flow without strong compressibility, such as a
plume of heated air. Previous numerical studies have investigated the thermodynamic characteristics
of turbulence, such as fluctuations in temperature, entropy, and acoustic pressure after interacting
with a shock wave [24–28], in which compressible turbulence has been decomposed into vortical,
entropic, and acoustic modes by using Kovasznay’s modal decomposition [29]. However, these
studies have not focused on the change in the shock wave characteristics, and the role of the
thermodynamic characteristics of turbulence in the shock wave modulation is not clear. In previous
experimental work, pressure waveforms of a shock wave interacting with thermal turbulence were
measured, where the statistics of the peak overpressure behind the shock wave were obtained [30].
However, in their study, the effects of temperature fluctuations could not be evaluated separately
from those of the vertical convection caused by buoyancy of the thermal turbulence. Moreover, an
investigation of the role of temperature fluctuations requires simultaneous measurements of both
temperature in turbulence and shock wave overpressure in order to obtain the relation between
temperature and overpressure fluctuations. However, such measurements have not been conducted
in previous studies.

The purpose of this study is to experimentally reveal the effects of temperature fluctuations
in turbulence on the shock wave. We obtain statistical data of the shock wave characteristics in
experiments on a spherical shock wave propagating in a heated-cylinder wake or an unheated-
cylinder wake, where a comparison between the heated and unheated cases highlights the effects of
temperature fluctuation on the shock wave. Low temperature is considered for the heated cylinder so
that the buoyancy effect of the heated cylinder wake can be ignored. Measurements are conducted
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FIG. 1. (a) Schematic of the experimental setup. (b) Side view of the test section. Orange and blue lines
show the centerline of the cylinder wake and shock ray from the shock tube end to the pressure transducer,
respectively. The red cross shows the intersection of the wake centerline and the shock ray. The distance
between the cylinder center and the red cross is 561 mm. (c) Schematic of the heater-wrapped cylinder. Lengths
are shown in mm.

for temperature and velocity in the wakes and overpressure behind the shock wave on a wall.
Statistical analysis and discussion based on shock surface deformation clarify how the temperature
fluctuations in turbulence affect the shock wave characteristics.

II. EXPERIMENTS OF INTERACTION BETWEEN SPHERICAL SHOCK WAVE AND
TURBULENT CYLINDER WAKES

A. Experimental setup and conditions

Figures 1(a) and 1(b) outline the experiments of a spherical shock wave that propagates in the
heated- or unheated-cylinder wake, where the wind tunnel and shock wave generator used in this
study are the same as those in our previous studies [11,12,31–33]. A silicon code heater (diameter:
2.5 mm) is wrapped around a stainless cylinder (diameter: 7 mm). The total diameter of the cylinder
with the heater is D = 12 mm, as shown in Fig. 1(c). The cylinder is horizontally placed in the
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TABLE I. Experimental conditions. ReD = U0D/ν is the Reynolds number based on the cylinder diameter
(ν is the kinematic viscosity). The rms streamwise velocity fluctuation urms, velocity defect �U , Taylor
microscale λ, longitudinal velocity integral length scale Lu, half-width based on �U, bU , temperature increase
�T , the rms temperature fluctuation Trms, longitudinal temperature integral length scale LT , and half-width
based on �T, bT in the table are measured at 561 mm (≈47D) downstream from the cylinder center [at the
point of the red cross in Fig. 1(b)]. MS0 is the shock Mach number at the pressure transducer location.

Case 1-OFF 2-OFF 3-OFF 1-ON 2-ON 3-ON
Symbol � (blue) � (blue) © (blue) � (red) � (red) © (red)

U0 (m/s) 2.5 5 10 2.5 5 10
ReD 2100 4200 8400 2100 4200 8400
�U (m/s) 0.427 0.980 1.75 0.427 0.980 1.75
urms (m/s) 0.204 0.361 0.749 0.204 0.361 0.749
λ (mm) 3.42 3.24 4.45 3.42 3.24 4.45
Lu (mm) 19.4 24.5 59.4 19.4 24.5 59.4
bU (mm) 28.4 28.0 29.9 28.4 28.0 29.9
�T (K) 1.51 1.22 0.998
Ri 1.35 × 10−2 3.38 × 10−3 8.44 × 10−4

Trms (K) 0.305 0.186 0.128
LT (mm) 67.0 36.1 28.0
bT (mm) 49.4 57.0 87.8
MS0 1.004 1.004 1.004 1.004 1.004 1.004

wind tunnel. The heated cylinder experiments are conducted by applying a voltage of 130 V to the
heater with a volt slider (Yamabishi Electric Co., LTD. V-130-5) while the volt slider is turned off in
the experiments of the unheated cylinder wake. The turbulent wake with velocity and temperature
fluctuations is formed behind the heated cylinder [34–36]. Shock waves are produced with the shock
wave generator, in which a driver gas (air at 900 kPa) is separated from a driven gas (air at ambient
pressure) with a quick piston valve. After the shock wave is ejected from the open end of the shock
tube, it spherically propagates in the turbulent cylinder wake in the test section.

