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ABSTRACT

Compressibility effects on the velocity derivative flatness F@u0=@x are investigated by experiments with opposing arrays of piston-driven syn-
thetic jet actuators (PSJAs) and direct numerical simulations (DNS) of statistically steady compressible isotropic turbulence and temporally
evolving turbulent planar jets with subsonic or supersonic jet velocities. Experiments using particle image velocimetry show that nearly
homogeneous isotropic turbulence is generated at the center of a closed box from interactions between supersonic synthetic jets. The depen-
dencies of F@u0=@x on the turbulent Reynolds number Rek and the turbulent Mach number MT are examined both experimentally and using
DNS. Previous studies of incompressible turbulence indicate a universal relationship between F@u0=@x and Rek. However, both experiments
and DNS confirm that F@u0=@x increases relative to the incompressible turbulence via compressibility effects. Although F@u0=@x tends to be
larger with MT in each flow, the F@u0=@x in the turbulent jets and the turbulence generated from PSJAs deviate from those in incompressible
turbulence at lower MT compared with isotropic turbulence sustained by a solenoidal forcing. The PSJAs and supersonic planar jets generate
strong pressure waves, and the wave propagation can cause an increased F@u0=@x , even at low MT. These results suggest that the compressibil-
ity effects on F@u0=@x are not solely determined from a local value of MT and depend on the turbulence generation process.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085423

I. INTRODUCTION

Compressible turbulence generated in high-speed flows is an
important phenomenon in various scientific fields. In aerospace engi-
neering, turbulent boundary layers develop in high-speed flows on air-
craft surfaces.1 Turbulence that evolves under strong compressibility
effects is also encountered in propulsion systems,2,3 where turbulence
can enhance the mixing of heat and substances, which affects the over-
all system performance. Compressible turbulence has also been stud-
ied in astrophysics due to its relevance in star formation.4,5

Fundamental studies of turbulence often consider canonical
flows, such as isotropic turbulence, free shear flows, and boundary
layers on flat plates. Such low-speed and incompressible flows have
been studied both experimentally and through direct numerical simu-
lations (DNS).6 It is widely considered in incompressible turbulence
that the statistical properties of small-scale turbulent motion have
some universal characteristics that do not depend on the flow type.

Most small-scale quantities are defined with a velocity gradient tensor
@ui=@xj. Both experimental and numerical studies of incompressible
turbulence indicate that the relationship between the velocity deriva-
tive flatness and turbulent Reynolds number Rek ¼ urmsk=� barely
differs between flows,7 where urms is the root mean square (rms) of the
velocity fluctuations, k is the Taylor microscale, and � is the kinematic
viscosity. Previous DNS studies have reported that the compressibility
effects can alter the small-scale universality of turbulent flow. For
example, the skewness and flatness of the velocity derivative change as
the compressibility effects strengthen.8,9

One important parameter of compressible turbulence is the turbu-
lent Mach number MT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2rms þ v2rms þ w2
rms

p
=a, where vrms and

wrms are the rms velocity fluctuations in the y and z directions and a is
the speed of sound. Many publications have consideredMT as the dom-
inant parameter that determines the compressibility effects on the
turbulence.10–24 Therefore, the MT scalings for various quantities have
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been explored in previous studies. Statistics related to small-scale turbu-
lent motion tend to differ greater between compressible and incom-
pressible turbulence for largerMT.

9,25 Donzis and John examined DNS
data for statistically steady isotropic turbulence with various forcing
schemes.8 They showed that the compressibility effects on turbulence
differ for dilatational and solenoidal forcing schemes, even for the same
MT. Their analyses suggest that the compressibility effects can be signif-
icant when force is applied to the dilatational velocity component, even
at MT ¼ Oð10�2Þ. However, the assumption of incompressibility is
valid for isotropic turbulence with MT ¼ Oð10�2Þ if the turbulence is
subject to solenoidal forcing.8,9 These DNS results indicate that the
compressibility effects on forced isotropic turbulence depend on how
the turbulence is sustained. However, most numerical simulations of
forced compressible isotropic turbulence have employed artificial forc-
ing schemes that input energy selectively into solenoidal or dilatational
velocity components,5,9,19,24,26 although such a selective mechanism to
generate turbulence may not be valid for realistic flows. Therefore, it is
unclear whether such numerical observations based on artificial forcing
are consistent with turbulent flows generated in the laboratory.
Furthermore, DNS often deals with shock waves using shock-capturing
schemes, which numerically smooth quasi-discontinuous shock
waves.27 Such issues in numerical studies make it important to investi-
gate compressible turbulence generated by various methods both
experimentally and using numerical simulations.

In laboratory experiments, nearly homogeneous isotropic turbu-
lence is often generated in wind tunnel experiments by installing a grid
at the entrance of the test sections.22,28–32 Experiments on compressible
turbulence have also been performed for grid turbulence generated in
shock tube facilities and supersonic or transonic wind tunnels.33–35

Another example of compressible turbulence experiments is the vari-
able density and speed of the sound vessel, where compressible turbu-
lence is generated using heavy gases.36 Some studies have considered
the effects of turbulence on shock wave propagation.37,38 However,
the characteristics of grid turbulence generated in high-speed flows
have been investigated less than subsonic flows. Other facilities to gen-
erate incompressible homogeneous isotropic turbulence have also been
developed in recent decades. One example is a closed turbulence cham-
ber in which stirring devices generate turbulence. Turbulence chambers
are often developed using synthetic jet actuators, which are equipped
on the internal surface of the chamber.39,40 Electrical fans have also
been used in turbulence chambers, where flow interactions induced
from the fans generate nearly homogeneous isotropic turbulence.41–43

Interactions between continuous or pulse-operated jets have also been
used to generate turbulence with desired properties.44–47

Turbulence chambers are useful for experimental investigations
of compressible turbulence as the instantaneous velocity is as large as
the velocity fluctuations, while the turbulence generated in high-speed
wind tunnels has an instantaneous velocity that is much larger than
the fluctuations. However, most turbulence chambers produce incom-
pressible turbulence because stirring devices induce subsonic flows.
Recently, we developed a novel turbulence chamber that generates
compressible turbulence from interactions between many high-speed
synthetic jets.48 This facility utilizes piston-driven synthetic jet actua-
tors (PSJAs)49–52 to induce supersonic flow in a closed chamber.
Opposing arrays of PSJAs can generate statistically steady and nearly
homogeneous isotropic turbulence with a small mean velocity at the
chamber center. The employment of PSJAs extends the velocity range

of turbulence chambers from subsonic to transonic and even super-
sonic regimes. Furthermore, the ability of PSJAs to generate statisti-
cally steady turbulence helps evaluate flow statistics and take
measurements for a long time without limitations from the time dura-
tion of the facility. As discussed above, DNS studies have shown that
the compressibility effects on turbulence depend on the forcing
schemes, and a comparison of compressible turbulence generated by
different methods is important. Therefore, the turbulence chamber
equipped with PSJAs can provide unique data for compressible turbu-
lence to reveal the universality and flow dependence of the compress-
ibility effects on turbulence.

