
PHYSICAL REVIEW FLUIDS 8, 114301 (2023)

Wall-pressure fluctuations in attached compressible turbulent cavitating flows
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Unsteady wall-pressure fluctuations are of great interest to gain insight into the structures
and physical mechanisms of the turbulence flows that generate the pressure fields. Wall-
pressure fluctuations are investigated in high Reynolds number cavitating flows in a wide
range of cavitation regimes, with the aim of providing a quantitative understanding of
cavitation-induced wall-pressure fluctuations and their scaling behaviors. The experiment
is conducted at a high-speed water tunnel with a backward-facing wedge test model,
and a simultaneous sampling technique is adopted to synchronize the transient cavity
behaviors by high-speed imaging and cavitation-induced wall-pressure fluctuations using
four flush-mounted unsteady pressure transducers beneath attached cavities. The results
show that with decreasing σ , transient cavity length oscillations increase with cavity
regimes changing from a stable inception cavity and an intermittent sheet cavity to an
unsteady quasiperiodic cloud cavity, while the time-averaged cavity structures under dif-
ferent cavity regimes present self-similarity. The evolution of mean cavity metrics (i.e.,
Lc, Ltc, tc, and θ ) is examined. Inspired by this geometrical self-similarity, statistics (i.e.,
root mean square pressure level, probability density function, pressure spectra, convective
velocity) of wall-pressure fluctuations both inside and outside the attached cavitation
are examined. Specifically, the root mean square value of wall-pressure fluctuations ap-
proaches its maximum near the cavity closure, and its amplitude is independent of the
cavitation number. The probability density function (PDF) shape presents non-Gaussian
and asymmetric behaviors. Generally, the PDF shape is positively skewed at the cavity
leading edge, approaching Gaussian behaviors near cavity closure and slightly negatively
skewed outside the cavity. Spectral analysis indicates that the scaling regions obtained by
fast Fourier transform are usually classified as (1) low-frequency range; (2) mid-frequency
range, spectra typically show the f −2 behavior; (3) transition range, with a f −7/3 relation;
and (4) high-frequency range, with a f −3.2 relation. Remarkably, the Reynolds number
effects significantly enhance the non-Gaussian and asymmetric behaviors of wall-pressure
fluctuation PDFs. Our study can help to improve both cavitation modeling and hydraulic
designs.

DOI: 10.1103/PhysRevFluids.8.114301

I. INTRODUCTION

In turbulent cavitating flows, the pressure distribution is of fundamental importance to understand
the inception and subsequent development of cavitation [1]. Cavitation generally occurs if the local
static pressure drops below the saturated vapor pressure, and consequently, the negative pressures
are relieved by forming gas-filled or gas- and vapor-filled cavities [2]. When compared with single-
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phase liquid or gas flows, a unique feature of the pressure fields in cavitating flows is the existence
of a cutoff pressure region (i.e., vapor pressure) where an abrupt dynamic phase change between
liquid and vapor phases occurs in response to local pressure fluctuations. In other words, cavity
structures are controlled by pressure fields that determine the phase change rate (i.e., evaporation or
collapse) and thus cavity growth or collapse. Turbulent cavitation is also responsible for undesirable
effects or even damage in hydrodynamic systems, including pumps, turbines, propellers, pipelines,
and underwater bodies [3–8], and has recently gained substantial attention. Most of these problems
are associated with the pressure fluctuations generated by unsteady cavity behaviors, which are an
important source of the corresponding significant vibrations and loud noise in practical applications.

Due to the lack of knowledge of pressure fluctuations, one of the limitations of the current
cavitation theory and modeling, especially in sheet/cloud cavitating flows [9,10], is that a uniform
saturated vapor pressure is always assumed within the cavitation region, and the local static pressure
[11,12] is used to determine the phase change rate. The fluctuating pressure fields in cavitating
flows, particularly under sheet/cloud cavitation regimes, have been experimentally shown to be
nonuniform and highly unsteady and consist of complex flow structures, e.g., reentrant jets [13]
and shockwaves [14]. To understand the dynamics of turbulent cavitating flow, we need to extend
our understanding of the pressure fields to include the dynamics of pressure fluctuations.

Many studies have been conducted focusing on the pressure distribution fields in cavitating flows,
e.g., the mean static pressure [15–17] and the time evolution of pressure fluctuations associated
with transient cavity behaviors. In terms of the pressure fluctuation fields in inception cavitation,
by utilizing microscopic bubbles as pressure sensors to measure free-stream pressure fluctuations
within turbulent flows far from the solid surface [18–20], the statistics of pressure fluctuations in
turbulent cavitating flows and their effects on cavitation inception are investigated [21]. The study
showed that a Gaussian distribution slightly skewed toward positive values of fluctuating pressure
fields was observed for a 3.17 mm jet [18]. Using this novel technique for determining instantaneous
spatial pressure distributions, Liu and Katz [1] experimentally measured the mean and fluctuating
pressure distributions under cavitation inception conditions for 2D turbulent shear layer flow past
an open cavity. Their study showed that the lock-on behavior of cavitation inception on top of the
cavity trailing edge was in agreement with local pressure fluctuations. Furthermore, the periodic
elimination of the pressure minimum was found to be due to the flow induced by shear layer
vortices passing by the trailing edge of the cavity. Subsequently, Porta et al. [22] found that with
decreasing hydrostatic pressure, the cavitation activity (low-pressure events) increases exponentially
in large-Reynolds-number turbulence flows, indicating the exponential tail of the pressure proba-
bility density function (PDF), which provides evidence of intermittency. Motivated by cavitation
inception modeling, Bappy et al. [23] numerically studied the Lagrangian statistics of pressure
fluctuation events (low-pressure fluctuations) in homogeneous isotropic turbulent fields using direct
numerical simulation (DNS). Their study showed that the average frequency of low-pressure events
has an exponential tail toward very low pressure thresholds, and the PDF of the low-pressure events
is heavy-tailed and departs from a totally random homogeneous stochastic process (e.g., Poisson
process), indicating a highly intermittent process with a bursty process. Furthermore, the most likely
duration between low-pressure events is smaller than the Kolmogorov timescale. Subsequently,
Bappy et al. [24] investigated pressure statistics along the trajectories of gas nuclei in homogeneous
isotropic turbulence at Reλ = 150. They found that cavitation inception occurs at mean pressures
several kPa above vapor pressure. Moreover, large gas nuclei are found to be more attracted to the
vortex cores and spend more time at low-pressure regions than smaller nuclei.