We consider six experimental conditions of the cylinder wakes as shown in Table I, which are
realized by changing the mean streamwise velocity U0 set in the wind tunnel and heater conditions
(OFF/ON). The Reynolds number based on the cylinder diameter D, ReD = U0D/ν (ν is the
kinematic viscosity), ranges from 2100 to 8400. The velocity defect and temperature increase are
defined with �U = U0 − Uave and �T = Tave − T0, respectively, where Uave and Tave are the time-
averaged velocity and temperature, and T0 is the room temperature. The experiments are conducted
for unheated-cylinder wakes (heater: OFF) and heated-cylinder wakes (heater: ON). The velocity
ranges between 2.5 and 10 m/s. In cases 1-OFF, 2-OFF, and 3-OFF, the heater is turned off, and the
spherical shock wave interacts with the unheated-cylinder wake, where no temperature fluctuations
are induced by the cylinder. The effects of the turbulent wake on the shock wave are attributed solely
to the velocity field of the wake. On the other hand. the heater is turned on in cases 1-ON, 2-ON, and
3-ON, where the heated-cylinder wake is formed in the test section. Both temperature and velocity
in the wake affect the shock wave characteristics. Temperature measurements in the heated wake in
the next section show that with the present conditions, the temperature difference between the wake
and freestream is small enough for the buoyancy effects to be negligible in the wake development.
Therefore, the contribution of the temperature distribution in the wake is evaluated via a comparison
between the heated- and unheated-cylinder experiments with the same U0.

Buoyancy effects in the heated-cylinder wake can be assessed by the Richardson number Ri =
gβ(TW − T0)D/U0

2, where g is the gravitational acceleration, β is the bulk modulus, and TW is the
mean temperature on the cylinder surface. When U0 = 0 m/s, TW measured with a thermocouple
is 220 ◦C. TW at U0 = 0 m/s is used for the calculations of Ri summarized in Table I. The actual
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Ri can be smaller since TW becomes smaller when U0 > 0 as in our experiments. When Ri < 0.5,
the buoyancy effect can be ignored in the flow characteristics compared to the forced convection
effect [37–40]. Since Ri considered in our study is Ri � 0.5, the buoyancy effect is small and can
be assumed not to influence the velocity characteristics.

B. Measurement methods

A measurement plate is installed in the test section, which is equipped with a pressure transducer
(PCB Piezotronics Inc. 113B27) and a probe. Here, we use DANTEC StreamLine for velocity and
temperature measurements with an I-type hot-wire probe (DANTEC DYNAMICS 55P11) and a
cold-wire probe (DANTEC DYNAMICS 55P11), respectively. The pressure transducer measures
overpressure on the plate, where the overpressure rise is observed upon the arrival of the shock
wave. The hot-wire and cold-wire probes are used for measuring velocity and temperature on
the wake centerline. Here, the hot-wire probe is used in the unheated-cylinder experiments while
the cold-wire probe is used in the heated-cylinder experiments. Therefore, the overpressure on
the wall is simultaneously measured with velocity and temperature in the wake in the unheated- and
heated-cylinder experiments, respectively. The ejection of the shock wave and the signal sampling
are controlled by a computer and a scope coder (YOKOGAWA, DL850E). The signal sampling
frequency of the scope coder is 1 MHz. For each experimental case, we repeat the shock wave
ejections 400 times for the statistical analyses discussed below. The shock Mach numbers MS0 in
Table I are estimated from the ensemble averages of the peak overpressure measured at the pressure
transducer location as in our previous studies [11,12].

III. SHOCK DEFORMATION MODEL FOR SHOCK PROPAGATION IN A FLOW WITH
VELOCITY AND TEMPERATURE FLUCTUATIONS

In our previous study, the shock deformation model was used for weak shock wave propagation
in a velocity fluctuating field [12]. In the model, the surface deformation of the shock wave which
propagates in a local cylindrical turbulent region with a streamwise length of xl and a radius of r0

was estimated by considering the local movement velocity of the shock wave as shown in Fig. 2.
The small shock deformation was considered, where the deformation was assumed to be a linear
inclination of the shock wave surface. The change in the shock Mach number of the deformed
shock wave was obtained from the change in the cross-sectional area of the ray tube of the shock
wave by using Whitham’s ray-shock theory [41]. In this study, we extend the model to the shock
propagation in the velocity and temperature fluctuating field. As shown in Fig. 2, axisymmetric
profiles of velocity uM(x, r) and temperature TM(x, r) are given at time t = 0 in front of the shock
wave, where x and r are the axial and radial coordinates, respectively. Here, uM is given as

uM(x, r) =
{

u (0 � r � r0 and 0 � x � xl ),
0 otherwise, (1)

which is the same as in the previous model (see Ref. [12]).
TM is given as

TM(x, r) =
{

T0 + T ′ (0 � r � r0 and 0 � x � xl ),
T0 otherwise (2)

with uniform temperature T0 and a fluctuating component T ′. Here, u and T ′ are assumed to be
stochastic variables, and in the model, one realization of a flow field for a set of u and T ′ is
considered. The movement velocity of the shock wave in the velocity and temperature fluctuating
region (r � r0) is