Our previous study of the turbulence chamber with PSJAs reported
the fundamental properties of turbulent flow as induced in the cham-
ber.48 It is of interest to investigate the compressibility effects on small-
scale characteristics of turbulence, whose universality reported for
incompressible turbulence may not be realized in compressible turbu-
lence. This study reports experiments of turbulence as generated from
PSJAs using particle image velocimetry (PIV) and Schlieren flow visuali-
zation. The experimental data are examined to investigate the relation-
ship between the velocity derivative flatness with the turbulent Reynolds
number and the turbulent Mach number. We also analyze the DNS
database for two types of compressible turbulence: statistically steady
isotropic turbulence subject to a solenoidal linear forcing9 and tempo-
rally evolving turbulent planar jets.53 Comparing the experiments using
PSJAs with DNS provides experimental evidence that the compressibil-
ity effects on the small-scale characteristics of turbulence are not solely
determined by the local turbulent Mach number.

The remainder of this paper is organized as follows. Section II
describes the experiments of the turbulence chamber using PSJAs.
Section III provides details of the DNS databases for isotropic turbu-
lence and turbulent planar jets. The experimental and numerical
results are discussed in Sec. IV. The fundamental characteristics of tur-
bulence as generated from the PSJAs are presented in Sec. IVA. Then,
Sec. IVB explores the compressibility effects on the velocity derivative
flatness by comparing the experimental and numerical data. Section
IVC discusses the compressibility effects based on wave propagation.
Finally, the paper is summarized in Sec. V.

II. TURBULENCE EXPERIMENTS WITH PISTON-DRIVEN
SYNTHETIC JET ACTUATORS
A. Turbulence chamber of piston-driven synthetic
jet actuators

Experiments are performed with the turbulence chamber
equipped with PSJAs.48 The PSJAs are developed to generate synthetic
jets with larger velocities than conventional synthetic jets, which are
often generated via piezoelectrically driven diaphragms.49–52 The details
of the PSJAs used in this study are in Refs. 48 and 52. The PSJAs gen-
erate high-speed synthetic jets using a piston-cylinder actuator (model
engine) as driven with a DC brushless motor. An interchangeable plate
with a hole is equipped on the cylinder top. The piston movement is
repeatedly driven by the motor to inject and eject air through the hole
on the plate and generate the synthetic jet. The actuation frequency of
the PSJA is adjusted with an electric speed controller (ESC) connected
to the motor, while the rotational speed is measured with a magnet
attached to the engine shaft and a magnetic sensor.

Figure 1 shows a photograph of the turbulence chamber. Eight
PSJAs are installed on two opposite surfaces of a rectangular box with
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an arrangement on one surface shown in Fig. 2. A synthetic jet is gen-
erated from each PSJA from a simple sharp-edged orifice with a diam-
eter of 4mm and a length of 13mm. The plates with the orifice holes
are manufactured via stereolithography 3D printing with a printing
resolution of approximately 10lm. The experiments are conducted
with an actuation frequency of f¼ 150Hz. For this actuation fre-
quency and hole diameter, the PSJAs generate supersonic flows with a
maximum jet Mach number of approximately 1.2 in the blowing phase
and subsonic flow in the suction phase.52 The jets are repeatedly issued
horizontally from each PSJA, and the jet interaction generates turbu-
lence in the closed chamber. The initial phase of the pistons is
unmatched between the eight PSJAs. The direction of the jet is
denoted by x, while the vertical and spanwise directions are denoted
by y and z, respectively. The distance between the two surfaces with
the PSJAs is denoted as Lx in Fig. 1. The chamber walls consist of four
interchangeable plates that connect to the housing plates of the PSJAs.

The side and bottom walls of the chamber are glass, and the top wall is
acrylic. The chamber walls can be exchanged to vary Lx. The experi-
ments are conducted with Lx ¼ 110 and 220mm, which are denoted
as exps. 1 and 2, respectively. The side length of the chamber is
100mm in the y direction and 95mm in the z direction. The origin of
the coordinate system is located at the chamber center.

B. Measurement methods

A two-dimensional and two-component (2D2C) PIV system
(Dantec Dynamics) is used to measure velocity vectors (u and v) on
the x-y plane around the chamber center. The same PIV system was
also used in Ref. 48. The measurement area of the PIV is �15 mm
� x � 15 mm and �9mm � y � 9mm at z¼ 0. The PIV system
consists of a double-pulse Nd:YAG laser (Dantec Dynamics, Dual
Power 65–15) and a high-speed camera (Dantec Dynamics,
SpeedSense 9070). A camera lens with a focal length of 60mm
(Nikkon, Ai AFMicro-Nikkor 60mm f/2.8D) is connected to the cam-
era through an extension tube to increase the magnification factor and
achieve a high spatial resolution. The laser system is equipped with
light sheet optics to produce a laser sheet with a thickness smaller than
1mm. Oil mist is used as tracer particles, which are illuminated by two
laser pulses at an interval of 2:5 ls. The oil mist is seeded in the cham-
ber by condensation of engine oil, which is evaporated in the cylinder
due to a temperature increase by fluid compression.48 Pairs of particle
images are recorded in two frames by the camera and analyzed with
an adaptive PIV algorithm implemented in Dantec Dynamic Studio.
Most of the results are presented for the velocity vectors obtained with
an interrogation window size of 32� 32 pixels. The same conclusion
can be reached by the data obtained with window sizes of 242 and 322

pixels, as shown in Sec. IV.
In each measurement, the camera starts to record 300 pairs of

particle images 5 s after the PSJAs are turned on. During these 5 s, the
jets eject from each PSJA approximately 750 times, which is enough
for the turbulence to reach a statistically steady state.48 The PIV mea-
surements for each experimental condition are repeated 5 times for
exp. 1 and 10 times for exp. 2. The results of exp. 2 are also used to
quantify the statistical errors. The sampling rate is 15Hz, which gives
a sampling interval longer than the eddy turnover time of the turbu-
lence. Therefore, each vector image represents an independent snap-
shot of the flow. The statistics are evaluated with ensemble averages.
For N vector images, an average of a variable f(x, y) is calculated as
hf iðx; yÞ ¼ ð1=NÞRN

n¼1f
ðnÞðx; yÞ, where the superscript (n) represents

the nth image. The rms fluctuations of f are defined as frms ¼
ffiffiffiffiffiffiffiffiffiffih f 02ip

with f 0 ¼ f � hf i. The spatial resolution D � 0:5 mm on the mea-
surement plane is about 8 times the Kolmogorov scale g ¼ �3=4e�1=4,
where � is the kinematic viscosity at the temperature T in the
chamber, while the kinetic energy dissipation rate e is estimated as
e ¼ 15�hð@u=@xÞ2i.

