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We study the pressure increase across a planar shock wave with shock Mach numbers M; of 1.1,
1.3, and 1.5 propagating through homogeneous isotropic turbulence at a low turbulent Mach number
(M, ~ 107*) based on direct numerical simulations (DNSs). Fluctuation in the pressure increase, Ap’,
on a given shock ray is induced by turbulence around the ray. A local amplification of the shock wave
strength, measured with the pressure increase, is caused by the velocity fluctuation opposed to the
shock wave propagating direction with a time delay, while the velocity in the opposite direction atten-
uates the shock wave strength. The turbulence effects on the shock wave are explained based on shock
wave deformation due to turbulent shearing motions. The spatial distribution of Ap” on the shock wave
has a characteristic length of the order of the integral scale of turbulence. The influence of turbulent
velocity fluctuation at a given location on Ap’ becomes most significant after the shock wave propa-
gates from the location for a distance close to the integral length scale for all shock Mach numbers,
demonstrating that the shock wave properties possess strong memory even during the propagation in
turbulence. A lower shock Mach number M results in a smaller rms value of Ap’, stronger influences
on Ap’ by turbulence far away from the shock ray, and a larger length scale in the spatial profile of
Ap’ on the shock wave. Relative intensity of Ap’ increases with [M,/(M; — 1)]%, where DNS and
experimental results yield a ~ 0.73. Published by AIP Publishing. https://doi.org/10.1063/1.5019867
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l. INTRODUCTION

Shock/turbulence interaction is very important in a wide
range of scientific fields. Importance of the interaction has
been well recognized in the sonic boom problem of supersonic
flights since the field measurement revealed that the pressure
wave form of the sonic boom observed on the ground was
significantly influenced by atmospheric turbulence.! The inter-
action also plays an important role in supernova explosion”
and inertial confinement fusion.® It is desired that theoreti-
cal/numerical tools are developed for predicting the influence
of turbulence on the shock wave characteristics.

Shock/turbulence interaction has been studied with the-
oretical and experimental approaches. Such examples of
the former approach are the linear interaction approxi-
mation (LIA)* and rapid distortion theory,”~’ which have
been often used for investigating post-shock turbulence.
Numerical experiments, based on direct numerical sim-
ulations (DNS), have also been performed for canoni-
cal shock/turbulence interactions.**~!! The high-resolution
DNS has revealed the characteristics of post-shock tur-
bulence, and being combined with the theoretical results,
it has unveiled the physical mechanism responsible for
the changes in turbulence characteristics due to the shock
wave. The post-turbulence characteristics have been also
reported in laboratory experiments with shock tubes and wind
tunnels.'>~16
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The influences of turbulence on the shock wave have
been also reported in both numerical and laboratory experi-
ments. DNS results have proved that a normal shock wave is
wrinkled or broken by interacting with turbulence at a high
turbulent Mach number.” In addition to the shock wave defor-
mation, laboratory experiments have shown that the pressure
increase across the shock wave, namely, shock strength, is
fluctuated by the interaction with turbulence.!’2! It is note-
worthy that the fluctuation of the pressure increase has been
found in these laboratory experiments even for turbulence with
a low turbulent Mach number. Changes in the shock wave
properties due to turbulence are less understood compared
with the shock wave influences on turbulence. The fluctu-
ation of the pressure increase across the shock wave has
been hardly discussed even with the recent high-resolution
DNS of shock/turbulence interaction. One of the important
findings in recent experimental studies is finite response
time in the modulation of the pressure increase across the
shock wave due to turbulence.?! This indicates that the shock
wave properties possess strong memory and exhibit non-
locality in time. Inokuma et al. gave a possible explanation
for this feature of shock/turbulence interaction based on a
time scale of shock wave deformation due to fluid velocity
perturbation.?!

In this paper, we investigate the fluctuation of pres-
sure increase across the shock wave induced by turbulence
using DNS of the interaction between a planar shock wave
and homogeneous isotropic turbulence (HIT) at a very low
turbulent Mach number. Our DNS results also support the

Published by AIP Publishing.
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recent experimental finding of the finite response time in
the modulation of the shock wave due to turbulence, where
the present DNS covers a higher shock Mach number range
than the experiment in which the finite response time was
demonstrated.?!