VS = aMS + u, (3)
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FIG. 2. Schematic of shock wave deformation due to local velocity fluctuation u and temperature fluctua-
tion T ′. The orange area shows 0 � r � r0 and 0 � x � xl , where uM = u and TM = T0 + T ′ at t = 0.

where a = √
γ R(T0 + T ′), γ is the heat capacity ratio, R is the gas constant, and MS is the shock

Mach number. Then, the difference of the movement velocity of the shock wave between r � r0 and
r > r0, V ′

S = VS − a0MS0 (MS0 is the shock Mach number at x = 0) is

V ′
S = a0M ′

S + MS0a′ + a′M ′
S + u, (4)

where a0 = √
γ RT0 is the sound speed at a temperature of T0, M ′

S = MS − MS0 is a fluctuation of
the shock Mach number, and a′ = a − a0 is a fluctuation of the speed of sound. Since a small shock
modulation, M ′

S � 1, is assumed in this model, a′M ′
S can be ignored in Eq. (4), and Eq. (4) can be

approximated as

V ′
S ≈ a0M ′

S + MS0a′ + u. (5)

Thus, as shown in Fig. 2, the shock wave surface is deformed by the movement velocity difference
V ′

S as it propagates. Compared to the previous model, the effect of the temperature fluctuation T ′
is considered in the second term on the right-hand side of Eq. (5) as a′. We let �p be the peak
overpressure behind the shock wave, and �p′ = �p − 〈�p〉 be the peak-overpressure fluctuation,
where 〈�p〉 = 2γ p0(M2

S0 − 1)/(γ + 1) (p0 is the mean pressure in front of the shock wave). In
the previous shock deformation model without a sound speed fluctuation [12], V ′

S = a0M ′
S + u was

used to calculate the inclination angle of the deformed shock wave, from which M ′
S and �p′ were

obtained by using the Whitham’s ray-shock theory [41]. Here, we calculate �p′ in a similar manner
to that of the previous model but with Eq. (5) instead of V ′

S = a0M ′
S + u as

�p′

〈�p〉 ≈ − (u + a′)/a0√
M2

S0 − 1
. (6)

The Taylor expansion of a yields

a =
√

γ RT0

[
1 + T ′

2T0
+ O

(T ′2

T 2
0

)]
= a0

[
1 + T ′

2T0
+ O

(T ′2

T 2
0

)]
. (7)
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Since T ′/T0 � 1 in our experiments, a′/a0 can be obtained from Eq. (7) as a function of the first
order of T ′/T0 as

a′

a0
≈ T ′

2T0
, (8)

which is substituted into Eq. (6) to obtain

�p′

〈�p〉 ≈ −u/a0 + T ′/2T0√
M2

S0 − 1
. (9)

While u, T ′, and �p′ are stochastic variables, the other quantities in Eq. (9), such as 〈�p〉, a0,
T0, and MS0, are constants. Then, the calculation of the standard deviations of both sides of Eq. (9)
yields

σ�p

〈�p〉 ≈
√

u2
rms

a2
0

+ T 2
rms

4T 2
0

+ 〈uT ′〉
a0T0

/

√
M2

S0 − 1, (10)

where σ�p is the standard deviation of �p′, and urms and Trms are the rms values of u and T ′. Here,
we define the correlation coefficient between u and T ′ as CuT = 〈uT ′〉/urmsTrms, which has a value
between −1 and 1. Equation (10) can be rewritten as

σ�p

〈�p〉 ≈
√

u2
rms

a2
0

+ T 2
rms

4T 2
0

+ CuT
urmsTrms

a0T0
/

√
M2

S0 − 1. (11)

To simplify the notation of Eq. (11), we introduce a function f (urms/a0, Trms/2T0,CuT ), which is
defined as

f (urms/a0, Trms/2T0,CuT ) =
√

u2
rms

a2
0

+ T 2
rms

4T 2
0

+ CuT
urmsTrms

a0T0
. (12)

Then, Eq. (11) is expressed as follows:

σ�p

〈�p〉 ≈ f (urms/a0, Trms/2T0,CuT )√
M2

S0 − 1
. (13)

When temperature is uniform in a flow (T ′ = 0), Eq. (10) becomes

σ�p

〈�p〉 ≈ f (urms/a0, 0, 0)√
M2

S0 − 1
= urms/a0√

M2
S0 − 1

. (14)