Flow visualization is also performed using the Schlieren tech-
nique. A schematic of the Schlieren system is shown in Fig. 3. A point
light from a Xenon lamp is collimated using an achromatic lens with a
focal length of 500mm. The collimated light passes through the cham-
ber in the z direction and is recorded by the camera after passing
another achromatic lens with a focal length of 800mm and a knife-
edge. The Schlieren visualization uses a high-speed camera (Dantec

FIG. 1. Top view of the turbulence chamber with eight PSJAs equipped on oppo-
site surfaces.

FIG. 2. Location of jet holes on one side of the turbulence chamber with all dimen-
sions in mm.
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Dynamics, Speed Sense 9072) with settings presented when the images
are shown in Sec. IV.

III. DIRECT NUMERICAL SIMULATIONS
OF STATISTICALLY STEADY ISOTROPIC TURBULENCE
AND TEMPORALLY EVOLVING PLANAR JETS

The experimental results are compared with the DNS of statisti-
cally steady homogeneous isotropic turbulence and temporally evolv-
ing turbulent planar jets. The flows were investigated in our previous
papers.9,53,54 Here, we briefly describe the DNS of the flows, and fur-
ther details of the flow characteristics are found in Refs. 9, 53, and 54,
where the simulations were validated by comparison with other exper-
imental and numerical studies.

The governing equations are the compressible Navier–Stokes
equations and the equation of state for an ideal gas, which are given as

@q
@t

þ @quj
@xj

¼ 0; (1)

@qui
@t

þ @quiuj
@xj

¼ � @P
@xi

þ @sij
@xj

; (2)

cv
@qT
@t

þ cv
@qTuj
@xj

¼ �P
@uj
@xj

þ @

@xj
j
@T
@xj

 !
þ sij

@ui
@xj

; (3)

P ¼ qRT; (4)

with the viscous stress tensor sij given by

sij ¼ l
@ui
@xj

þ @uj
@xi

� 2
3
dij

@uk
@xk

 !
: (5)

Here, q is the density, ui is the velocity vector, P is the pressure, T is
the temperature, l is the viscosity coefficient, j is the thermal conduc-
tivity, and dij is the Kronecker delta function. We assume the working
gas is air. The gas constant R is related to the specific heat capacity at a
constant pressure (cp) and constant volume (cv) by R ¼ cp � cv
¼ 287 J/(kgK), while the specific heat ratio is c ¼ cp=cv ¼ 1:4. The
viscosity l is calculated as a function of temperature using
Sutherland’s law. The Prandtl number Pr ¼ lcp=j is 0.71.

A. Statistically steady isotropic turbulence sustained
by solenoidal linear forcing

Statistically steady compressible isotropic turbulence is simulated
in a triply periodic box. The statistically steady state is achieved using
the solenoidal linear forcing scheme.9 Herein, the forcing and cooling
terms are added to Eqs. (2) and (3). The flow conditions are deter-
mined by specifying the steady-state values of the Reynolds number

ReL0, the turbulent Mach numberMT0, the mean pressure P0, and the
mean temperature T0. Here, ReL0 ¼ q0u0L0=l0 andMT0 ¼

ffiffiffi
3

p
u0=a0

are defined using the rms velocity fluctuations u0, the integral length
scale L0 ¼ u30=e0 (e0 is turbulent kinetic energy dissipation rate per
unit mass), and the density (q0), viscosity (l0), and speed of sound
(a0) corresponding to P0 and T0. All simulations are performed for
P0 ¼ 101:3 kPa and T0 ¼ 300K, while ReL0 ¼ 350 and 900 and
MT0 ¼ 0.3, 0.4,…, 0.9. The shocklets are generated when MT0Z0:6
for the present forcing scheme.9 The size of the computational
domain is ðLx; Ly; LzÞ ¼ ð5:5L0; 5:5L0; 5:5L0Þ, and simulations for
ReL0 ¼ 350 have been reported in a previous paper,9 while those with
ReL0 ¼ 900 are conducted for this study.

The governing equations are temporally integrated with a third-
order total variation diminishing Runge–Kutta scheme.55 Turbulence
at high MT0 generates shocklets where a fluid is significantly com-
pressed and physical variables exhibit quasi-discontinuous jumps. To
handle discontinuity across the shocklets, the inviscid terms (advection
and pressure) near the shocklets are computed using the hybrid
scheme that utilizes the sixth-order central difference scheme and
fifth-order weighted essentially non-oscillatory (WENO) scheme com-
bined with the advection upstream splitting method (AUSM).27,56 The
former is applied for smooth regions, while the latter is for highly com-
pressive regions, which are defined as h � @uj=@xj < �5hrms, where
hrms is the rms fluctuations of the dilatation h. The explicit tenth-order
low-pass filter in Ref. 57 is applied to q, qui, and qT at the end of each
time step to maintain numerical stability as the central difference
scheme is used in most regions.58

For statistically steady isotropic turbulence, the statistics are
defined with averages computed as a volume average in the computa-
tional domain and a time average. Here, the time average is taken as 20
times the eddy turnover time, L0=u0. The average is denoted as h�i,
which does not depend on the position or time. The computational grid
is uniform in three directions, and the numbers of grid points are
ðNx;Ny;NzÞ ¼ ð768; 768; 768Þ for ReL0 ¼ 350 and (1536, 1536, 1536)
for ReL0 ¼ 900. The spatial resolution D ¼ Lx=Nx is approximately 0.8
times the Kolmogorov scale g. Here, g is defined as g ¼ ðhli=
hqiÞ3=4e�1=4 with the kinetic energy dissipation rate e ¼ hsijSiji=hqi,
where Sij is the rate-of-strain tensor.

B. Temporally evolving planar jets

The DNS database of the temporally evolving planar jets is the
same as in Refs. 53 and 54. The computational domain is periodic in
both the streamwise (x) and spanwise (z) directions. The lateral direc-
tion of the planar jet is denoted by y. The jet develops in the y direction
with time from the initial condition. The statistics are defined with an
average h�i taken in the x and z directions as functions of y and time.