However, such a method cannot be easily extended into the developed cavity, e.g., sheet/cloud
cavitation, where the vapor/gas void fraction is much higher. Studies have been conducted to
study the temporal features and the correlation with transient cavity behaviors of the wall-pressure
fluctuations induced by cavitation on the surface of a solid body [25–28]. Specifically, Le et al. [29]
experimentally measured distributions of the pressure pulse height spectrum (PPHS) by mounting
pressure transducers on a foil surface. Their study indicated that under a thin, well-closed, and
stable cavity, pressure pulse distributions exhibit a strong maximum centered at the cavity closure;
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under a thicker, open, and unstable cavity, the pressure pulse distribution widens; for a cavity with
a periodically shedding cavity cluster, no definite maximum in the pressure pulses was observed.
Reisman et al. [30] discussed the pressure pulses of large amplitude and short duration caused
by the rapid collapse of cloud cavities and identified two different types of pressure pulses, local
pulses, and global pulses. By examining synchronized high-speed movies, they observed that the
local pulses were associated with a crescent-shaped region of low void fraction and leading-edge
structures, while the global pulses were found to be caused by global cloud collapses. These
cavitation structures associated with pressure pulses were supposed to be shockwave structures,
which have been recently investigated by Ganesh et al. [14] using x-ray densitometry. Leroux
et al. [31] studied unsteadiness in partial cavitation based on wall-pressure measurements on
a NACA66(mod) hydrofoil. Periodic pressure fluctuations corresponding to the cavity structure
evolution were observed. Their studies showed strong pressure fluctuations at the cavity closure
and wake regions where the flow fields recover the noncavitating flow downstream, while within
the cavity, the pressure coefficient is constant and approximately the average value between the
cavitation number (vapor) and the noncavitating pressure coefficient (liquid), even in periodic cloud
cavitation. It should be noted that in the process of cavity cloud collapse, large pressure pulses along
with strong pressure fluctuations were captured, which were caused by shockwave generation and
propagation. Most recently, Chen et al. [32] studied the correlation between pressure fluctuation
signals and unsteady cavitation behaviors using a synchronized measurement and observed an
increase in pressure fluctuations when cavity closure arrives at the transducer. The propagation
speed of pressure pulses in different cavitation regions is found to be related to the bubble density
distribution and smaller than the sonic speed in the pure liquid. Ganesh et al. [14] experimentally
measured the evolution of wall-pressure fluctuation signals when the bubbly shockwave passed
by synchronization with high-speed x-ray densitometry on a wedge model. Their measurement
successfully captured the pressure rise caused by the bubbly shockwave. Wu et al. [27] employed
unsteady pressure transducers to study the wall-pressure fluctuations on a NACA0015 hydrofoil.
In a study of the physical process of different cavity breakup and shedding mechanisms, namely,
the reentrant jet mechanism and shockwave mechanism, Wang et al. [33] observed that under the
reentrant jet mechanism, relatively lower pressure fluctuations were captured at the head of the
reentrant jet, and under the shockwave mechanism, a large pressure pulse was captured at the shock-
wave front during its propagation. Esposito et al. [28] experimentally investigated the spectral and
modal features of cavitating flows through an orifice. In their study, multiscale proper orthogonal
decomposition (mPOD) was used for high-speed visualizations to extract the dominant spatial and
temporal cavitation structures. Wall-pressure fluctuation signals under different cavitation numbers
and their dominant frequencies were analyzed. Although the abovementioned studies provided some
insights into pressure fluctuations induced by turbulent cavitation flow, e.g., the correlation between
pressure pulses and certain cavity structures (e.g., bubbly shockwaves) and pressure fluctuations
at cavity closure, there is very limited knowledge on the statistics of wall-pressure fluctuations
and their scaling behaviors with cavitation number and Reynolds number, especially in sheet/cloud
cavitating flows.

Motivated by the lack of understanding of the statistics of wall-pressure fluctuation fields
associated with attached turbulent cavitating flows, especially sheet/cloud cavitating flows, here
we report a systematic investigation of wall-pressure fluctuations beneath and downstream of the
attached cavitation. A simultaneous sampling technique synchronizing the wall-pressure fluctuation
signals and transient cavity behaviors is employed. The present paper is structured as follows: details
about the measurement setup and flow conditions are given in Sec. II. The main results are presented
in Sec. III, while discussions and concluding remarks are given in Sec. IV.

II. EXPERIMENTAL SETUP

A. Water tunnel and measurement system

The experiments are conducted in a closed-loop recirculating cavitation water tunnel, as shown
in Fig. 1, as described in detail by Li et al. [34]. The test section of the tunnel has dimensions of
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FIG. 1. Schematic of the water tunnel (WT).

700 mm in length and 70 mm × 190 mm in cross section and has transparent windows at the top
and front sides, which are made of Perspex for observations and optical-based measurements. An
axial pump located approximately 5 m below the test section is used to drive the flow into the water
tunnel to reduce the likelihood of pump cavitation. A tank with a volume of 5 m3 is placed upstream
of the test section to separate the undesired free stream bubbles in the flow. To reduce the turbulence
level and make the flow uniform, a corner vane and a straightening vane are equipped between the
tank and the test section. A vacuum pump connected to the top of the tank is used to control the
operating pressure in the tunnel. The upstream pressure and the flow velocity are measured by the
vacuometer (model Y-60, by SALANE, with 0.25% uncertainty) and the electromagnetic flowmeter
(product code TDS4033-1CA00-1AA6A01, by Tianjin Kentai, with 0.5% uncertainty), respectively.
The highest operating velocity in the tunnel test section is 20 m/s, and the turbulence intensity level
is smaller than 2%, except for the near-wall area [34]. Before conducting experiments, the water in
the reservoir is kept still for plenty of time to ensure the complete precipitation of the sediment and
gas to separate the undesired free stream bubbles in the flow.

In the present study, a backward-facing wedge model (BFWM) is designed to generate cavitation
(Fig. 2). As shown in Fig. 2, this wedge is installed on the bottom wall of the 700 mm test section
to form a convergent-divergent channel with convergent angle and divergent angle of 20◦ and 10◦,
respectively, and the contraction ratio at the throat is 0.5. Cavitation occurs and develops in the
divergent section. The throat height of the wedge is H = 95 mm, which is half of the test section
height, resulting in the length of the convergent channel Lconvergent = 95/ sin 20◦ = 278 mm and
the length of the divergent channel Ldivergent = 95/sin 10◦ = 547 mm. The front view in this flow
channel is used to observe a separated-vortex type of cavitation generated from the throat of the
convergent-divergent channel. The flow direction is from left to right. The wedge dimensions are
maintained to within 1% uncertainty at the angle of the convergent-divergent section. Wall-pressure
fluctuations are measured within a region extending from the wedge throat to 16% Ldivergent. Four
PCB piezoelectric transducers (model W102A05, diameter d = 8.61 mm, ±0.014 MPa, sensitivity
7.3 mV/kPa) connected to an ICP Sensor 428C16 signal conditioner are flush mounted with the
wall surface in the centerline of the divergent section. The pressure transducers are aligned in the
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FIG. 2. Schematic of the test section. A backward-facing wedge with four dynamic pressure transducers
was installed in the WT test section. ζ is the spacing of the pressure transducers. The (ξ , n) axis system used
in this paper is also shown with ξ as the direction along the divergent section surface and n as the direction
perpendicular to the divergent section wall surface.