The correlation CuT depends on how temperature fluctuations are introduced in a flow. When u/a0

and T ′/2T0 have no correlation, that is, CuT = 0, Eq. (10) becomes

σ�p

〈�p〉 ≈ f (urms/a0, Trms/2T0, 0)√
M2

S0 − 1
=

√
u2

rms/a2
0 + T 2

rms/4T 2
0√

M2
S0 − 1

. (15)

When u/a0 completely coincides with T ′/2T0, that is, CuT = 1, Eq. (10) becomes

σ�p

〈�p〉 ≈ f (urms/a0, Trms/2T0, 1)√
M2

S0 − 1
= urms/a0 + Trms/2T0√

M2
S0 − 1

. (16)
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FIG. 3. (a) Time-averaged velocity Uave/U0 and (b) rms velocity fluctuation urms/U0 of the unheated-
cylinder wake. (c) Time-averaged temperature Tave/T0 and (d) rms temperature fluctuation Trms/T0 of the
heated-cylinder wake. See Table I for symbols.

IV. RESULTS AND DISCUSSIONS

A. Characteristics of the cylinder wakes

Prior to the experiments of the interaction between the shock wave and the cylinder wake, the
velocity characteristics of the unheated-cylinder wakes and the temperature characteristics of the
heated-cylinder wakes are examined without the shock wave ejections. In the unheated-cylinder
wake, the streamwise velocity is measured with the hot-wire probe in the vertical direction at
561 mm (≈47D) downstream from the cylinder. Here, the vertical coordinate is denoted with y
(y = 0 is the cylinder center location). Note that the measurements are conducted at the same
streamwise location of the intersection of the wake centerline and the shock ray [see the red cross
in Fig. 1(b)]. At each point, instantaneous velocity U or temperature T is measured over 26 s, and
the statistics are calculated with the time average, denoted by the subscript “ave.”

Figures 3(a) and 3(b) show mean velocity Uave and root-mean-squared (rms) velocity fluc-
tuation urms = √

(U 2)ave − U 2
ave in the unheated-cylinder wake, respectively. The velocity defect

�U = U0 − Uave is the largest near the wake center (y/D = 0) and becomes smaller as |y/D|
becomes larger, as expected. The half-width of the wake based on �U, bU is about 30 mm, which
corresponds to |y/D| ≈ 2.5. urms has a small peak at the half-width location and decreases with y/D.
Qualitatively similar profiles were confirmed for the streamwise velocity defect and rms velocity
fluctuation in a previous study on a heated-cylinder wake [42].

Figures 3(c) and 3(d) show mean temperature Tave and rms temperature fluctuation Trms =√
(T 2)ave − T 2

ave of the heated-cylinder wake. In addition to �U , the temperature deviation from
room temperature T0, �T = Tave − T0, also has a peak at the wake center. Apparently, the half-width
based on �T, bT is larger than that on �U , in agreement with previous studies [34,42]. The peak of
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TABLE II. Skewness and flatness of u for the unheated cases (cases 1-OFF, 2-OFF, and 3-OFF) and those
of T ′ for the heated cases (cases 1-ON, 2-ON, and 3-ON).

Case 1-OFF 2-OFF 3-OFF
1-ON 2-ON 3-ON

Skewness −0.142 0.150 0.0373
1.05 0.783 0.327

Flatness 2.96 2.95 2.75
4.95 4.14 3.17

Trms is also obtained at larger y/D than that of urms, which is also the same tendency as that of the
previous studies on heated-cylinder wakes [42,43].

These measurement results are summarized in Table I, which shows the velocity and temperature
statistics measured at the intersection of the cylinder wake centerline and the shock ray. This
intersection point is shown in Fig. 1 as a red cross. Here, as the Richardson number is small enough
for the temperature to be passive to the velocity field, the velocity statistics in the heated-cylinder
experiments can be assumed to be the same as in the unheated-cylinder experiments with the same
U0. The Taylor microscale is defined as

λ2 = u2
rms

U 2
ave(∂u/∂t )2

ave

, (17)

where Taylor’s hypothesis is used to replace the spatial derivative ∂/∂x in the denominator in the
original definition of λ with time derivative. Taylor’s hypothesis is also applied to the calculation of
the longitudinal velocity integral length scale Lu as

Lu =
∫ ∞

0

[u(t )u(t + τ )]ave

u2
rms

Uavedτ. (18)

The longitudinal temperature integral length scale LT is calculated by integrating the autocorrelation
function of the temperature fluctuation T ′ = T − Tave. Hereafter, the cylinder wake characteristics
of each case are represented as the values shown in Table I.

Table II summarizes the skewness and flatness of u for the unheated cases and those of T ′
for the heated cases. The skewness and flatness of u are close to the Gaussian values (0 and 3,
respectively) from a previous study on cylinder wakes for the streamwise distance from the cylinder
center x � 10D (at the wake centerline) [44]. The skewness and flatness of T ′, on the other hand,
show larger values than 0 and 3, respectively. It is known that the skewness and flatness of the
temperature fluctuations of a wake are larger than the Gaussian values in the near wake region, which
are associated with the von Karman vortices, where the cool fluid outside the wake is entrained in
the warm fluid inside the wake [45–48]. Our experimental results are consistent with the previous
experimental study of a heated-cylinder wake, where the skewness and flatness of temperature
fluctuations were larger than 0 and 3, respectively, for x � 75D [46].