FIG. 3. Optical setup for the Schlieren
flow visualization.
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The initial mean streamwise velocity is given by hui ¼ UJ=2
þðUJ=2Þtanh½ðH � 2jyjÞ=4hJ �, while the mean velocities in the other
directions are zero. Here, y¼ 0 is at the center of the planar jet, UJ is
the jet velocity, H is the jet width, and hJ ¼ 0:03H is the shear layer
thickness at the jet edges. The initial pressure is 101.3 kPa, which is
uniform in space. The initial temperature is 300K except at the jet
edges, where the temperature profile is given by the Crocco–
Busemann relation.59 The parameters UJ and H are determined by
choosing the Reynolds number ReJ ¼ qJUJH=lJ and the Mach num-
ber MJ ¼ UJ=aJ , where qJ, lJ, and aJ are the density, viscosity, and
speed of sound in the jet at the initial state. This study uses the DNS
database with ðReJ ;MJÞ ¼ ð14 000; 0:6Þ, (14 000, 1.6), and (14 000,
2.6). All DNS were conducted with the computational domain of
ðLx; Ly; LzÞ ¼ ð12H; 30H; 6HÞ. The numbers of grid points are
ðNx;Ny;NzÞ ¼ ð2200; 1400; 1100Þ. The grid spacing is uniform in the
x and z directions, while the grid size in the y direction is refined near
the jet centerline using a mapping function based on a hyperbolic tan-
gent function.53 The DNS code is based on fully explicit finite differ-
ence schemes, which have been detailed in previous papers.53,54,60 We
analyze the flow fields at non-dimensional times of t=tr ¼ 18 and 26
(tr ¼ H=UJ), which are in the fully developed and self-similar regime.
At t=tr ¼ 26, the spatial resolution D on the jet centerline is
1:3g; 1:2g, and 1:0g, forMJ ¼ 0:6, 1.6, and 2.6, respectively.

IV. RESULTS AND DISCUSSION
A. Fundamental characteristics of turbulence
generated by PSJAs

The fundamental statistics of turbulence as generated by the
PSJAs are presented here, while the statistical properties of isotropic
turbulence and turbulent planar jets were documented in previous
studies.9,53,61,62 Figure 4 illustrates the instantaneous velocity vectors
u ¼ ðu; vÞ for exp. 2. In this snapshot, the maximum velocity reaches
approximately 15m/s, and the jet holes are not at the measurement
plane of the PIV. Therefore, synthetic jets are not visible on the veloc-
ity field. Figure 5 (Multimedia view) shows the Schlieren image taken
near the chamber center in exp. 1. The framerate and exposure time in
one frame are 8102 fps and 11ls, respectively. At the top and bottom

of the visualized region, the jet flows in the 6x directions are repeat-
edly observed in the video. The Schlieren image contains the informa-
tion integrated along the light path. Therefore, the jets are visualized
even though the holes are not located on the x-y plane that crosses the
chamber center, where the velocity is measured with the PIV. The
mean flow of the jets does not appear on the central plane of the
chamber.48

Table I summarizes the statistics at the center of the measure-
ment area. The temperature T is measured using a K-type thermocou-
ple (A&D, AD-5601A) 10 s after the PSJAs are turned on. The
temperature in the chamber increases from room temperature due to
the fluid compression in the PSJAs at the beginning of the experi-
ments. However, T is nearly constant once turbulence has developed.48

The mean velocities (hui; hvi) are smaller than 2m/s, while the instan-
taneous velocity exceeds 10m/s in Fig. 4. The rms velocity fluctuations,
urms and vrms, are 4–6m/s. Thus, turbulence with a small mean velocity
is generated around the chamber center. The ratio urms=vrms � 1 in
exp. 1 suggests that large-scale velocity fluctuations are isotropic near
the chamber center. On the other hand, urms=vrms is slightly larger
than 1 in exp. 2 as it has a large chamber length. Table I also shows the
turbulent Reynolds number Rek and the turbulent Mach number MT.
Here, Rek ¼ urmskx=� is calculated using the Taylor microscale
kx ¼ urms=ð@u=@xÞrms, the kinematic viscosity of air at temperature T
in Table I, and the atmospheric pressure. The turbulent Mach number
is calculated asMT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2rms þ 2v2rms
p

=a with the speed of sound a for
T because vrms¼wrms is expected at the chamber center. The turbu-
lence generated by the PSJAs has Rek ¼ Oð102Þ. The difference in Rek
between exps. 1 and 2 is caused primarily by a larger Taylor microscale
in exp. 2. The length scales of a turbulent jet increase with the jet devel-
opment. The larger length scale in exp. 2 is explained by the long dis-
tance from the jet exit to the measurement location. The turbulent
Mach number is Oð10�2Þ for both experiments, and the velocity fluc-
tuations are subsonic at the chamber center. However, the velocity
becomes supersonic near the jet hole,52 and the generation of turbu-
lence is strongly influenced by the compressibility effects.

FIG. 4. Instantaneous velocity vectors in exp. 2, where the color represents the
velocity magnitude juj.

FIG. 5. Schlieren visualization of turbulence near the chamber center in exp. 1.
Multimedia view: https://doi.org/10.1063/5.0085423.1.
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If the PSJAs have the same initial phase for the piston, jet ejection
occurs simultaneously. The phase correlation may affect the interac-
tions between synthetic jets. The PIV measurements to acquire
300 snapshots of the velocity profiles are repeated 10 times for exp. 2.
The initial phases of the PSJAs differ in each PIV measurement.
Therefore, a comparison between these repeated experiments helps
examine the effects of the initial phase and phase correlation. Table II
presents urms and vrms at the chamber center for each measurement of
exp. 2. Statistical errors due to the limited number of samples are not
negligible for 300 snapshots. However, the results are qualitatively sim-
ilar in all measurements, and urms is slightly larger than vrms. When
two opposed PSJAs operate with the same phase, strong collisions of
the opposed jets may occur and induce large velocity fluctuations in
the transverse direction of the jets. Then, vrms can be larger than
urms.

47 The results in Table II suggest that although such collisions due
to this matched phase may occur, their influence is not significant
enough to affect urms=vrms. Our previous study with the same turbu-
lence chamber also confirmed that the initial phase does not affect the
mean velocity and rms velocity fluctuations for the off-center plane of
the chamber.48 Although the actuation frequency is set to f¼ 150Hz, f
slightly fluctuates during the experiments.52 These fluctuations weaken
the effects of phase correlations because the phase difference between
PSJAs varies with time if f is not constant. Another issue related to the
phase is the correlation with the PIV measurements. The velocity vec-
tors are acquired at a frequency of 15Hz, which is 1/10 the actuation
frequency of the PSJAs. Therefore, the PIVmay always capture images
at specific phases of piston movement. However, this is not the case
because of small fluctuations in the actuation frequency. If the phase
were strongly correlated with the PIV sampling, the measurements
performed for different initial phases would yield different results. As
discussed above, the statistics barely differ, even if the initial phases are
different. Therefore, the influence of the sampling rate can be negligi-
ble in the present experiments.

Table II suggests that statistical errors due to the finite number of
samples are negligible when 1500 snapshots are used to evaluate the
statistics. The averages calculated separately for runs 1–5 and 6–10
yield ðurms; vrmsÞ ¼ ð5:86; 4:68 m=sÞ and ð5:84; 4:76 m=sÞ, respec-
tively. These values differ from the averages of runs 1–10 by less than

1%. Therefore, using more than 1500 snapshots in the statistical analy-
sis barely changes the results in this paper.