Il. DIRECT NUMERICAL SIMULATION

A. Direct numerical simulations of interaction
between a planar shock wave and homogeneous
isotropic turbulence

We consider a planar shock wave propagating through the
HIT with zero mean flow velocity, where the shock wave and
HIT affect each other. The governing equations in this problem
are three-dimensional compressible Navier-Stokes equations
for perfect gas with a constant specific heat ratio y = 1.4, where
the coefficient of viscosity u is calculated by Sutherland’s law.
The computational domain with a cubic shape [0.06% (m?)]
is represented by 384> grid points or 5123 grid points. The
direction of the shock wave propagation is denoted by x, while
y and z represent the shock-tangential directions. The gov-
erning equations are solved with an in-house finite-difference
computational code, which is based on the fourth-order Runge-
Kutta method and hybrid weighted essentially non-oscillatory
(WENO)/central difference scheme. The near shock region is
treated by a fifth-order WENO scheme with Roe flux splitting
to inhibit numerical oscillation, whereas a sixth-order central
difference scheme is used in the region far from the shock
wave.® The former region is detected with the sensor defined
as ¢ = (V-u)?/ [(V cu)? +(Vxu)? + s] ,22 where u is the
velocity vector and & = 1071¢ (1/s%) is a constant added for
preventing the denominator from being zero (thus, 0 < ¢ < 1).
¢ is close to 1 near the shock wave due to the compression,
while ¢ < 1 in the region far from the shock wave because of
a low turbulent Mach number. We apply the WENO scheme
for the region with ¢ > 1072 and the central difference scheme
in the other region. No special treatments are used for the
interface between the WENO and central difference schemes
because the interface hardly exhibits the density difference
because of a low turbulent Mach number. The threshold for
¢ is small enough to ensure that the WENO scheme is used
in the region near the shock wave, and no numerical oscilla-
tions are observed near the interface between the WENO and
central difference schemes. The present code is used with auto-
parallelization offered by a FORTRAN compiler on a high-
performance computing system (SX-9: Vector supercomputer
built by NEC) since the program can be run with large shared
memory without using message passing interface (MPI). The
present code was validated in simulations of a laminar bound-
ary layer and a shock tube problem, where analytical solutions
are compared with the numerical simulations.”> The code was
also validated in simulations of shock/vortex interaction.?*

The initial HIT is generated following Ref. 25 by pre-
scribing an energy spectrum E(k) ~ k* exp[—2(k/ko)?], where
k is a wavenumber and E(k) has a peak at k = ko [1/ko
= 1.7 x 1073 (m)]. The time is advanced from the initial ran-
dom velocity field, satisfying E(k) ~ k*exp[—2(k/ko)*] for
three eddy turnover times in a periodic box.
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A planar shock wave is inserted from the boundary of
the computational domain (y—z plane) at x = 0 (m) by substi-
tuting the physical quantities behind the shock wave on this
boundary. Variables at the grid points at x = 0 are changed to
the values behind the shock wave, which are determined from
the Rankine-Hugoniot relations and the HIT characteristics.
This results in the shock wave propagation from x = 0 toward
x > 0.2627 Hereafter, time 7 = 0 refers to the instance at which
the shock wave is inserted in the computational domain. It
should be noted that the HIT at # = 0 has already decayed for
three eddy turnover times as mentioned above. The flow state
behind the shock wave is determined by the Rankine-Hugoniot
relations and the mean characteristics of HIT. After the sub-
stitution of the values behind the shock wave, the shock wave
propagates with time through the computational domain in the
x direction. During the shock wave propagation, the boundary
at x = 0 (behind the shock wave) is treated with the Dirichlet
boundary condition with the physical quantities used in the
shock wave insertion. The zero-gradient condition is used on
the boundary at x =0.06 (m). The governing equations are inte-
grated with time until the shock wave reaches the boundary at
x =0.06 (m). It is expected that the influence of turbulence on
the shock wave becomes stronger for weaker shock waves for
a fixed turbulent Mach number.® Furthermore, LIA indicates
that the dependence of weak-shock/turbulence interaction on
the shock Mach number is clearly observed for M, < 1.5.28
For these reasons, the DNS is performed for the shock Mach
numbers M = 1.1, 1.3, and 1.5, which are denoted by M11,
M13, and M 15, respectively, where M is defined as the ratio of
shock propagation speed to sound speed in front of the shock
wave. The DNS results of M 15 are compared for different num-
bers of the grid points, 384 and 5123, in Sec. III, while the
DNS of M11 and M13 is performed with 3843 grid points. The
shock waves with these Mach numbers interact with the same
turbulence. From one snapshot, statistics are calculated as a
function of x and r. We use spatial average ( f) taken in homo-
geneous directions that is computed as a function of x, while
the fluctuation f” is f — { f). The shock/turbulence interaction is
simulated for two realizations of the HIT with different sets of
random numbers so that we can also take an ensemble average
for computing a correlation function discussed below. We have
also confirmed that the same conclusions can be obtained for
both realizations from the statistics computed with the spatial
averaging procedure.