B. Average of peak overpressure

Time histories of the overpressure in cases 1-OFF, 1-ON, 3-OFF, and 3-ON are shown in Fig. 4
as examples. In all cases, the overpressure reaches a peak with a short rise time upon arrival of the
shock wave. Subsequently, the overpressure gradually decreases because of the expansion wave that
follows the spherical shock wave. While the overpressure decreases, another peak appears again in
all cases. The second peak is due to the shock wave reflected by the hot-wire probe (or cold-wire
probe) as reported in our previous study [33]. By comparing Figs. 4(a) and 4(b) [or Figs. 4(c)
and 4(d)], we can find that the instantaneous pressure waveforms are qualitatively the same in the
unheated/heated cases. From the comparison of Figs. 4(a) and 4(c) [or Figs. 4(b) and 4(d)], the first
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FIG. 4. Examples of pressure waveforms in cases (a) 1-OFF, (b) 1-ON, (c) 3-OFF, and (d) 3-ON.

peak seems to become slightly rounder and smaller in the cylinder wake with larger U0. Here, we
define the peak overpressure �p with the first peak in overpressure signals as shown in Fig. 4(a).
The characteristics of �p are investigated in this paper.

In Fig. 5(a), the ensemble averages of peak overpressure 〈�p〉 are plotted against the velocity
defect �U , where 〈�p〉 decreases with �U . Here, the ensemble average is taken with 400 ejections

FIG. 5. 〈�p〉 plotted against �U . The broken line shows 〈�p〉 obtained in the flow at U0 = 10 m/s without
the cylinder. See Table I for symbols.
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FIG. 6. PDFs of cases (a) 1-OFF, (b) 1-ON, (c) 2-OFF, (d) 2-ON, (d) 3-OFF, and (f) 3-ON. Solid lines
show the Gaussian profile. See Table I for symbols.

of the shock wave. The broken line represents 〈�p〉 obtained in a laminar flow at U0 = 10 m/s
without the cylinder (�U ≈ 0 m/s). 〈�p〉 is decreased by the cylinder wake. 〈�p〉 in case 3-OFF is
decreased by 11% from the broken line, which is the largest of all cases. This has been explained in
previous experiments on shock waves propagating in a turbulent wake [33]. Because of the velocity
defect in the wake, the shock wave in the wake tends to move faster than outside the wake in the
present experimental setup, resulting in a convex shape of the shock wave surface in the shock
propagation direction. The convex shape causes a defocusing effect that weakens the shock wave,
namely a decrease in the peak overpressure [49]. A significant drop in 〈�p〉 appears in case 1-ON,
whose �T is the largest among all the heated cases, where 〈�p〉 of case 1-ON is 3% smaller than
that of case 1-OFF. The drop in 〈�p〉 can be caused by the shock wave propagation in the wake
region where the averaged temperature is increased by �T ; positive �T induces the increase in
sound speed a in front of the shock wave and the convex shape of the shock wave surface in the
shock propagation direction, resulting in a decrease in 〈�p〉 (shock wave deformation similar to
that shown in Fig. 2 occurs, but a temperature increase �T is considered in front of the shock wave
instead of T ′). It can be considered that �T for cases 2-ON and 3-ON is not large compared to that
for case 1-ON so that the effects of �T do not significantly change in 〈�p〉.

C. Statistics of peak-overpressure fluctuations

Figure 6 shows probability density functions (PDFs) of �p′ = �p − 〈�p〉, which follow well
the Gaussian profile. The skewness (〈�p′3〉/�p3

rms) and flatness (〈�p′4〉/�p4
rms) obtained in all
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TABLE III. Skewness and flatness of �p′.

Case 1-OFF 2-OFF 3-OFF
1-ON 2-ON 3-ON

Skewness 0.0642 0.138 0.198
−0.235 −0.0984 0.0422

Flatness 2.70 2.87 3.05
3.18 3.13 3.07

cases are compared in Table III. Both in the heated and unheated cases, the skewness and flatness
are close to the Gaussian values (0 and 3, respectively). It is remarkable that the skewness and
flatness become smaller and larger, respectively, in the heated-cylinder cases compared to the
unheated-cylinder cases. As described in the shock deformation model, positive/negative �p′ can
be caused by the concave/convex shock deformation in the propagation direction, which is induced
by negative/positive a′ (or T ′) in front of the shock wave. Therefore, it can be assumed that
the probability distribution of �p′ is closely related to that of T ′. Namely, when the probability
distribution of T ′ is positively skewed, the skewness of �p′ becomes smaller since �p′ is a
decreasing function of T ′ according to Eq. (9). In addition, the larger flatness of T ′ than the Gaussian
value makes the flatness of �p′ larger. As shown in Table II, the skewness and flatness of T ′ for the
heated-cylinder wakes are larger than the Gaussian values. Indeed, in the present experiments, the
skewness and flatness of �p′ for the heated cases are smaller and larger, respectively, than those for
the unheated cases, consistent with the above assumption.