Figure 6 shows the lateral profiles of urms, vrms, and the correla-
tion coefficient between u and v defined as hu0v0i=urmsvrms in exps. 1
and 2. In the measurement area, urms and vrms barely vary in space as
their spatial variations are less than 15% of the values at the chamber
center. Furthermore, the measurement area has jhu0v0i=urmsvrmsj
. 0:1. The correlation is expected to be large inside the synthetic jets
because of the mean velocity gradient. A small jhu0v0i=urmsvrmsj sug-
gests that the chamber center is not directly affected by the mean flow
of the synthetic jets and is dominated by turbulence generated by their
interactions, which is more isotropic and homogeneous than synthetic
jets.

Even if large-scale motion in turbulence is slightly anisotropic in
exp. 2 as attested by urms=vrms > 1, small-scale motion can be locally
isotropic. This local isotropy is often investigated with statistics for the
velocity derivatives.63–65 In this study, the local isotropy at small scales
is examined using rms fluctuations of the velocity derivative,
ð@ui=@xjÞrms. Figure 7 plots ð@u=@xÞrms=ð@v=@yÞrms and ð@u=@yÞrms=
ð@v=@xÞrms as functions of Rek. The experimental results for the
PSJAs are compared with the DNS of the planar jets. These ratios are

TABLE I. Turbulence characteristics at the center of the measurement area.

Lx (mm) hui (m/s) hvi (m/s) urms (m/s) vrms (m/s) urms=vrms hui=urms hvi=vrms Rek MT

Exp. 1 110 0.51 –0.61 4.2 4.1 1.02 0.12 –0.14 383 0.019
Exp. 2 220 1.92 –0.33 5.8 4.8 1.21 0.33 –0.068 932 0.027

TABLE II. Root-mean-squared velocity fluctuations, urms and vrms, at the chamber
center as obtained in each measurement for exp. 2.

Run 1 2 3 4 5 6 7 8 9 10

urms (m/s) 5.71 5.94 6.09 5.97 5.61 5.86 5.74 5.80 5.69 6.09
vrms (m/s) 4.60 4.72 4.73 4.58 4.78 4.77 4.57 5.11 4.74 4.61
urms=vrms 1.24 1.26 1.29 1.30 1.17 1.23 1.26 1.14 1.20 1.32

FIG. 6. Lateral profiles of the rms velocity fluctuations urms and vrms and correlation
coefficient hu0v0i=urmsvrms at y ¼ 66, 63, and 0mm in (a) exp. 1 and (b) exp. 2.
The urms and vrms at the chamber center are denoted by urmsC and vrmsC and are
used for normalization.
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equal to 1 when the turbulence is locally isotropic. The turbulence
generated by the PSJAs has ð@u=@xÞrms=ð@v=@yÞrms � ð@u=@yÞrms=
ð@v=@xÞrms � 1:01, which are close to the isotropic value. Thus, the
assumption of local isotropy is valid at the chamber center for both
experiments. The turbulent planar jets also have ð@u=@xÞrms=
ð@v=@yÞrms � 0:99–1.01 and ð@u=@yÞrms=ð@v=@xÞrms � 1:04–1.10,
which are close to 1.

B. Reynolds number and Mach number dependence
of velocity derivative flatness

Both experimental and numerical studies of incompressible tur-
bulence indicate that the relationship between the velocity derivative
flatness, F@u0=@x¼hð@u0=@xÞ4i=hð@u0=@xÞ2i2, and turbulent Reynolds
number Rek barely differs between flows. Here, the Rek and MT

dependences of F@u0=@x are examined with the experimental and
numerical results for compressible turbulence. Figure 8 plots F@u0=@x as
a function of Rek and compares the present experiments and DNS
with previous studies of incompressible turbulence. In incompressible
turbulence, F@u0=@x increases monotonically with Rek, where all data
points for incompressible turbulence follow the same trend. Although
the data for incompressible turbulence collapse well, F@u0=@x in the
PSJA experiments and the DNS at high Mach numbers are larger than
those in incompressible turbulence at similar Rek values. For isotropic
turbulence with both ReL0¼350 and 900, the deviation from the

values in incompressible turbulence becomes clear for MTZ0:8. The
planar jet withMJ ¼2:6 also has a larger F@u0=@x than those withMJ ¼
0:6 and 1.6 for which F@u0=@x is close to the data of incompressible tur-
bulence. In the PSJA experiments, F@u0=@x is approximately 1.4–2.0
times larger than those in incompressible turbulence at similar Rek.
Similarly, F@u0=@x in the planar jet with MJ ¼2:6 is approximately 1.8
times higher than those at MJ ¼0:6 and 1.6. Thus, the relative devia-
tion from incompressible turbulence is similar in the PSJA experi-
ments and the DNS of planar jets. Furthermore, F@u0=@x as measured
for the PSJAs is larger for greater Rek. This tendency also agrees with
compressible isotropic turbulence, where F@u0=@x increases with Rek for
the sameMT.

We performed an additional experiment with the present PIV
system for incompressible turbulence generated by many DC fans to
examine the measurement accuracy. The multi-fan turbulence cham-
ber is described in Appendix. A total of 182 fans are equipped on
opposed surfaces of a rectangular chamber to generate turbulence by
interactions between fan-induced flows. Each fan induces a flow with
a mean velocity of approximately 10m/s.73 Nearly isotropic turbulence
is generated at the chamber center. Both the PSJAs and fans generate
turbulence with Rek ¼ Oð102Þ. The relationship between F@u0=@x and
Rek in the fan-generated turbulence is shown as the red-filled circle in
Fig. 8. The results quantitatively agree with previous studies of incom-
pressible turbulence. This comparison demonstrates that the measure-
ments are accurate enough to discuss the compressibility effects on
F@u0=@x .

The statistics are computed with 1500 independent snapshots of
(u, v) for exp. 1, while exp. 2 uses 3000 snapshots. The statistical con-
vergence may affect the findings for the compressibility effect on
F@u0=@x . To evaluate the influence of statistical convergence, we divide
the 3000 snapshots of exp. 2 into two groups of 1500 snapshots and
calculate the statistics in each group. The F@u0=@x as calculated from
1500 snapshots differs by 5.8% from that to 3000 snapshots. The error
bars in Fig. 8 show variations of 5.8% for exps. 1 and 2, which repre-
sent possible errors due to statistical convergence. The range of the
error bars is smaller than the difference between the experiments and
the data of incompressible turbulence, and the statistical error does
not affect the discussion given here. Another issue in computing
F@u0=@x is the spatial resolution of PIV. The interrogation window size

FIG. 8. Dependence of the velocity derivative flatness, F@u0=@x , on the turbulent Reynolds number Rek. For experiments with PSJAs, F@u0=@x is shown at the chamber center.
The error bars of exps. 1 and 2 show the ranges of 5.8% for F@u0=@x, which represent possible errors due to the finite number of statistical samples. The experimental result for
fan-generated turbulence as described in Appendix is shown to assess the measurement accuracy. The DNS results for the planar jets are taken on the jet centerline (y¼ 0)
at t=tr ¼ 26. Data for incompressible turbulence7,66–72 are also shown for comparison.