B. Characteristics of homogeneous
isotropic turbulence

The shock wave interacts with HIT generated from the
DNS of decaying turbulence with an initial velocity field
with the prescribed spectrum, where the turbulence is tem-
porally decayed for three eddy turnover times. The charac-
teristics of HIT interacting with the shock wave are presented
here. The HIT has a turbulent Reynolds number
Reyo = pourmsodo/po =~ 18, turbulent Mach number
M, = umglag = 2.96 x 1074, mean pressure pg = 101 496
(Pa), mean density pg = 1.21 (kg/m?®), and mean temperature
T =293 (K), where ;g0 = 0.102 (m/s), 19 =2.70 x 1073 (m),
and ap = 342 (m/s) are the rms value of velocity fluctuation,
Taylor microscale, and mean speed of sound, respectively.
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Here, the subscript 0 denotes a value of HIT before the interac-
tion with the shock wave. The Kolmogorov length scale 7 is
3.19 x 10~* m, which yields the grid spacing of A = 0.497 for
3843 grid points and A = 0.37n for 5123 grid points. Physical
variables exhibit a discontinuous jump across a shock wave in
real situations although numerical simulations treat the shock
wave with discrete points. A very high resolution is required for
preventing the spatial resolution from affecting the shock wave
characteristics. Therefore, the spatial resolution in the present
DNS is very high in terms of the Kolmogorov length scale. The
present DNS considers the HIT with low M, and Re,, which
are related to small characteristic velocity and small length
scale of turbulence under the atmospheric conditions, respec-
tively. When M, is very small compared with the shock Mach
number, the turbulence evolves much more slowly than the
shock wave even for high Re,. The longitudinal integral scale
of HIT calculated from a longitudinal correlation function is
Lo = 4.61 x 1073 (m), where the side length of the compu-
tational domain is about 13L. Figure 1 shows the skewness
S and flatness F of longitudinal velocity derivative du’/dx as
a function of Re,. The present results are in good agreement
with previous studies of turbulence,?*’ which ensures that
the turbulence is well developed (decayed) and possesses the
well-known characteristics of turbulence in a low Re, range.

C. Influence of boundary conditions

Dirichlet and zero-gradient boundary conditions are used
in the x direction in the present study. These are different from
non-reflective boundary conditions, which are often used in
numerical simulations of compressible turbulence. The bound-
aries treated without non-reflective boundary conditions might
generate unphysical waves toward the computational domain,

0.05 . >
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FIG. 2. Shock wave position (xs) as a function of 7, where the shock wave
is inserted in a domain at ¢ = 0. Symbols (blue triangles, green squares, and
red crosses and circles) are x; at different time steps, which are obtained from
positions of minimum value of mean dilatation profile (V-u)(x). Lines denote
prediction x; = Magt.

which change the speed of the shock wave propagation. This
influence is examined from the plot of the shock wave position
x5 as a function of time in Fig. 2. We obtain x; as a posi-
tion of minimum value of mean dilatation (V-u) because the
shock wave is not deformed by the HIT with a low turbulent
Mach number considered in this study. The shock wave posi-
tion given by the shock Mach number is written as x; = M aof,
which is shown as a straight line in Fig. 2. We can see that
the shock wave position shown by symbols agrees well with
x5 = Mapt, and the shock wave propagation speed does not
change from the initial value given by the simulation param-
eter M. This negligible influence of the boundary conditions
is related to a very low turbulent Mach number, where the tur-
bulence time scale is much smaller than the one of the shock
wave, and the turbulence is considered as frozen during the
simulation. Furthermore, the shock wave propagation speed
for M = 1.5 is independent of the number of grid points.