streamwise direction from ξ/H = 0.11, with a step of 0.26 H (where ξ denotes the streamwise
coordinate from the throat along the divergent channel wall surface, as shown in Fig. 2). The
locations of the four transducers (ξ/H) are 0.11 for no. 1, 0.37 for no. 2, 0.63 for no. 3, and 0.89
for no. 4. The resonance frequency of the transducers is more than 250 kHz, and the diameter size
of the measurement surface is 5.5 mm. The calibration of the sensors is carried out by using the
on-site calibrator of PCB Piezotronics, Inc., as the reference. Figure 3 shows the power spectral
density (PSD) distribution of the unsteady pressure fluctuations under different flow conditions to
test the background noise level. From Fig. 3 it can be found that the intensity of the environmental

FIG. 3. Power spectral density (PSD) of wall-pressure fluctuations under air and still water, noncavitating
flows (σ = 2.00) and different cavitation conditions (σ = 1.09, 0.84, 0.80 and 0.76) at a fixed throat velocity
Ut = 9.2 m/s. ξ/H = 0.63.
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FIG. 4. Schematic of the simultaneous measurement system. The inset image shows the front view of the
convergent-divergent channel inside the test section. The (x, y) axis system used in this paper is also shown.

disturbance is small and background noise can be ignored compared to the pressure fluctuations
induced by the cavitating flows in the following sections. A 16-bit 16-channel NI DAQ data
acquisition system (PCI-6133) with a maximum sampling rate of 2.5 M per channel is used to
amplify, filter, and transform the output of transducers into digital values, and depending on the
focus of the investigation, 1.024 MHz is used, and the sampling length is 10 s in the present
study.

To correlate the pressure fluctuations with the transient cavity behaviors, high-speed imaging
and pressure fluctuation signals from four pressure transducers are acquired simultaneously. Fig-
ure 4 shows the schematic of the simultaneous sampling system. The synchronization between
the high-speed imaging and the pressure transducer measurements is provided by a 5 V TTL
signal controller, which is a single-shot waveform generator. When the controller is triggered, the
voltage signal will jump to a higher value above the threshold value (20 mV is used in the present
work), and the cavitation images and wall-pressure signals will be captured simultaneously at each
sampling rate. High-speed imaging in the region downstream of the wedge throat is conducted
to visualize the cavity behaviors. A high-speed digital camera (HG-LE, Red Lake) capable of a
maximum sampling frequency of 105 frames/s is employed to capture the transient cavity structures.
The necessary continuous light source is provided by two dysprosium lamps (1 kW). High-speed
imaging is recorded at 3000 fps to maintain desirable spatial resolutions depending on the focus
of the investigation, and the total data sample size is 1.5 s. Considering that the sampling rate of
the high-speed camera (3000 fps) is far less than that of the unsteady pressure transducers (1.024
MHz), which means that three pictures correspond to 1024 pressure samples, the synchronism of
the cavitation images and the pressure signal is approximately 3 μs, and the time delay can be
negligible compared with the unsteady sheet/cloud cavitation behaviors, the timescale of which is
on the order of approximately 1 ms.
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FIG. 5. (a) Power spectral density function (PDF) distribution of wall-pressure fluctuations at pressure
transducers 1 through 4 under noncavitating flow conditions (Ut = 9.2 m/s, σ = 2.00) and (b) the scaling
behaviors of power spectral density functions on transducer 1. For clarity, the y axis in Fig. 5(a) is shifted.

B. Data processing procedures and uncertainty analysis

1. Wall-pressure fluctuation measurement

The four equidistant unsteady pressure transducers (nos. 1, 2, 3, and 4) provide cavitation-
induced wall-pressure fluctuation measurements both inside and outside the mean attached cavity.
The raw pressure signals are first preconditioned with a median filter to remove the background
noise during the cavitation experiment in the water tunnel. Then, statistical analysis, including
the probability density function (PDF), root mean square and other high-order moments (e.g.,
skewness and kurtosis factors), is conducted. Before the computation of the Fourier spectra, the
unsteady pressure signal noise cancellation procedure [35] is conducted, and the wall-pressure
fluctuation signals are decontaminated from the background noise measured under the noncavitating
flow conditions, which is used as the reference signal in the present study. The contribution of
the background noise to the overall spectrum is provided by the coherence function between the
measured wall-pressure fluctuation signals under cavitation conditions, p′

cav(t ), and the reference
wall-pressure fluctuation signals measured under the noncavitation condition, p′

non−cav(t ):

γ 2
np = |Snp( f )|2

snn( f )Spp( f )
, (1)

where f is the frequency, Snn and Spp are the autospectra of the pressure fluctuation signals, p′
cav(t )

and p′
non−cav(t ), respectively, and Snp denotes their cross spectrum. The decontaminated pressure

signal from the background noise is given as follows:

Sd
pp = [

1 − γ 2
np( f )

]
Spp( f ). (2)

Consequently, the spectra cleaned from the background noise are presented in the following
sections. It should be noted that the finite size effects of pressure transducers will significantly
influence the unsteady pressure fluctuations, especially their statistics. Figure 5(a) shows the power
spectral density function measured by the four unsteady pressure transducers under noncavitating
flows. Three frequency regions are clearly revealed, i.e., low- (approximately < 500 Hz), mid-
(approximately 500–1500 Hz), and high-frequency regions (approximately > 1500 Hz), where
the mid-frequency region serves as the transition between low- and high-frequency regions. It
can be observed that approaching the wedge throat, the transition point between the low- and
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FIG. 6. Typical flow visualization and schematic of the image processing procedure (σ = 0.71) for (a) raw
image, (b) processed image after nonuniform lightness correction, (c) gray image, (d) definitions of cavity
geometry metrics, (e) mean cavity topology, and (f) evolution of cavity area during 0.7 s.

mid-frequency regions increases, and the mid-frequency region becomes narrow. As also shown
in Fig. 5(b), near the throat at transducer 1, the mid- and high-frequency regions almost merge and
follow the f −7/3 scaling law. In the low-frequency region, a f −1 scaling law can be obtained for
all four pressure transducers. Furthermore, a 5.5 mm eddy, which is the same dimension as the
transducer effective surface diameter advecting at the lowest Ut in the current experiment, would
generate a frequency of approximately 1509 Hz. Thus, frequencies above this value, as shown in the
shadow regions in Fig. 5, would experience significant attenuation. The effects of the transducer size
would only be relevant at frequencies much larger than the cavitation evolution frequency content,
which is in the range of O(101)–O(102) Hz for the cavitation-induced pressure signal study in our
work. Additionally, to avoid this high-frequency attenuation, only the frequency contents between
0 and 1500 Hz are presented in the following sections.