FIG. 7. The Rek dependence of the ratios of the rms fluctuations for the velocity
derivatives, ð@u=@xÞrms=ð@v=@yÞrms and ð@u=@yÞrms=ð@v=@xÞrms. The horizon-
tal line indicates the isotropic value of 1.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 055101 (2022); doi: 10.1063/5.0085423 34, 055101-7

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


used in the adaptive PIV algorithm is related to the resolution in the
x-y plane. The results here are obtained with a window size of 32� 32
pixels. Furthermore, F@u0=@x is computed with a different window size
of 24� 24 pixels, which are 1.5 times smaller than the original size.
The F@u0=@x with 24� 24 pixels is 9% larger than that for 32� 32 pix-
els. Therefore, variations in F@u0=@x with the spatial resolution are small
and the same compressibility effect on F@u0=@x is observed regardless of
the interrogation window size.

The accuracy to evaluate F@u0=@x in DNS depends on the numeri-
cal schemes. The present DNS codes use high-order finite difference
schemes for which the numerical solutions of the governing equations
are accurate if the spatial resolution D is as small as the Kolmogorov
scale g. The DNSs of the isotropic turbulence and the planar jets are
performed using D=g � 0:8 and D=g ¼ 1.0–1.3, respectively. The res-
olution is as good as those in previous DNS studies for the statistics of
a velocity gradient tensor in compressible turbulent mixing layers.74

Therefore, the velocity derivative statistics including the flatness are
expected to be accurately evaluated in DNS. Figure 8 shows that the
DNS results at low-Mach-number cases quantitatively agree with pre-
vious studies of incompressible turbulence.

The relation between F@u0=@x and Rek is well known for incom-
pressible turbulence for which the accuracy of evaluating F@u0=@x can be
easily assessed. However, F@u0=@x in compressible turbulence has rarely
been considered, and it is difficult to compare the present results for
compressible turbulence with existing works. Qualitatively, the same
effect of flow compressibility on F@u0=@x is observed in the DNS and
experiments for three different flows as F@u0=@x is larger than in incom-
pressible flow. Therefore, the DNS and experiments conducted here

validate each other, which suggests the compressibility effects on F@u0=@x
are not influenced by the accuracy of measurements and simulations.

Figure 9 plots F@u0=@x as a function of MT for the experiments
and DNS. For isotropic turbulence with both Reynolds numbers,
F@u0=@x increases with MT for MTZ0:6. However, deviations from the
incompressible flows already occur at MT � 0:4 for the planar jets.
Once the turbulent jet has fully developed, MT decays with time. For
planar jets withMJ ¼ 2:6; F@u0=@x increases from t=tr ¼ 18 to 26 even
though MT decreases over time. The experimental results for the
PSJAs suggest that F@u0=@x can be larger than incompressible turbu-
lence, even atMT ¼ Oð10�2Þ, for which F@u0=@x in the isotropic turbu-
lence is close to those for incompressible turbulence. Thus, the
compressibility effects on F@u0=@x are not determined solely byMT.

The failure in describing the compressibility effects on F@u0=@x with
MT may be explained by the localness ofMT, which is defined at a given
position or time in the flow. For example, the turbulent transition of a
planar jet at a high MJ is significantly affected by the compressibility,
even though MT decreases as the fully developed turbulent jet evolves.
The generation of turbulence by the PSJAs is also influenced by com-
pressibility as the PSJAs generate supersonic synthetic jets. These com-
pressibility effects on the generation process of turbulence are not well
described using a local value ofMT in fully developed turbulence.

C. Flow dependence of the compressibility effects

In the PSJA experiments, F@u0=@x is larger than that in incom-
pressible turbulence even though MT ¼ Oð10�2Þ is not large. Similar
compressibility effects at lowMT have been reported in DNS for forced

FIG. 10. Instantaneous streamwise veloc-
ity profiles at t=tr ¼ 18 on an x-y plane
for planar jets with (a) MJ ¼ 0:6 and (b)
MJ ¼ 2:6. The white line represents the
location of y=H ¼ 3 at which the probabil-
ity density function of @u0=@x in Fig. 12 is
calculated.

FIG. 9. Dependence of the velocity deriv-
ative flatness F@u0=@x on the turbulent
Mach number MT. The DNS results for the
planar jets are taken at the jet centerline
(y¼ 0) with t=tr ¼ 18 and 26, while the
data for the experiments and compress-
ible isotropic turbulence are the same as
in Fig. 8.
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compressible isotropic turbulence.8 They confirmed that deviations
from incompressible turbulence occur for various statistics even at
MT ¼ Oð10�2Þ when forcing is applied to a dilatational velocity com-
ponent. This study with PSJAs provides experimental support for their
numerical findings of the compressibility effects at lowMT. The dilata-
tional forcing scheme used in Ref. 8 results in the formation of shock-
like compressive waves, even at lowMT. The strong compressive waves
are accompanied by large velocity gradients inside the waves, which
can increase the velocity derivative flatness. In the present experiments
and DNS, F@u0=@x in the turbulent jets and the turbulence generated by
the PSJAs deviate from incompressible turbulence at lower MT rather
than that in the isotropic turbulence generated by solenoidal forcing.
The wave propagation is one of the probable reasons for the different
threshold values of MT that characterize deviation of F@u0=@x from
incompressible turbulence. In isotropic turbulence with the present
solenoidal forcing, the shocklets are observed for MTZ0:6.9 The
shock-like compressive waves are generated even for MT < 0:6 in the
turbulent planar jet as explained below. We also show that the syn-
thetic jets via PSJAs generate pressure waves, which are strong enough
to cause density fluctuations that are visible in the Schlieren images.

A supersonic jet is also known to generate strong pressure waves
with a waveform similar to spherical shock.75,76 Figure 10 illustrates
two-dimensional profiles of the instantaneous streamwise velocity u in
the planar jet at MJ ¼ 0:6 and 2.6. The turbulent jet is located in

jy=Hj. 2 for MJ ¼ 0:6 and jy=Hj. 1 for MJ ¼ 2:6. A jet width at
MJ ¼ 2:6 narrower than 0.6 is due to the delayed turbulent transition
of the supersonic jet.53 The profile of u outside the jet is different
between these Mach numbers. Large-scale fluctuations of u are gener-
ated at MJ ¼ 0:6 (regions A and B), which are often related to large-
scale vortices that can induce velocity fluctuations, even outside the jet.
On the other hand, u sharply changes across shock-like waves outside
the jet at MJ ¼ 2:6. These waves begin to appear when turbulence
develops via shear instability.77

Figure 11 visualizes h ¼ @uj=@xj forMJ ¼ 2:6 in the same plane
as in Fig. 10(b). The shock-like waves outside the jets have large nega-
tive h, which indicates fluid compression. The compressive waves
induce a rapid velocity change, which generates small-scale velocity
fluctuations outside the jet in Fig. 10(b). Similar pressure waves with
strong compression are also found inside the jet. Figure 11(b) illus-
trates h in the region outlined in Fig. 11(a). Thin regions with large
negative h appear inside the jet. Figure 11(c) shows the instantaneous
velocity u in the same region as Fig. 11(b). At the location of large neg-
ative h, u also exhibits a distinct jump (marked as A).