D. Vortical structures and comparison with LIA

The shock wave and eddy structures in the present DNS
are visualized in Fig. 3(a) with V-u < 0 and Q > 0, respec-
tively. Here, Q = (W;W;; + (V-u)> — S;S;)/2 is the second
invariants of the velocity gradient tensor, where S;; and W;;
are rate-of-strain and rate-of-rotation tensors, respectively. We
can observe the compression of the eddy structures in the
shock normal direction, in agreement with previous DNS of
shock/turbulence interaction.’ There is a laminar flow region
with Q =~ 0 near x = 0 due to the flow induced by the shock
wave. This incoming laminar flow appears in the simulations
with a moving shock wave.?® This region is excluded from the
following statistical analysis. Figure 3(b) shows the amplifi-
cation of the rms velocity in the x direction, uyys = (u’z)l/z,
defined as (tyms/ttrms0)*, Where ums is computed from the tur-
bulent region behind the shock wave. The M dependence
of (trms/ urmgo)2 agrees well with previous DN S8 and LIA.28
These results confirm that the present DNS code is suitable
for simulating the shock/turbulence interaction. In Sec. III, we
also show that the present DNS results agree well with exper-
imental results of fluctuation in pressure increase across the
shock wave induced by turbulence.?’*!

Ill. RESULTS AND DISCUSSION
A. Pressure increase across the shock wave

We consider the local pressure increase across the shock
wave, whose estimation in the DNS is described here. We first
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O DNS Larsson & Lele (2009)
——LIA Lee et al(1997)

° o

L FIG. 3. (a) Visualizations of the shock wave and turbu-
lent eddy structures visualized by the isosurface of large
negative value of dilatation (gray) and positive value of
the second invariant of the velocity gradient tensor Q
(white), respectively. The x—y plane at z = 0 and x—z plane
aty =0 are colored by Q. (b) Amplification of rms veloc-
ity fluctuation in the x direction by the shock wave. The
present DNS results are compared with previous DNS3
s and LIA.%®
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where pp and pF are the absolute pressure behind and in front
of the shock wave given by the Rankine-Hugoniot relation,
respectively. We need to determine the location x,, where the
local pressure increase is evaluated. x,, is chosen as the loca-
tion at which p, exceeds a threshold py;, across the shock wave
from the shock wave front. We use py;, given by 1 — py, = 1074
since the small change in py, in the range of 10°<@ - Pih)
< 1073 hardly affects the results discussed below. We have
defined x, from the mean pressure profile since the shock wave
position hardly fluctuates in the x direction because of a low
turbulent Mach number.® We can calculate the local pressure
increase due to the shock wave as Ap(y, z; t) = p(x,, ¥, 2; 1) — pF.
We take the average on the y—z plane of Ap, (Ap), which is
obtained as a function of ¢. Then, the fluctuation of Ap is cal-
culated as Ap’(y, z; 1) = Ap(y, z; 1) — (Ap)(t). Figure 4 shows
Ap’ normalized by the rms value Ap/,. = ((Ap’)*)!/? at the

instance when the shock wave is located at x = 0.03 (m). We
can see how the fluctuation of Ap induced by the turbulence
changes with the shock Mach number M. The spatial variation
of Ap’ is characterized by a larger length scale for lower M.
Furthermore, Ap’ exhibits a very similar profile for higher M
cases (M13 and M15). It is also found that Ap’ is independent
of the spatial resolution for the grid points of 3843 and 5123
in Figs. 4(c) and 4(d). Hereafter, we use the DNS results with
3843 grid points for discussion.

Ap{.(t) are calculated in several snapshots, in each of
which the shock wave is located at a different position. Ap},,.( ()
is plotted as a function of x,(¢) in Fig. 5. We have computed
Ap/ s (®) after the shock wave propagates for more than 3 times
of integral length scale. Ap/,, for M11 increases as the shock
wave propagates for x, < 5.9L¢, while it tends to be a nearly
constant value for x, > 5.9L. This is because Apy, ¢ increases
from the initial value, Ap;,, = 0, until the shock wave reaches
a statistically stationary state with a nearly constant Ap;, .. The
following analysis uses the shock wave located for x, > 5.9Lo,
for which Ap[ hardly changes with x,, in all cases. Ap;, ¢ in
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FIG. 5: Apjp(t) plotted as a function of x, ().

the case M 11 is smaller than that in the other cases. We cannot
see the dependence on the shock Mach number for M > 1.3
as in the visualization in Fig. 4.