The rms value of the peak-overpressure fluctuations is defined by �prms = 〈�p′2〉1/2. The
peak-overpressure fluctuations induced by the cylinder wake are of interest in this study, although
�prms contains contributions from fluctuations caused by noise in pressure transducer signals
and variations of the shock wave characteristics due to imperfect repeatability of the shock wave
generator. These effects are also discussed in detail in Ref. [11]. The contribution of the fluctuations
inherently caused in the experimental facility is evaluated by an experiment without cylinders,
i.e., a shock wave propagating in a laminar flow. �prms obtained in this experiment is denoted
by (�prms)w/o. The peak-overpressure fluctuations induced by the cylinder wake are evaluated as
σ�p = [�p2

rms − (�prms)2
w/o]1/2 following the previous study [11,12].

Figures 7(a)–7(d) plot σ�p/〈�p〉 against f /
√

M2
S0 − 1, where f = f (urms/a0, 0, 0),

f = f (urms/a0, Trms/2T0, 0), f = f (urms/a0, Trms/2T0, 0.5), and f = f (urms/a0, Trms/2T0, 1) of
Eq. (12), respectively. R2 in each figure shows the coefficient of determination calculated between
Eq. (13), drawn with the solid line, and the experimental data. f is a function of urms/a0, Trms/2T0,
and CuT . Note that urms/a0 and Trms/2T0 are the values measured in our experiments, while CuT is
not measured and is unknown in the present experiments. Since in a heated-cylinder wake u and T ′
are positively correlated (the positive u direction is the opposite of the wake streamwise direction
here) [42], we can say that 0 � CuT � 1. In Fig. 7, CuT = 0, 0.5, and 1 are assumed as explained
below. The temperature fluctuation T ′ is not taken into account in Fig. 7(a), which was also derived
in Ref. [12]. Figure 7(b) includes the effect of temperature fluctuations as Trms but ignores the
correlation between u and T ′ (CuT = 0). Figures 7(c) and 7(d) consider the correlation as CuT = 0.5
and 1, respectively. We can find that in Fig. 7(a), σ�p/〈�p〉 of cases 1-OFF through 3-OFF increases
with urms, consistent with our previous studies [11,12]. It is also found that σ�p/〈�p〉 in cases 1-ON
through 3-ON are larger than those in cases 1-OFF through 3-OFF, respectively, which confirms
that the temperature fluctuations result in an increase in the overpressure fluctuations as seen in
Ref. [30]. Comparing Figs. 7(b), 7(c) and 7(d) with Fig. 7(a), it is obvious that by considering the
contribution of T ′ on �p′, σ�p/〈�p〉 correlates stronger with the model prediction by Eq. (13). The
largest R2 is found between σ�p/〈�p〉 and (urms/a0 + Trms/2T0)/

√
M2

S0 − 1 with CuT = 1. It should
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FIG. 7. σ�p/〈�p〉 plotted against (a) f (urms/a0, 0, 0)/
√

M2
S0 − 1, (b) f (urms/a0, Trms/2T0, 0)/

√
M2

S0 − 1,
(c) f (urms/a0, Trms/2T0, 0.5)/

√
M2

S0 − 1, and (d) f (urms/a0, Trms/2T0, 1)/
√

M2
S0 − 1. Solid lines in each fig-

ure are calculated with Eq. (11). The coefficients of determination R2 calculated between σ�p/〈�p〉 and
f /

√
M2

S0 − 1 of each figure are also shown. See Table I for symbols.

be noted that 〈�p〉 is decreased past the cylinder wake in our experiments as mentioned above,
while the reduction of 〈�p〉 is ignored in Eq. (16). This can be the reason why σ�p/〈�p〉 is slightly
larger than Eq. (16) in Fig. 7(c). Since Eq. (16) is derived by the shock deformation model, we can
say that the deformation of the shock wave surface caused by the interaction with the temperature
fluctuation plays an important role for the overpressure fluctuation behind the shock wave.