2. High-speed imaging processing

Images are captured at 3000 frames/s at 0.23 megapixels in the front view of the convergent-
divergent section with an optical magnification of 0.27 mm/pixel. The image resolution is 752 ×
312, and the image depth is 8 bit. For all series of images obtained by the visualization method,
camera settings for brightness and contrast are kept constant and equal. A schematic of the image
processing procedure is shown in Fig. 6. First, the nonuniform lightness in the raw color image
[Fig. 6(a)] is corrected using the 2D-gamma function, and the model part is cleaned. As shown in
Fig. 6(b), the shadow region as marked by the yellow dashed circle is clearer than that in the raw
image in Fig. 6(a). Then, in Fig. 6(c), the cavitation images are converted from RGB true color
images to gray images for the convenience of image analysis. In the gray images, each pixel of
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an image at location (x, y) has an intensity level I (x, y) ranging between 0 and 255, with 0 for
black pixels and 255 for white pixels. By subtracting the background image, the cavitation region
is extracted from the wall/vapor region. Quantitative information, including the cavitation area and
mean cavity geometric metrics, can be obtained, as shown in Figs. 6(d)–6(f). The normalized gray
level is used in the analysis:

g(x, y) = I (x, y)/255. (3)

The time-averaged gray level is

ḡ(x, y) = 1

Nframe

Nframe∑
Nframe=1

g(x, y), (4)

where Nframe is the number of images, and the total images over 1.5 s are used to ensure statistical
convergence, which consists of at least 15 cavity shedding cycles. The cavity area is computed based
on gray-level weighted pixel statistics as follows:

SGray =
n∑

x=1

m∑
y=1

g(x, y), (5)

where n and m are the number of pixels in the horizontal and vertical directions of the cavitation
images, respectively. To quantitatively analyze the cavity dimensions, cavity geometric metrics are
defined, including the mean cavity length (Lc), mean cavity length at maximum cavity thickness
(Ltc), maximum mean cavity thickness (tc), and cavity slenderness factor [θ , θ = arctan (tc/Ltc)], as
shown in Fig. 6(d). θ shows the interaction intensity between the cavity and the shear layer across
the cavity interface and the cavity region expansion direction. Specifically, a larger θ means that
the cavity expands in the vertical direction and a smaller θ in the streamwise direction. The time
series of normalized cavity area during 0.7 s in the cloud cavitation regime is presented in Fig. 6(f),
showing the periodicity of cavity evolution and the variability from cycle to cycle.

It is worth noting that 3D effects could cause overlapping of different cavity flow structures
on cavitation images, altering the intensity distribution, and bring difficulties for the correlation
between cavity structures and wall-pressure fluctuation signals. However, in the current study,
we focus on the statistical features of both cavity structures and the associated wall-pressure
fluctuations. Furthermore, these intensity uncertainties caused by 3D effects can be ignored when
compared with the intensity evolution by the transient cavity structure evolution in cavity cycles
and the mean cavity structures as well. Consequently, the current visualization and image analysis
techniques and the correlation with the associated wall-pressure fluctuation signals are satisfactory
for our current study. The velocity at the inlet of the test section is fixed at U0 = 4.14, 4.60,
5.03, 5.58, and 6.05 m s−1, with an uncertainty of ±0.1 m s−1. The pressure upstream of the test
section inlet is varied between 24.5 < p∞ < 72.5 kPa with an uncertainty of ±2 kPa. The Reynolds
number, Re = (UtH/ν ), and cavitation number, σ = (p∞− pv)/0.5ρlU 2

t ), where Ut corresponds to
the velocity at the throat, ν is the water kinematic viscosity, p∞ is the static pressure at the test
section inlet, pv is the water vapor pressure, and ρ is the water density, are defined. The current
Reynolds numbers in the experiments are Re = 7.8 × 105, 8.7 × 105, 9.5 × 105, 1.05 × 106, and
1.15 × 106. The cavitation number can be controlled to within 5% uncertainty. The σ was varied
from 0.69 to 1.16. Wall-pressure fluctuations in turbulent cavitating flows under different cavitation
numbers with five fixed Reynolds numbers are examined in the present study.

III. RESULTS

A. The cavity dimensions

There are a variety of typical cavity flow regimes observed in our experiments, with the sheet
cavity regime characterized by small-scale cavity cluster shedding being dominant. In general, there
are four distinct cavitation states of cavitating flows (Fig. 7), which include three cavitation regimes
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FIG. 7. Four typical cavity behaviors under different cavity regimes: (a) SIS, (b) SFS, (c) cloud cavitation-
RJ, and (d) cloud cavitation-SW. Re = 7.8 × 105.

(i.e., inception cavitation, sheet cavitation, and cloud cavitation). At first (σ = 1.11), a stable sheet
cavity grows downstream of the wedge throat with separated traveling cavitation bubbles outside
the sheet cavity, as shown in Fig. 7(a). Two distinct flow regions can be observed, namely, the shear
layer region along the cavity/liquid interface, which is characterized by intermittent generation and
collapse of separated traveling cavity bubbles, and the attached cavitation region. This cavity regime
is called sheet cavitation with an inception shear layer (SIS). It should be noted that the transient
sheet cavity length (Lct) attached to the wall is relatively stable, and no significant cavity cluster
shedding from the sheet cavity is observed, which means that the sheet cavity under this regime
is closed and in an equilibrium state. As the cavitation number decreases, the cavity grows with
increasing attached sheet cavity length, and the shear layer cavitates considerably, changing from
separated trailing bubbles to fully cavitated cavity structures. At σ = 0.85, these cavity structures
in the shear layer eventually merge with the sheet cavity attached on the wall, as shown in Fig. 7(b),
which is called sheet cavitation with a fully developed shear layer (SFS). With the shear layer
strongly cavitating, the cavity closure becomes unstable where the cavity length experiences small
fluctuations, and the small-scale cavity cluster is shed intermittently, as indicated by the white arrow
in Fig. 7(b). As the cavitation number is further decreased, at σ = 0.75 (cloud cavitation-RJ), the
cavity length oscillations increase considerably with periodic growth and breakup, and the cavity
becomes unstable. Two unstable cloud cavitation regimes are discovered in our experiments, i.e.,
cloud cavitation with a reentrant jet mechanism (cloud-RJ) and cloud cavitation with a shockwave
(cloud-SW). As shown in Fig. 7(c), the periodic formation and shedding phenomenon of a large-
scale cavity cloud is observed. This large-scale cavity cloud shedding process is supposed to be
caused by the reentrant jet dynamics beneath the cavity, which is called cloud cavitation with
reentrant jet dominant cloud shedding (RJ). Due to its destructive features, cloud cavitation has
attracted much interest and has been widely documented [9,27,36–39]. Abundant vortex structures
are generated around the cavity cloud, as indicated by the white circle in Fig. 7(c), indicating the
complex cavitation-vortex interaction in the cloud shedding process. In addition, with a further
reduction in the cavitation number to σ = 0.71, in addition to the large cavity length oscillations
with periodic sheet cavity growth and breakup, an upstream propagating flow structure with a low
void fraction is captured by the current high-speed imaging within the attached sheet cavitation
region, as illustrated by the white arrow in Fig. 7(d). The propagation front collapses the local water
vapor, causing the low void fraction behind it. Note that this propagation front (i.e., shockwave
front) is also reported by Ganesh et al. [14] using x-ray densitometry. When it arrives at the cavity
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FIG. 8. Evolution of the cavity shapes as a function of σ covering the cavity regimes of SIS, SFS, cloud
cavitation-RJ, and cloud cavitation-SW. Re = 7.8 × 105.