Figure 6(a) visualizes pressure fluctuation p’ in the HIT
on the y—z plane at x = 0.03 (m). The rms value of pressure
fluctuation in the HIT is of the order of 1072 Pa, which is
much smaller than Ap/ .. Figure 6(b) shows p’ normalized
by its rms value p; .. Spotty regions with large and negative
values of p’/p/.,s can be seen in Fig. 6(b): these are related to
vortex core regions with Q > 0, which appear around the local
minima of p’ because 2Q = V2(p/p) at a low turbulent Mach
number.*8

Table I summarizes the DNS results in comparison with
experiments of interaction between the spherical shock wave
and grid turbulence.?! Ap/, . in the DNS is of the same order as
the one obtained in the experiment although the shock Mach
number is very different. However, the relative intensity of
pressure-increase fluctuation defined as Ap; . /(Ap) signifi-
cantly differs depending on the shock Mach number M s, where
Ap}/{Ap) tends to decrease as M increases.

pr in Eq. (1) changes from O to 1 across the shock wave,
where p,(x) can be well approximated by

1 1 X — X
pr—§+§tanh(6x/4). 2)
Here, the thickness of the shock wave, §;, determined with a
least squares method is summarized in Table 1. The factor of
1/4 is added so that ¢, represents the distance between two
points where p, deviate from O or from 1. In the present DNS,
&, is much larger than the mean free path 6.8 x 1078 (m) and is
of the same order of the Kolmogorov length scale of the HIT
since the shock wave in the DNS is treated with the WENO
scheme.

Figure 7(a) shows the probability density functions
(PDFs) of Ap’ normalized by Ap;,,, in comparison with a Gaus-
sian profile and with the PDF of velocity fluctuation u’ in the

Phys. Fluids 30, 035105 (2018)

HIT. We can find that the PDFs of Ap” and u’ are well approxi-
mated by the Gaussian profile, in agreement with experimental
studies of shock/turbulence interaction.”’’ Power spectra of
Ap’|Ap}s and u'fummgo (denoted by E, and E,, respectively)
are computed based on the one-dimensional Fourier transform
in the y (z) direction, where k; is the wavenumber tangen-
tial to the shock wave. Figure 7(b) shows E, against k;Lg in
an area preserving form in comparison with £, in the HIT.
It is found that the spatial distribution of Ap’ is character-
ized by the large scale as attested by peaks around k;Ly = 2.
This peak wavenumber of E,, is consistent with that of E,. It
is also found that more energy is contained in larger scales
for M11 even though all shock waves interact with the same
turbulence.

B. Two-point correlation between the pressure
increase and turbulent velocity fluctuations

We consider the two-point correlation coefficient Cpy
computed between Ap’(y, z; t) evaluated at x,(f) and
u'(x, + A; t = 0), where xp = (x,, ¥, 2), by taking average
of Ap’ for all points of the y—z plane at x = x,,. Here, we use
u at t = 0 because the turbulent motions at a low turbulent
Mach number are characterized with much larger time scale
than that associated with the shock wave propagation and the
turbulence in front of the shock wave is considered as “frozen”
during the shock wave propagation. Furthermore, for conver-
gence of the statistics, we take an ensemble average of Cap .
of totally 6 snapshots from the two realizations of the DNS.
Figure 8 shows Cy, , for all cases, where the separation vector
A is decomposed into the normal and tangential distances of
the shock wave represented by Ax = A - e, and Ar = A — Axe,|
(e, is the unit vector in the x direction). Comparison between
Figs. 8(c) and 8(d) shows that the spatial resolution hardly
affects Cpy,v. We can find a negative correlation: thus, the
velocity fluctuation opposed to the shock wave propagating
direction (negative u) amplifies the pressure increase across
the shock wave, and vice versa. The plots of the correlation
are similar to experimental results for the interaction of grid
turbulence and spherical shock wave:?! They have shown that
the correlation between the pressure-increase fluctuation and
turbulent velocity fluctuation in the shock propagating direc-
tion is negative and that the correlation has a peak behind the
shock wave, where the separation distance from the peak to
the shock wave is of the order of integral length scale. Table I
also shows Ax corresponding to the correlation peak, which is
denoted by Axp. It is found that |IAxpl is close to the integral

1] ™ p'pa) 12 ':; . P'/P'rms
° 0.040
10 4 " I 101 . ‘ - =
. 8 . 81 T
~ ~
N o6 w6l FIG. 6. Pressure fluctuation p’ in the HIT on the y—z
. 0.0 plane [x = 0.03 (m)] in (a) Pa and (b) nondimensional
4 - " o 44 ’ a : " . form.
2 A ‘ 24 ‘ .
- 4 -
0 T T T 0065 0 - 35
0 /L8 10 0 2 4 6y/L8 10 12
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TABLE I. Summary of the DNS results in comparison with experiments of interaction between the spherical

shock wave and grid turbulence.?!