Here, we should note that spherical shock waves are used in the present study, while most
previous studies considered planar shock waves for shock-turbulence interactions [8,9,15,20]. Since
a spherical shock wave has a finite curvature radius, the effects of the spherical shape on the
shock-turbulence interaction become large when the ratio of the curvature radius and characteristic
length scales of turbulence is small. Conversely, when the curvature radius is large enough compared
to the turbulence length scales, the spherical shock wave–turbulence interaction is geometrically
equivalent to a planar shock wave–turbulence interaction. The curvature radius of the present
spherical shock wave is 276 mm at the intersection of the wake centerline and the shock ray [see
the red cross in Fig. 1(b)], which is much larger than the characteristic turbulence length scales
of the cylinder wakes such as λ and Lu (4.45 and 59.4 mm, respectively, at the largest in the six
cases). Indeed, in our previous studies on interactions between the spherical shock wave and grid
turbulence [11,12], where the ratio of the curvature radius and λ (or Lu) was similar to that of the
present study, the dependence of �p fluctuations on shock Mach number MS0 and turbulent Mach
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number MT was consistent with that in planar shock wave-turbulence interactions investigated by
direct numerical simulations [50]. Thus, the effects of the spherical shape on the interaction can be
assumed to be small enough in the present experiments.

D. Correlation between the velocity/temperature and overpressure fluctuations

Correlation coefficients between velocity and peak-overpressure fluctuations are calculated for
experiments with the unheated-cylinder wake following our previous study [31,33]. The Taylor’s
hypothesis is used for estimating the spatial distribution of velocity U (d ) along the wake centerline
from the time history of velocity U (t ). Here, the direction of positive U is the same as the wake
streamwise direction. The streamwise distance between the pressure transducer location d is given
by d = −U0t − �HP, where �HP = 10 mm is the streamwise distance between the hot-wire probe
and the pressure transducer, and in each time series data of U (t ), t = 0 is defined such that U (d )
represents the velocity distribution at the moment of the shock wave ejection [33]. As the shock
wave propagation is much faster than advection of the wake, the shock wave is assumed to propagate
in a flow whose velocity on the wake centerline is given by U (d ). Furthermore, the low-pass filter
is applied to U (d ) with a cutoff length of �d as

U (d,�d ) = 1

�d

∫ �d/2

−�d/2
U (d + δ)dδ, (19)

which represents velocity at scales larger than �d at the location d . The velocity fluctuation above
the scale �d is û(d,�d ) = Uave − U (d,�d ). The correlation coefficient Ru is calculated between
û and �p′ as

Ru(d,�d ) = 〈û�p′〉√
〈û2〉〈�p′2〉

. (20)

In the same way, the correlation coefficient is calculated between large-scale temperature fluc-
tuation and peak-overpressure fluctuation from the heated-cylinder experiments. The temperature
profile along the wake centerline, T (d ), is estimated from the time history of temperature T (t )
measured with a cold-wire probe. The low pass-filtered temperature is obtained as follows:

T (d,�d ) = 1

�d

∫ �d/2

−�d/2
T (d + δ)dδ. (21)

The temperature fluctuation above the scale �d is T̂ ′(d,�d ) = T (d,�d ) − Tave. The correlation
coefficient between T̂ ′ and �p′, RT is calculated as

RT (d,�d ) = 〈T̂ ′�p′〉√
〈T̂ ′2〉〈�p′2〉

. (22)

Ru and RT in all cases are shown as functions of d and �d in Fig. 8. As in Figs. 8(a), 8(c)
and 8(e), the velocity fluctuations and peak-overpressure fluctuations are negatively correlated.
Note that the direction of positive û is opposite to the wake streamwise direction. This indicates
that velocity fluctuations opposing the shock propagation increase the peak-overpressure, and vice
versa. The same tendency was found in previous studies, where planar or spherical shock waves
propagate in grid turbulence or isotropic turbulence [21,31]. As seen in Figs. 8(b), 8(d) and 8(f),
negative correlation can also be found between the temperature and peak-overpressure fluctuations,
suggesting that an increase in temperature in front of the shock wave causes a decrease in the peak
overpressure, and vice versa. A qualitatively similar effect was reported for a laser-induced hot fluid
generated in front of a shock wave, where the fluid with high temperature attenuates pressure behind
the shock wave [51].
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FIG. 8. Correlation coefficients Ru(d,�d ) and RT (d,�d ) of cases (a) 1-OFF, (b) 1-ON, (c) 2-OFF, (d) 2-
ON, (d) 3-OFF, and (e) 3-ON. Note that Ru is shown in (a), (c), and (e) while RT is shown in (b), (d), and (f).
The crosses show (dmax,�dmax).

The negative correlation between velocity and peak overpressure is explained well by the shock
deformation model [31,33], which is now used to assess the effects of temperature fluctuations
on �p′. Figures 9(a) and 9(b) show the schematic of the shock deformation caused by the
interaction with the positive and negative temperature fluctuations, respectively. As in Eq. (5),
negative/positive temperature fluctuation T ′ (negative/positive sound speed fluctuation a′) results
in the local decrease/increase of the shock movement velocity, which makes the shock wave surface
concave/convex in the propagation direction, respectively. And as in Eq. (9), negative/positive T ′
yields positive/negative �p′. Thus, T ′ and �p′ are negatively correlated.