The velocity jumps due to compressive waves are associated with
a large velocity gradient, which affects the flatness of @u0=@x. Figure
12 shows the probability density function (PDF) of @u0=@x as calcu-
lated at y=H ¼ 3, which is given with horizontal broken lines in Figs.
10 and 11(a). This location is outside the jet, and the velocity fluctua-
tions are dominated by irrotational fluid motion as induced by the jet
for low MJ and by compressive waves for high MJ. Here, @u0=@x is

FIG. 12. Probability density function of @u0=@x at y=H ¼ 3 in the planar jets
(t=tr ¼ 18).

FIG. 13. Probability density function of
PD=ðPDÞrms in (a) isotropic turbulence
with ReL0 ¼ 900 and (b) planar jets on
the jet centerline at t=tr ¼ 26. The results
for isotropic turbulence at MT ¼ 0:3 and
0.9 are also shown in (b).

FIG. 11. (a) Instantaneous profile of dilatation h ¼ @uj=@xj at t=tr ¼ 18 on the x-y
plane in the planar jet with MJ ¼ 2:6. Profiles for (b) dilatation h and (c) streamwise
velocity u in the region outlined by the lines in (a). A broken line in (a) shows the
location of y=H ¼ 3.
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normalized by the rms fluctuations, ð@u0=@xÞrms. As MJ increases, the
PDF of @u0=@x deviates from Gaussian. The peak of the PDF at
@u0=@x � 0 increases with MJ. The semi-log plot in the inset shows
that a probability for large negative @u0=@x increases for larger MJ;
thus, the flatness of @u0=@x increases withMJ. The waves propagate in
space and may persist for some time. Therefore, the velocity statistics
at the center of the jet at a given time can be influenced by the strong
compressive waves that are generated at different locations and times.
This wave propagation can make the compressibility effects on the tur-
bulence statistics non-local in space and time. Therefore, deviations of
F@u0=@x from incompressible values may occur at lower MT in the tur-
bulent jet rather than in statistically steady isotropic turbulence, where
MT does not vary with position or time.

Compressive waves are associated with a pressure increase via
fluid compression. The transport equation for kinetic energy quiui can
be derived by multiplying Eq. (2) by ui. The pressure term can be
rewritten as �ui@P=@xi ¼ �@uiP=@xi þ P@ui=@xi ¼ Dp þPD. The
first term Dp represents pressure diffusion, and the second termPD is
called a pressure–dilatation correlation.78 The first term on the right-
hand side of Eq. (3) is �PD. Therefore, PD represents the energy
exchange between the kinetic and internal energies. The equation of
state, P ¼ qRT , suggests that PD < 0 increases P via compression

@ui=@xi < 0. Figure 13 shows the PDF of PD in the isotropic turbu-
lence and at the center of the planar jet. The PDF is negatively skewed
for large Mach numbers. This is related to a large negative PD in thin
wave structures, which occupy a small volume in the flow. The
shape of the PDF in Fig. 13(b) is similar for isotropic turbulence with
MT ¼ 0:9 and the planar jet with MJ ¼ 2:6 despite a smaller MT in
the jet. These results imply that the local MT is not directly related to
the propagation of the shock-like compressive waves. Figure 14
presents the relationship of F@u0=@x to the skewness of PD. The isotro-
pic turbulence with ReL0 ¼ 900 and the planar jets have Rek � 100
for which F@u0=@x is approximately 6 under incompressible conditions.
The results for both flows collapse well, suggesting an increased F@u0=@x
is correlated with an increased jSPj, which is caused by compressive
waves withPD 	 0.

Similar effects for compressive waves may also occur in turbulence
as generated by PSJAs. Figure 15(a) (Multimedia view) shows a
Schlieren image of the flow as induced by a single PSJA. The camera
records the formation of the synthetic jet with a framerate of 28,023 fps
and an exposure time of 3:0 ls. The PSJA faces the right side of the fig-
ure, and the jet (marked with the broken white lines in the still image) is
in the direction during the blowing phase. When a jet issues from the
orifice, wave propagation is observed above and below the jet in the
video from 2 to 4 s and from 10 to 12 s. The direction of the wave propa-
gation is tilted from the jet direction; for example, the pressure waves
below the jet propagate toward the bottom right of the figure. These
waves have not been observed in Schlieren images from low-speed syn-
thetic jets,79 and wave propagation as observed from the PSJA resembles
that of a supersonic jet, where the propagation direction is also tilted
from the jet axis.77 Figure 15(b) (Multimedia view) shows a Schlieren
image of the turbulence as generated by the eight PSJAs (exp. 1). The
images are taken without installing the chamber walls as light diffraction
on the side walls makes the image unclear. The camera framerate and
the exposure time are 8102 fps and 11ls, respectively. The center of the
visualized domain is slightly higher than the chamber center; thus, the
jet formation from the upper PSJAs can be visualized. Wave propaga-
tion in turbulence is observed when the jet is issued from the top right
at the beginning of the video. The wave pattern is less clear compared
with a single PSJA in Fig. 15(a) because the waves propagate in

FIG. 15. Schlieren visualization of (a) a synthetic jet generated from a single PSJA and (b) turbulence generated by eight PSJAs in exp. 1. In (a), the jet flow is issued from
left to right. Multimedia views: https://doi.org/10.1063/5.0085423.2; https://doi.org/10.1063/5.0085423.3

FIG. 14. Relationship between velocity derivative flatness F@u0=@x and the skew-
ness of PD, SPD . The DNS results for the planar jets are obtained at y¼ 0 and
t=tr ¼ 26.
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turbulence with density fluctuations. After the first wave propagation,
another jet formation occurs for the PSJA at the bottom right. The
waves generated by this jet can also be seen in the video. Wave propaga-
tion from the PSJAs cannot be described by the local turbulent Mach
number at the chamber center. The strong compressive waves can prop-
agate from the supersonic jets generated by PSJAs and affect the charac-
teristics of fully developed turbulence at the chamber center. The wave
propagation from the supersonic synthetic jets can cause the same com-
pressibility effects for low-MT turbulence with dilatational forcing,8

which also generates compressive waves at lowMT.

V. CONCLUSIONS

The dependence of the velocity derivative flatness F@u0=@x on the
turbulent Reynolds number Rek and turbulent Mach number MT is
examined experimentally for turbulence generated by PSJAs and using

DNS of statistically steady compressible isotropic turbulence and tem-
porally evolving planar jets. The DNS of the isotropic turbulence uses
the solenoidal forcing scheme, while the jet velocity ranges from sub-
sonic to supersonic. The PIV measurements and Schlieren flow visual-
ization are conducted for the turbulence chamber with PSJAs. Nearly
homogeneous isotropic turbulence is generated at the chamber center
from interactions between supersonic synthetic jets.