leading edge at the wedge throat, the attached sheet cavity breaks up, and a large-scale cavity cloud
begins to form. This cloud cavitation breakup and shedding mechanism, which is different from the
classical reentrant jet mechanism, is called the shockwave-dominated mechanism (SW).

To provide a qualitative view of the cavity dimensions and their variations, the mean cavity
shape by varying the parameters Re and σ is extracted and investigated first, as illustrated in
Fig. 8. We find that independent of the transient cavity behaviors under different cavity regimes
observed in Fig. 7, the mean cavity shape presents the same slender shape. To quantitatively analyze
the cavity dimensions, several cavity metrics, including Lc (mean cavity length), Ltc (mean cavity
length corresponding to the maximum cavity thickness), tc (maximum mean cavity thickness), and θ

(mean cavity slenderness factor), are defined and presented in Fig. 9 as a function of σ at Reynolds
numbers of Re = 7.8 × 105, 8.7 × 105, 9.5 × 105, 1.05 × 106, and 1.15 × 106, respectively, and the
corresponding fitting curves are also shown. In Fig. 9 different cavity regimes (i.e., inception cavity,
sheet cavity, and cloud cavity) are indicated by shadow regions. Here, considering the unsteadiness
at cavity closure, which causes cavity length oscillations, especially in sheet cavities and cloud
cavities, the mean cavity dimensions were used as cavity metrics. There is no observable Re number
dependence on either the mean cavity length or thickness.

As shown in Fig. 9, for the mean cavity length Lc, as σ decreases, the normalized mean cavity
length Lc/Lw increases exponentially and is almost proportional to σ−4.854. Furthermore, with
increasing Re, Lc/Lw collapses well to a curve, indicating that the mean cavity length is independent
of the Re effects across the range of Re studied. A similar trend has been found in maximum
mean cavity thickness tc and mean cavity length at maximum cavity length Ltc, where Ltc/Lw is
proportional to σ−5.152 and tc/Lw is proportional to σ−3.829. Generally, mean cavity dimensions,
including Lc, Ltc, and tc, increase as σ decreases with a negative exponential relation, which has
also been observed by Laberteaux and Ceccio [13] and Ganesh et al. [14]. This negative exponential
relation of mean cavity dimension growth with σ indicates that at higher σ values (i.e., inception and
sheet cavity), mean cavity dimensions change slowly, while at lower σ values (i.e., cloud cavity),
a small variation in σ could cause large variances in the mean cavity dimensions, showing strong
flow instabilities in cloud cavitating flows. The collapse of mean cavity dimensions, especially the
mean cavity length in Re, has also been reported by previous studies on hydrofoils [9,18,39] and
venturi [9], and the large variation in cavity length at small σ is attributed to the small pressure
gradient in the rear part of the cavity [17]. Remarkably, for the mean cavity slenderness factor
(θ ), in general, with the decrease in σ , θ first increases and then decreases, as shown in Fig. 9(d),
while no obvious collapse between different Re values is observed. Based on the definition of θ ,
as shown in the schematic in Fig. 9(d), a larger value of cavity slenderness factor θ means that the
cavity expands mainly in the vertical direction and thus cavity/liquid impingement in the vertical
direction, and a smaller value of θ means that the cavity expands mainly in the streamwise direction
and thus cavity/liquid impingement in the streamwise direction. Generally, for a fixed σ , θ under
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FIG. 9. Variation of (a) average cavity length, Lc/Lw, (b) average cavity length at maximum cavity
thickness, Lt,c/Lw, (c) maximum mean cavity thickness, tc/Lw, and (d) dimensionless cavity slenderness factor,
(θ − θw)/θw, with σ for five Reynolds numbers. Dashed lines show the fitting trend lines of each parameter.
Lw is the length along the wall surface of the divergent section channel, and θw is the divergent angle. See inset
sketches for the definition of cavity dimensions.

low Re conditions (Re = 7.8 × 105 and 8.7 × 105) is smaller than that under high Re conditions
(Re = 9.5 × 105, 1.05 × 106, and 1.15 × 106). Additionally, except for Re = 7.8 × 105, where θ

decreases monotonically with decreasing σ , θ experiences an increase and then decreases with the
maximum values marked by asterisks for Re = 8.7 × 105, 9.5 × 105, 1.05 × 106, and 1.15 × 106.
A larger value of θ at high Reynolds number conditions indicates that the Reynolds number effects
significantly influence the flow characteristics of cavity interface at maximum cavity thickness, and
thus the interactions between cavity interface and bulk flows. As shown in Fig. 9(d), the maximum
θ falls in the sheet cavity regime, where at inception cavitation and sheet cavitation at larger σ , θ

increases with decreasing σ , while at sheet cavitation at smaller σ and cloud cavitation, θ decreases
with decreasing σ . Based on the observations in high speed imaging in Fig. 7, the increase in θ