We define the maximum absolute values of Ru and RT in each case as (Ru)max and (RT )max,
respectively. Red crosses in Fig. 8 mark (d,�d ) = (dmax,�dmax), where (Ru)max or (RT )max is ob-
tained. �dmax was found to be of the same order of Lu in previous studies on a shock wave interacting
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FIG. 9. (a) Schematic of the shock wave surface and the temperature fluctuating field in front of the shock
wave before the interaction. (b) Shock wave deformation caused by the interaction.

with grid turbulence [31], cylinder wake(s) [32,33], and homogeneous isotropic turbulence [21,50].
The result that �dmax is of the order of Lu is also obtained in the unheated-cylinder wake cases
in the present study, which shows that large-scale turbulent eddies are important in the modulation
of the shock wave. We also find that it is mostly of the same order of LT in the heated-cylinder
wake cases, suggesting that large-scale temperature fluctuations are important in the shock wave
modulation.

In Fig. 10, dmax of all the cases are compared with the shock ray. Note that h is the verti-
cal distance from the pressure transducer, and the velocity/temperature measurement point is at
h = 75 mm in all the cases. dmax is located near the ray, and temperature and velocity fluctuations
on the shock ray have a strong influence on the shock wave. Figure 11 shows the relation between
(Ru)max and urms/a0 and the relation between (RT )max and Trms/2T0. The lateral axis represents
both urms/a0 and Trms/2T0 since they are comparable with respect to the contribution to �p′ as in
Eq. (9). It is discovered that |(Ru)max| and |(RT )max| increase with urms/a0 and Trms/2T0, respectively,
indicating that the larger the velocity or temperature fluctuations at a specific point on the ray, the
more significant their influence on �p′ becomes compared with the influence of fluctuations at
other points on the ray. It is interesting that when urms/a0 and Trms/2T0 are in the same order,
|(RT )max| is larger than |(Ru)max|. This can be explained with the correlation of u and T ′ in the
heated-cylinder wake. Both T ′ < 0 and u < 0 tend to amplify �p′ as confirmed by the correlations
in Fig. 8 while their positive fluctuations attenuate �p′. Since u and T ′ are positively correlated

FIG. 10. Relation between dmax and the shock ray from the open end of the shock tube to the pressure
transducer location. See Table I for symbols.
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FIG. 11. Relation between (Ru)max and urms/a0 (blue) and relation between (RT )max and Trms/2T0 (red) in
each case. See Table I for symbols.

in the heated-cylinder wake [42], the temperature effect on �p′ is piled on the velocity effect
according to Eq. (9). Thus, instantaneous �p′ is amplified both by u and T ′ in the heated-cylinder
wake cases, while �p′ is caused only by u in the unheated-cylinder wake cases, resulting in
|(RT )max| > |(Ru)max|.

V. CONCLUDING REMARKS

In this study, we have investigated the effects of velocity and temperature fluctuations on the
shock wave modulation in wind tunnel experiments on a spherical shock wave propagating in
unheated/heated-cylinder wakes. We have conducted the overpressure measurements behind the
shock wave, where the instantaneous velocity or temperature of the wake that interacts with
the shock wave has also been measured. In both the unheated- and heated-cylinder wake cases,
the ensemble average of peak overpressure decreases with the velocity defect of the cylinder
wakes. The averaged peak overpressure for case 1-ON is 3% smaller than that for case 1-OFF,
while a significant change in the averaged peak overpressure has not been found for cases 2-ON
and 3-ON. Smaller skewness and larger flatness have been obtained in the PDFs of overpressure
fluctuations in the heated-cylinder wakes than those in the unheated-cylinder wake cases. In the
heated-cylinder wake cases, the rms peak-overpressure fluctuation has been increased from that of
the unheated-cylinder wake cases, and the coefficient of variation of the peak overpressure has been
represented as a function of the rms velocity fluctuations, rms temperature fluctuations, and the
correlation coefficient of the velocity and temperature fluctuations, which has been derived with
the shock deformation model, where the velocity and temperature fluctuations are normalized to be
compared with each other. From the calculation of the correlation coefficients between the temper-
ature and overpressure fluctuations, it has been found that the temperature and peak-overpressure
fluctuations are negatively correlated, meaning that peak overpressure is increased/decreased after
interacting with the negative/positive temperature fluctuation. The absolute value of the correlation
coefficients has been found to become larger as Trms increases. It has also been uncovered that
when the normalized temperature fluctuations in the heated cylinder cases are the same order with
the normalized velocity fluctuations in the unheated cylinder cases, the correlation coefficients
between the temperature and ovepressure fluctuations in the heated-cylinder cases are larger than the
correlation coefficients between the velocity and overpressure fluctuations in the unheated-cylinder
cases. This is because in the heated-cylinder cases, the overpressure fluctuations are modulated both
by the velocity and the temperature fluctuations due to the correlation between the velocity and
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temperature in the heated-cylinder wake, while in the unheated-cylinder wake they are modulated
only by the velocity fluctuations.
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