The relationship between F@u0=@x and Rek has a minimal depen-
dence on the flow in incompressible turbulence. However, F@u0=@x in
turbulence generated by PSJAs is larger than in incompressible turbu-
lence with similar Rek. The DNS of the isotropic turbulence and the
turbulent planar jets shows that F@u0=@x becomes larger than incom-
pressible values when the Mach number of the flow is sufficiently
high. However, a comparison between the three flows also indicates
that the threshold of MT that characterizes the deviation of F@u0=@x

FIG. 16. (a) Photograph of the top view of the multi-fan turbulence chamber (chamber is covered by the top wall during the experiments). Schematics of (b) the arrangement
of 81 fans on one side of the chamber and (c) a side view of the turbulence chamber. All dimensions are in mm.
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from incompressible turbulence depends on the flow. In the isotropic
turbulence with a solenoidal linear forcing, F@u0=@x becomes larger
than that for incompressible turbulence when MT is greater than 0.6,
while an increase in F@u0=@x due to the compressibility effects occurs
even for MT lower than 0.6 in turbulent planar jets and turbulence
generated by PSJAs.

The compressibility effect on F@u0=@x is observed for turbulence
generated by PSJAs althoughMT ¼ Oð10�2Þ is relatively small. Recent
DNS of forced compressible isotropic turbulence indicates that the com-
pressibility effects on turbulence are significant even atMT ¼ Oð10�2Þ
when forcing is applied to a dilatational velocity component.8 Schlieren
flow visualization for PSJAs reveals the propagation of pressure waves
when jets are issued from the orifices. These waves are strong enough to
cause density fluctuations visible in the Schlieren image. A possible
explanation of the large F@u0=@x in the experiments is the non-local
effects of waves as generated by supersonic synthetic jets because they
propagate toward the chamber center. The DNS of supersonic planar
jets indicates that strong compressive waves induce quasi-discontinuous
velocity jumps. These shock-like compressive waves can cause an
increased F@u0=@x . In the DNS, the shock-like waves in the jet appear at
lower MT than in isotropic turbulence with the solenoidal forcing
scheme. When the waves appear in a flow, the probability distribution
of pressure–dilatation correlation, PD ¼ P@ui=@xi becomes negatively
skewed. An increased F@u0=@x in compressible turbulence is correlated
with variations of the skewness of PD ¼ P@ui=@xi. This suggests that
an increased F@u0=@x in the DNS and experiments is caused by wave
propagation, which is not directly related to a local value ofMT.

The compressibility effects cause an increased F@u0=@x from
the propagation of compressive waves, which can induce dilata-
tional velocity fluctuations. This is consistent with the compress-
ibility effects for turbulence observed in DNS with dilatational
forcing.8 The dilatational forcing scheme is artificial because it
selectively excites dilatational velocity fluctuations. It is unclear
whether similar compressibility effects at low MT are possible in
turbulence that is naturally generated. This study with PSJAs pro-
vides experimental evidence that supports the numerical finding
based on dilatational forcing.8 The results of the experiments and
DNS demonstrate that the turbulence generation process is impor-
tant for the compressibility effects, which are not solely determined
from a local value ofMT.
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APPENDIX: EXPERIMENTS OF INCOMPRESSIBLE
TURBULENCE GENERATED BY MULTIPLE FANS

The PIV measurements are gathered for turbulence as generated
by multiple fans to provide reference data of the velocity derivative
flatness for incompressible turbulence. The multi-fan turbulence
chamber (Fig. 16) generates turbulence with multiple DC electric
fans and is similar to those used in Refs. 41–43 and 80. Two sets of
9� 9 fans (Sanyo Denki, San Ace 40, 9GA0412P3K011) are
equipped on opposing surfaces of a rectangular chamber whose
inner size is 540� 640� 540mm3. The same fans are used in our
previous paper, which tested an in-house color PIV system for the
flow induced by the fans.73 Each fan induces flow with a mean
axial velocity of approximately 10m/s. The fans are fixed by rods
with a 35mm length on aluminum plates with a 10mm thickness.
The side, bottom, and top walls are acrylic plates with a thickness
of 3mm. The rotational speed of fans is 2:2� 104 rpm, which is
measured for each fan using a pulse sensor. Interactions of flow as
induced by 182 fans generate turbulence inside the chamber. The
coordinate system is also shown in Fig. 16. The direction of the
fans is denoted by x, and the vertical and spanwise directions are
denoted by y and z, respectively.

The velocity measurements on the x-y plane are conducted at the
chamber center with the same PIV system used with the PSJAs. Before
the measurements, the chamber is filled with oil mists as generated by
a fog generator. The particles are illuminated with a laser from the bot-
tom of the chamber while the camera faces the z direction. The time
interval between two laser pulses is 400ls, and the measurement area
is 40� 40mm2 around the chamber center. The spatial resolution of
1.7mm is approximately 6 times the Kolmogorov scale g, and the res-
olution compared with g is similar to the PSJAs experiments. In each
measurement, 150 snapshots of the velocity vectors are acquired, and
the experiment is repeated 8 times. The statistics are then calculated
with ensemble averages of 1200 snapshots. The statistics obtained at
the chamber center are summarized in Table III. The mean velocity is
as small as the rms velocity, and large-scale fluctuations are nearly iso-
tropic as confirmed from urms � vrms. In incompressible turbulence,
the local isotropy at small scales is often assessed with the vorticity var-
iance. For vorticity in the z direction, xz ¼ @v=@x � @u=@y, the

TABLE III. Statistics of the turbulence generated by the fans, where the measurement results at the chamber center.

hui (m/s) hvi (m/s) urms (m/s) vrms (m/s) urms=vrms hx2
zi=h15ð@u=@xÞ2i Rek MT

–0.17 –0.46 0.61 0.55 1.11 0.30 590 2:9� 10�3
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assumption of local isotropy requires hx2
zi=h15ð@u=@xÞ2i ¼ 1=3 for

incompressible turbulence.64 This relationship is not valid for com-
pressible turbulence because the derivation relies on the continu-
ity equation for incompressible fluids.81 The present PIV
measurement yields hx2

zi=h15ð@u=@xÞ2i ¼ 0:30, which is close to
the theoretical value 1/3. Thus, turbulence generated in the cham-
ber is nearly isotropic at both large and small scales. The turbu-
lent Reynolds number Rek is as large as those for the PSJAs
although urms is approximately 1/10 of those in the PSJAs. This is
due to the large length scales of the turbulence as generated by
the fans. The relationship between F@u0=@x and Rek as measured
using the PIV shows good quantitative agreement between fan-
generated turbulence and previous studies of incompressible tur-
bulence (Fig. 8).
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