with decreasing σ at sheet cavity regime could be due to the small-scale shedding cavity clusters
at the rear of attached sheet cavity and thus the cavity expands mainly in the vertical direction;
while the decrease in θ with decreasing σ at sheet cavitation at smaller σ and cloud cavitation is
due to the large-scale shedding cavity cloud downstream, and thus the cavity expands mainly in the
streamwise direction. Furthermore, to quantitatively characterize the location of cavity interface
at maximum cavity thickness, we define a normalized parameter (θ − θw)/θw, where θw = 10◦
is the divergent angle of the divergent section, which represents the relative location of cavity
interface at maximum cavity thickness to the center line of the divergent section as indicated in
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Fig. 8. It is worth noting that the single phase flows behind the convergent-divergent channel are
characterized by a separated shear layer, a recirculation region, and a reattachment region, where
the shear layer, starting from the separation point at the throat, is usually along the center line of
the divergent section, and the recirculation region is beneath the shear layer and confined by the
wall. As a consequence, θw could also represent the location of shear layer in single phase flows and
(θ − θw)/θw represents the relative location between cavity interface and shear layer in single phase
flows. When (θ − θw)/θw > 0, the cavity interface at the maximum cavity thickness is above the
test section center line, indicating that the cavity interface is located above the shear layer in single
phase flows and strong interactions between cavity interface and shear layer in single phase flows;
when (θ − θw)/θw < 0 at an early stage of cavitation such as cavitation inception in Fig. 7(a), the
cavity interface at the maximum cavity thickness is below the center line, indicating that the cavity
interface is located below the shear layer in single phase flows and strong interactions between
cavity interface and the recirculation region in single phase flows. In cavitating flows, relatively low
and even reverse velocity exists in cavitation region near the wall surface and high bulk velocity
outside the cavity, and consequently, there exists a cavitation shear layer which is the result of the
interactions among cavitation region, shear layer in single phase flows, and bulk flows. In single
phase separated and reattached flows, the study by Devenport and Sutton [40] has reported that
instabilities in the shear layer are an important source for the wall-pressure signals. Although the
quantitative measurements of cavitation shear layer are challenging and inaccessible to the current
combined high-speed imaging and wall-pressure fluctuations measurement technique, our normal-
ized parameter (θ − θw)/θw which indicates the cavity/liquid impingement inside the cavitation
shear layer that is significant for understanding the cavity dynamics, could provide information
about the characteristics of cavity interface at maximum cavity thickness inside cavitation shear
layer. Further synchronized examinations of wall-pressure fluctuations beneath the attached cavity
and (θ − θw)/θw could be conducted in the future to gain more insights into cavity interface at
maximum cavity thickness. In the current study, the flow structures and their variation with cavity
regimes across the cavity interface are not examined due to the limitations of high-speed imaging,
and more details about the flow structures (e.g., in the process of the interactions between the cavity
interface and bulk flows, cavity/liquid impingement) could be obtained by x-ray densitometry under
well-defined flow conditions and specific scales and high-fidelity numerical simulation tools, e.g.,
large-eddy simulation (LES).

The cavity metrics used in the current work are based on the mean cavity structures from
gray-level intensity by high-speed imaging. As shown in Fig. 7, for the inception cavity where
the transient cavity length (Lct) is relatively stable, the flow structures in the closure of the mean
cavity length (Lc) are consistent with those in the closure of the transient cavity length (Lct), and
we have Lc = Lct. For the sheet cavity and cloud cavity, Lc shows significant differences from Lct.
For the sheet cavity, owing to the intermittent shedding of the small-scale cavity cluster, there exist
Lct fluctuations, and with decreasing σ , the fluctuations of Lct increase considerably, and we have
Lc ≈ Lct. The closure region of Lc is mainly influenced by both the closure of the transient sheet
cavity and the small-scale shedding cavity cluster. For cloud cavities, cavity structures are charac-
terized by periodic leading-edge breakup and large-scale cavity cloud shedding and are influenced
by the shedding cavity cloud. The mean cavity length is larger than the transient maximum sheet
cavity length, and we have Lc > Lct. In addition, the flow structures are affected periodically by the
process of sheet cavity growth and large-scale cavity cloud shedding. The differences between Lc

and Lct, which are important for understanding the physics (e.g., statistics) involved in cavitating
flows, are investigated in the following.

To elucidate the periodicity in the cloud cavitation regime, the variation in the Strouhal number
(St = f Lc/Ut ) based on Lc and Ut upon a change in Re is examined using both the measured pres-
sure signals and cavity area obtained from cavitation images. The dominant shedding frequency f
is calculated from both the cavity area evolution obtained from the imaging processing procedure in
Fig. 6 and pressure fluctuation signals. Figure 10 shows the variation in mean St as a function of Re
along with the data in venturis collected from the published literature and the corresponding fitting
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FIG. 10. Comparisons of the variation in St in cloud cavitation based on Lc and Ut measured in the present
experiments from both pressure signals and cavitation images and the data in the literature as a function of
Re. , Lush and Peter [41] , Stutz et al. [42]; , Dular et al. [43]; , present, pressure signals; and , present,
image. The pressure transducer location is at ξ/Lc = 0.63. The standard deviation is calculated using St for at
least five cavitation numbers at a fixed Re.

curve. The error bars represent the standard deviation of St in different cloud cavitation conditions
at a fixed Re. The current measurements of pressure signals and images show good agreement, and
all the current measurement data points fall around the fitted curve. St is approximately 0.2 in the
current Re range, which is similar to that reported in the literature.

B. Root mean square of wall-pressure fluctuations

To analyze the statistics of wall-pressure fluctuations, the root mean square pressure coefficient,
C prms, is defined as

C prms = σp

0.5ρU 2
t

, (6)

where σp denotes the standard deviation of the pressure fluctuations.
From Figs. 8 and 9, it is observed that the mean cavity shape under different cavity regimes

that have different cavity lengths Lc presents geometric self-similarity. Consequently, to study the
general statistical characteristics of flow fields inside and outside the mean cavity in cavitating
flows, e.g., the wall-pressure fluctuation fields, under different cavity regimes, we introduce the
nondimensional parameter ξ/Lc to identify the locations in cavitating flows. Here ξ is the distance
from the cavity leading edge, and Lc is the cavity length; thus, the nondimensionalized parameter
ξ/Lc is defined. When ξ/Lc < 1, it is inside the cavity, while ξ/Lc > 1, it is outside the cavity at
cavity wakes. With the increase in ξ/Lc, the monitor location moves far away from the cavity leading
edge. It should be noted that in the current experiment, we have four unsteady pressure transducers;
thus, at each cavitation number condition, we have four values of C prms, which correspond to
four values of ξ/Lc indicating different locations in the cavitating flow fields. By combining
all the experimental conditions, we can obtain the general distribution of statistical features of
wall-pressure fluctuations both inside and outside the cavity from the statistical viewpoint which
are independent on cavity regimes in cavitating flow fields.