Case My Rey M, Um0 (M/S) Lo (mm)  Apj.c (Pa) Apju/{Ap) Axp/Ly &5 (mm)
Mil 1.1 18 296x107%  0.102 461 149  060x1073 -064 1.1
M13 1.3 18 296x107%  0.102 4.61 526  0.63x1073 -1.1 0.67
MI5(N=384) 15 18 296x107*  0.102 4.61 51,5 035x1073 -040  0.60
MI5 (N =512) 15 18 296x107%  0.102 461 577  039x1073 -0.58 043
Reference 21  1.004 102 1.1x1073  0.387 275 384 269x1072 -4.38

Reference 21 1.004 200 23x1073  0.798 48.1 721 620x1072 -29

Reference 21 1.004 149 1.6x1073  0.568 543 468  338x1072 =35

Reference 21  1.004 296 3.4x1073 1.17 64.3 1022 7.03x 1072 -1.9

scale Lo although exact values of Axp/Lg vary depending on
conditions. The weak independence of spatial resolution and
consistency with experiments confirm that the present DNS
well captures the characteristics of Ap” induced by the HIT.
The strongest correlation can be found for Ax/Ly = —1 away
from the shock wave. This implies that the turbulence in the
region where the shock wave has already passed has a stronger

influence on Ap’ than the region where the shock wave is cur-
rently located. In other words, the turbulence influence appears
most clearly after the shock wave propagates in the distance
of ~Ly. We can also see that Ap’ evaluated at a given shock
wave ray is strongly affected by the turbulence on the same
ray, as attested by a strong correlation around Ar = 0. How-
ever, it should be noted that the correlation coefficient does not

FIG. 7. (a) PDFs of fluctuations of normalized pressure
increase, Ap’/Ap/.,, across the shock wave and normal-
ized velocity fluctuations u’/usmgo of the HIT. (b) Power
spectra of Ap’ / Ap}, and u’ /g0 (denoted by E, and E,,)
in an area preserving form, where a visible area under the
curve at a given wavenumber represents the contribution
t0 (Ap/ms)* and (u;mso)z, k; is the wavenumber tangential
to the shock wave. The spectrum of u /im0 is computed
from the HIT.
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FIG. 8. Two-point correlation coefficients  Cpp v
(Ax, Ar) between the fluctuation in pressure increase
across the shock wave, Ap’(y, z; t) evaluated at xp(1), and
velocity fluctuation in the x direction of the initial HIT,
u’(xp +A; t=0), where xp = (x, y, 2): (a) M11, (b) M13,
and (c) M15 (3843 grid points) and (d) M15 (5123 grid
points). The separation vector A is decomposed into the
normal (Ax) and tangential (Ar) distances of the shock
wave.
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Shock wave deformed by u(y)

Shock wave propagation
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FIG. 9. Shock wave deformation model for turbulence effects on the shock wave. Red solid line represents the shock wave, while black and red broken lines
represent the fluid velocity and velocity of shock wave movement, respectively. (a) Planar shock wave propagates at speed U in the x direction through a fluid
with x-directional velocity u varying in the shock tangential direction. (b) Non-uniform distribution of velocity of shock wave movement, which is the sum of
fluid velocity and shock wave propagation velocity. (c) Direction of shock wave propagation n is tilted by shock wave deformation, which results in positive and
negative fluctuations of pressure increase for concave and convex regions, respectively.

monotonically increase with the Mach number. These results
are also consistent with experiments:>! they have reported that
the turbulence around the shock ray is important in Ap” and
also that the turbulence influence on Ap becomes most signif-
icant after the shock wave propagates for a length related to
the integral length scale. Negative non-zero values of Cay .
are clearly visible even for Ar ~ Ly. This can be related to a
large scale eddy with the size of ~Ly, containing a large part
of the turbulent kinetic energy. The negative correlation can
be found for larger Ar for a lower shock Mach number (M11).
Thus, the pressure increase across a weak shock wave on a
shock ray can be affected by the velocity fluctuations far away
from the shock ray. This influence from the velocity fluctua-
tion far away from the shock ray can weaken the correlation
at Ar = 0 because the pressure increase across the shock wave
is affected by the turbulence on Ar = 0 as well as the region
away from Ar = 0. Finally, we would like to mention that the
correlation with Ap’ cannot be found for the other quantities,
such as the fluid velocity in the shock tangential directions
(v and w), pressure fluctuation in HIT, and enstrophy. This
confirms that the fluctuation in pressure increase across the
shock wave is caused by the shock normal component of the
fluid velocity in front of the shock wave.

C. Shock wave deformation model for turbulence
effects on shock wave

Inokuma et al.>' proposed a physical model of turbu-
lence effects on pressure increase of the shock wave based
on a shock wave deformation due to turbulence. The con-
ceptual picture of this model is shown in Fig. 9, where a
planar shock wave propagates in the x direction through a
fluid with x-directional velocity u varying in the shock tan-
gential direction. The velocity of the shock wave movement
is given by the sum of the shock propagation velocity Uj
and fluid velocity u at the shock wave location. Therefore,
the fluid velocity profile in Fig. 9(a) results in a non-uniform
velocity of the shock wave movement in Fig. 9(b), causing
the deformation of the shock wave. When the shock wave is
observed from the front of the wave, the concave and con-
vex shapes appear for the regions with negative and positive
u, respectively, as shown in Fig. 9(c). It should be noted
that the shock wave propagates in a locally normal direc-
tion of the shock wave. Thus, as the shock wave with the

concave shape propagates, the concave region (1 < 0) rep-
resented by a circle in Fig. 9(c) becomes narrower, result-
ing in a decrease of the concave area projected on a plane
perpendicular to the x direction. This decrease in the area
causes an increase of the local shock Mach number along
with the increase of pressure-increase across the shock wave
(Ap’ > 0).%° On the other hand, the convex region (u > 0)
becomes wider as the shock wave propagates, resulting in a
decrease of pressure-increase across the shock wave (Ap” < 0).
This relationship between u and the pressure-increase across
the shock wave results in negative values of the correlation
in Fig. 8. It should be noted that the pressure increase across
the shock wave changes from the initial value as the shock
wave is deformed. Even if the velocity of the shock wave
movement is non-uniform, the flat shock wave shape does
not cause the pressure-increase fluctuations in Fig. 9(b). The
shock wave deformation becomes advanced at a rate of a shear-
ing motion of turbulence, which is expressed by the velocity
gradient (du/dy in Fig. 9). Therefore, after the shock wave
undergoes the turbulent shearing motion for a certain time
period, the shock wave deformation becomes non-negligible
for the direction of the local shock wave propagation n, caus-
ing the pressure-increase fluctuation across the shock wave.
This explains why the peak in the correlation appears behind
the shock wave in Fig. 8 rather than at the shock wave location.
Although this model explains some of the experimental results
in Inokuma et al.,?! no direct observation is reported for the
relation between the shock wave deformation and local shear
due to turbulence.
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FIG. 11. Joint PDF between cos 6, and du/0dy for (a) M11, (b) M13, and (c) M15. du/dy is normalized by eddy turnover time ¢, = Lo/uymso of HIT.

In the present DNS, the pressure gradient Vp on the shock
wave is used as a local normal of the shock wave. The angle
between Vp and the y direction, 6y, is evaluated by

ap/o
cosf, = %ply,

at the shock wave location x;. Although the angle between
Vp and y is used in the present analysis, the same analysis
can be applied to arbitrary directions perpendicular to x. The
choice of the direction does not affect the statistical results
since the problem considered here is statistically inhomo-
geneous only in the x direction. Deformation of the shock
wave causes non-zero values of y- and z-directional compo-
nents of Vp. Here, the influence of the pressure gradient in
the HIT is neglected because pressure fluctuations in the HIT
are much weaker than the pressure increase across the shock
wave as discussed in Subsection III B. Figure 10 shows the
PDF of cosf,. It is found that the weak deformation of the
shock wave occurs as attested by non-zero values of PDFs for
cos 6y # 0. A probability with large Icos ;| becomes higher
as the shock Mach number decreases: thus, a weaker shock
wave is more deformed. This result agrees with the previous
DNS of shock wave propagating through turbulence with a
higher turbulent Mach number, where the shock wave defor-
mation is stronger as the shock Mach number decreases in
relation to the turbulent Mach number.” The local shear that
causes the shock wave deformation in the model is expressed
by the gradient of u in the y and z directions. In the DNS, the
local shear that is responsible for cos 6, is evaluated as du/0y.
Figure 11 shows the joint PDF between cos 6,(y, z; t) and
0uldy(xs, y, z; t = 0), where cosé,(y, z; 1) is evalu-
ated on the shock wave located at x = x,(¢), while du/dy
is taken from the HIT (+ = 0). In all cases, Icos6,l
tends to increase with 10u/dyl, indicating that the degree
of shock wave deformation is related to the magnitude
of Odu/dy. This positive correlation between cos6, and
Oul/dy is consistent with the physical model presented
in Fig. 9.