The evolution of C prms as a function of ξ/Lc under different Reynolds numbers is reported in
Fig. 11. With the increase in ξ/Lc, the C prms values first increase at ξ/Lc < 1 and approach their
maximum at ξ/Lc = 1 close to cavity closure and then begin to decrease at ξ/Lc > 1 downstream of
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FIG. 11. Distribution of the C prms in terms of ξ/Lc under different Re, *, Re = 7.8 × 105; , 8.7 × 105;
, 9.5 × 105; , 1.05 × 106; and , 1.15 × 106. The data points from all four pressure transducers under

different cavity regimes are collected together, and their means and standard values (error bars) are calculated
approximately every 0.1 ξ/Lc.

cavity closure. Moreover, the wall-pressure fluctuation intensity level attenuation rate downstream
of the attached cavitation is far lower than the strengthening rate inside the attached cavitation. It
should be noted that similar maximum pressure fluctuations (i.e., peak value) near cavity closure
have been also reported for certain stable cavity regimes. Specifically, Le et al. [29] reported a
strong pressure pulse height spectrum (PPHS) maximum centered at cavity closure under a thin,
well-closed, and stable cavity. Leroux et al. [31] captured the maximum wall-pressure fluctuation
intensity at cavity closure under a stable sheet cavity regime. In the current study, by scaling with
Lc, our study shows that this maximum wall-pressure fluctuation intensity near cavity closure is
independent of the cavity regimes, even under highly unsteady cloud cavitation regimes. Moreover,
the wall-pressure fluctuation intensity is independent of σ as long as it is scaled by the mean
cavity length Lc. As shown in Fig. 11, the current results under different Re conditions collapse
well both inside and outside the attached cavitation, showing that the phenomenon of C prms peak
at mean cavity closure is independent on Reynolds number effects. However, we do observe the
variability of C prms under different Reynolds numbers even in the limited range of Re studied, e.g.,
the magnitude of C prms at Re = 1.05 × 106 is higher than that at Re = 1.15 × 106. In our work
we mainly examine the statistics of wall-pressure fluctuation signals inside and outside the mean
cavity and work on the statistics that are independent on cavity regimes. Considering the limited
range of Reynolds numbers in our experiment, the Re effects on magnitude of C prms could be
studied with further experiment work in the future. It is noteworthy that this peak phenomenon of
maximum wall-pressure fluctuation intensity level near cavity closure is also found to be in accord
with that in the single phase separated/reattachment flow where maximum amplitude of the C prms

coefficient occurs at the location of the mean reattachment point of the recirculation bubble [44].
In single phase flow, this absolute amplitude at the reattachment point of the recirculation bubble is
independent of Re. In cavitating flows, the evolution of C prms as a function of ξ/Lc under different
Reynolds numbers shows the similar trend. However, we indeed observed the large variability of
C prms at the mean cavity closure region under different Reynolds numbers, and thus the Re effects
could be important in cavitating flows. Some other factors such as the uncertainties involved in the
measurements, operations, and environments could also attribute to this variability. Further effort
could be conducted to examine the C prms at the mean cavity closure region and the associated
Re effects. Furthermore, at the same ξ/Lc, although the cavity geometry and pressure fluctuation
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FIG. 12. Probability density functions (PDFs) of wall-pressure fluctuations at different locations (ξ/Lc =
0.11, 0.39, 0.67, 0.94) from the cavity leading edge to cavity closure under Re = 7.8 × 105 and σ = 0.85. The
red lines show the Gaussian distribution. The inserted pictures show the time-averaged cavity topology.

coefficient could be the same, the cavitating materials under high Re conditions have larger potential
damage due to the higher absolute wall-pressure fluctuation intensity.

C. Probability density function of wall-pressure fluctuations

In Fig. 12 the probability density functions (PDFs) are shown at several locations inside the mean
attached cavity at Re = 7.8 × 105 and σ = 0.85 for the sheet cavity regime. Under this condition,
these four pressure transducers are located uniformly from the cavity leading edge to cavity closure.
The PDFs present non-Gaussian nonsymmetric behaviors. Specifically, near the cavity leading edge,
the PDFs present positively skewed behaviors, and near the cavity closure, the PDFs approach
Gaussian behaviors.

To further analyze the characteristics of wall-pressure fluctuation PDFs, PDFs of wall-pressure
fluctuations normalized to the corresponding RMS values were calculated. Figure 13 shows the
distributions of the PDF shape of wall-pressure fluctuations inside the attached cavitation as a
function of ξ/Lc at Re = 7.8 × 105 and Re = 9.5 × 105. The data sets used in Figs. 13(a) and 13(b)
cover a wide range of cavity regimes, including relatively stable sheet cavitation and unsteady cloud
cavitation, and are listed in Table I. As presented in both Figs. 13(a) and 13(b), the PDFs of wall-
pressure fluctuations present asymmetric characteristics, and both the positive tails and negative
tails deviate from the Gaussian curves considerably, indicating the non-Gaussian distribution of
wall-pressure fluctuations inside the attached cavitation. Specifically, the PDFs of wall-pressure
fluctuations are dependent on ξ/Lc and positively skewed near the cavity leading edge. From
the cavity leading edge to cavity closure, with the increase in ξ/Lc, the long positive tails move
toward the Gaussian curve as the deviation from the Gaussian behavior decreases, as indicated
by the black arrows in Fig. 13(a). In the same way, the negative long tails also move toward the
Gaussian distribution shown in Fig. 13(a). Approaching cavity closure, both the positive long tails
and negative long tails almost collapse to the Gaussian curves and show Gaussian behaviors. This
dependence on ξ/Lc of the PDF shape shows inhomogeneity inside the attached cavitation. The
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FIG. 13. Distributions of the PDFs of the wall-pressure fluctuations inside the mean attached cavity for (a)
Re = 7.8 × 105 and (b) Re = 9.5 × 105. The experimental conditions are listed in Table I.

long positive and negative tails of the PDFs of wall-pressure fluctuations show that the intermittent
behaviors of extreme higher and lower pressure fluctuation magnitude events are nonuniformly
distributed inside the mean attached cavity, e.g., large amplitude pressure fluctuations and peaks.
Moreover, with increasing Re, this positively skewed feature of the PDF shape is enhanced, as the
long positive tails move toward larger pressure fluctuations and the long negative tails move toward
smaller pressure fluctuations, as shown in Fig. 13(b). It should be noted that this non-Gaussian
behavior for both positive and negative wall fluctuations and its dependence on ξ/Lc and the
Reynolds number are also reported by Camussi et al. [44] in flows over a forward-facing step,
which means that the mean cavity structures resemble the recirculation region in single-phase
separated-reattachment flows in terms of the PDF distributions of wall-pressure fluctuations. This
resemblance is also found in terms of the distribution of the C prms inside the mean attached cavity
in Fig. 11.

Figure 14 shows the distributions of the PDF shapes of the wall-pressure fluctuations outside
the attached cavitation as a function of ξ/Lc at Re = 7.8 × 105 and Re = 9.5 × 105. The data sets
used in Figs. 14(a) and 14(b) are listed in Table II. As presented in both Figs. 14(a) and 14(b), the
PDFs of wall-pressure fluctuations present different features than those inside attached cavitation

TABLE I. Experimental conditions used in Fig. 13.