The present model relates Ap’ to the spatial distribution
of velocity with a large amplitude, where a large part of tur-
bulent kinetic energy is possessed by large scales even at a
high Reynolds number. This explains that the fluctuation in

3

pressure increase is concentrated in large scales in Fig. 7(b).
Therefore, Ap’ is expected to be dominated by large scales even
for ahigher Reynolds number. Scale dependence of correlation
between fluid velocity and pressure-increase fluctuations was
studied in recent experiments of shock/turbulence interactions
at Re, = 100-300.2! Their results also showed that turbulent
motions in the largest scales are important for the fluctuations
in pressure-increase.

Larsson et al. have shown that the geometry of the
shock wave surface after interaction with turbulence is char-
acterized by M,/(M; — 1.° Figure 12 shows the relative
intensity of pressure-increase fluctuation Ap;,./(Ap) plot-
ted against M,/(M; — 1). The figure includes the data from
the present DNS and experiments of interaction between the
spherical shock wave and grid turbulence.?! 1og,o[Ap/s/{AP)]
tends to linearly increase with logjo[M;/(M; — 1)]. The
least squares method for all data points yields Ap;.,./(Ap)
= 0.074[M,/(M; — D]°73. The dependence of Ap},../(Ap) on
M, /(M — 1) also suggests that the pressure-increase fluctu-
ation is related to the shock wave deformation described in
Fig. 9.

10° . : .
® Inokuma et al. (2017)
A M1
10l O M13
X MI5 (N =384)
O MI5 (N=512)
5 107 .
<
g
- 107+ 1
<
1074 .
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10* 107 102 100 10° 10!
M /(Ms — 1)

FIG. 12. Relative intensity of pressure-increase fluctuation Apj.../(Ap)
plotted against M,/ (Ms; — 1). Straight line represents Apl../(Ap)
= 0.074[M, /(M — 1)]°73 obtained from a least squares method. DNS results
are compared with experiments of interaction between the spherical shock
wave and grid turbulence by Inokuma ef al.!
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IV. CONCLUSION

We investigate the fluctuation in the pressure increase,
Ap’, across the planar shock wave propagating through
the HIT at a low turbulent Mach number via DNS.
Because of the low turbulent Mach number, the turbulence
evolves much more slowly than the shock wave propagation.
The PDF of Ap’ is well approximated by a Gaussian distri-
bution. The velocity fluctuation opposed to the shock wave
locally amplifies the shock wave in terms of the pressure
increase, while the velocity in the opposite direction atten-
uates the shock wave. The shock Mach number dependence
of Ap’ is clearly observed for a low shock Mach number
M, smaller rms value of Ap’ for lower Mj; larger charac-
teristic length scale in the profile of Ap’ on the shock wave
for lower M. Comparison with experiments>!' shows that the
relative intensity of pressure-increase fluctuation Ap;,./(Ap)
increases with M,/(M; — 1), where a least squares method
yields Ap!,../{Ap) = 0.074[M,/(M, — 1)]°73. Ap’ on a given
shock ray is strongly affected by the turbulence near the same
shock ray. However, a weaker shock wave tends to be more
influenced by the turbulence away from the shock ray. Fur-
thermore, the present results show that the effects of veloc-
ity fluctuation at a given location become most significant
in Ap’ after the shock wave propagates for a distance close
to the integral length scale. The turbulence effects on Ap” are
examined based on the shock wave deformation due to turbu-
lence, which relates Ap’ to the curvature of the shock wave,
where the curvature locally alters the direction of shock wave
propagation. This model well explains the relation between
the amplification or attenuation of shock wave and fluid veloc-
ity direction in front of the shock wave observed in the DNS.
From the joint PDF between the pressure gradient on the shock
wave and velocity gradient in turbulence, the present DNS
results suggest that the direction of shock wave propagation is
locally tilted by turbulent shearing motions. These results sup-
port the recent experimental finding of the finite response time
in the shock wave modulation by turbulence, which was con-
firmed for a weak spherical shock wave interacting with grid
turbulence at Re; ~ 100-300.%! Although the present DNS
is limited for low turbulent Reynolds number Re; = 18, it
demonstrates that the response time of the shock wave modu-
lation by turbulence is finite (non-zero) even for a higher shock
Mach number.
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