Re = 7.8 × 105 Re = 9.5 × 105

Marker ξ/Lc σ Cavity regime ξ/Lc σ Cavity regime

0.09 0.79 Cloud-RJ 0.10 0.83 Cloud-RJ
0.21 0.75 Cloud-RJ 0.21 0.79 Cloud-RJ
0.31 0.69 Cloud-RJ 0.31 0.79 Cloud-RJ

× 0.42 0.85 SFS 0.42 0.75 Cloud-SW
0.51 0.75 Cloud-RJ 0.52 0.73 Cloud-SW
0.60 0.88 SFS 0.64 0.79 Cloud-RJ
0.72 0.85 SFS 0.74 0.84 SFS
0.80 0.79 Cloud-RJ 0.81 0.80 SFS
0.90 0.79 Cloud-RJ 0.92 0.90 SFS
1.02 0.85 SFS 1.04 0.85 SFS

… Gaussian distribution Gaussian distribution
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FIG. 14. Distributions of the PDFs of the wall-pressure fluctuations outside the mean attached cavity for
(a) Re = 7.8 × 105 and (b)Re = 9.5 × 105. The experimental conditions are listed in Table II.

in Fig. 13. Non-Gaussian behaviors are observed to be concentrated mainly at the distribution tails.
Although asymmetric characteristics where both the positive tails and negative tails deviate from
the Gaussian curves are observed, the PDF shape follows a Gaussian distribution well in a wide
range of normalized wall-pressure fluctuation values of −2 < p/prms < 2. This feature indicates
that outside the attached cavitation at cavity wakes, extremely large (both negative and positive
values) wall-pressure fluctuation values present intermittent behaviors, showing the non-Gaussian
distribution of wall-pressure fluctuations with large values outside the attached cavitation. Small
wall-pressure fluctuation values follow Gaussian behaviors. The PDFs of wall-pressure fluctuations
outside the attached cavity are almost independent of ξ/Lc, which is different from that inside the
mean attached cavity. Furthermore, as shown in Fig. 14(a), at lower Reynolds number conditions
in Fig. 14(a), the negative deviation pressure value of wall-pressure fluctuations that begins to
deviate from the Gaussian curve is observed to be approximately −4p/prms, as indicated by the
black arrow. The positive deviation pressure value of wall-pressure fluctuations that starts to deviate
from the Gaussian curve is approximately 5p/prms. The differences between the negative and
positive deviation pressure value of wall-pressure fluctuations show the asymmetric behaviors of
wall-pressure fluctuation PDFs. Reynolds number effects will significantly influence the deviation
pressure values. As shown in Fig. 14(b), with increasing Reynolds number, both the absolute
negative critical value and positive critical value of wall-pressure fluctuations decrease, and the
range of wall-pressure fluctuation values following a Gaussian distribution becomes narrow. The

TABLE II. Experimental conditions used in Fig. 14.

Re = 7.8 × 105 Re = 9.5 × 105

Marker ξ/Lc σ Cavity regime ξ/Lc σ Cavity regime

1.13 0.92 SFS 1.13 0.97 SFS
1.40 0.94 SFS 1.30 0.97 SFS
1.71 1.08 SIS 1.36 0.90 SFS

× 1.79 1.05 SFS 1.47 0.89 SFS
1.87 1.08 SIS 1.62 0.96 SFS
2.12 1.07 SIS 1.75 0.97 SFS
2.45 0.99 SFS 1.89 1.00 SIS

… Gaussian distribution Gaussian distribution
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FIG. 15. Evolution of the (a) Sk and (b) Ku values as a function of ξ/Lc under different Re: , Re =
7.8 × 105; , 8.7 × 105; , 9.5 × 105; , 1.05 × 106; and , 1.15 × 106. Dashed lines correspond to the values
of a process following the Gaussian distribution. The data points from all four pressure transducers under
different cavity regimes are collected together, and their means and standard values (error bars) are calculated
approximately every 0.1 ξ/Lc.

Reynolds number effects on deviation pressure value of wall-pressure fluctuations show that at
high Re, the intensity and frequency of local pressure fluctuation extreme events (i.e., negative and
positive) increase, leading to a wider range of wall-pressure fluctuation following non-Gaussian
behaviors.

To quantitatively analyze the statistics of the wall-pressure fluctuations inside the attached
cavitation, e.g., the non-Gaussian and asymmetrical behaviors observed in the PDFs in Fig. 13 and
Fig. 14, the high-order moments of wall-pressure fluctuations, including the skewness factor (Sk)
and kurtosis factor (Ku), are calculated and presented in Fig. 15. The Sk and Ku of wall-pressure
fluctuations are defined as follows:

Sk = 〈p′3〉 =
∫ +∞

−∞
p′3Pm(p′) d p′, (7)

Ku = 〈p′4〉 =
∫ +∞

−∞
p′4Pm(p′) d p′, (8)

where Pm(p′) is the probability density function of wall-pressure fluctuations. Sk presents the
asymmetry feature of the PDF of a random variable. For example, asymmetric behavior with a
positive Sk shows that events with large positive amplitudes and a negative Sk indicates that events
with large negative amplitudes occur frequently. Ku presents the features of the tails of the PDF. A
relatively high value of Ku signifies the existence of rare high-amplitude wall-pressure fluctuations
associated with the long tails of the PDF. For a Gaussian process, Sk and Ku are 0 and 3, respectively.

As shown in Fig. 15, inside the attached cavitation, high positive Sk values above zero and large
Ku values above 3 are observed, indicating non-Gaussian behavior, which is consistent with the
observations from the PDF shape in Fig. 13. A strong dependence on ξ/Lc of the wall-pressure
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fluctuation PDFs can be observed in Fig. 15. From the cavity leading edge to cavity closure, with
the increase in ξ/Lc, both Sk and Ku first show almost constant values, as indicated by the shadow
region, and then decrease quickly. Near the cavity closure, the Sk value approaches 0, and the Ku
value approaches 3, as indicated by the black dashed lines, which show a Gaussian distribution,
showing that in this region, the pressure fluctuations almost follow Gaussian behaviors. Taking the
data at Re = 7.8 × 105 as an example, from the cavity leading edge to cavity closure, the Sk values
change from 3.5 to approximately zero, while the Ku values change from 17.8 to approximately
3. With increasing Re, both Sk and Ku increase, as seen in Fig. 15(b), showing the Reynolds
number enhancement effects on this non-Gaussian and asymmetrical behavior of wall-pressure
fluctuations. The Re enhancement effects on non-Gaussian behaviors of wall-pressure fluctuations
indicates that at higher Re, the frequency of extreme higher pressure fluctuation magnitude events
(both negative and positive) increases. Further downstream of the cavity closures shown in Fig. 15,
the mean Sk values in this region are slightly negative, and the mean Ku value is slightly larger than
3, indicating that this non-Gaussian behavior still persists in this region and that the negative Sk
shows the negative asymmetry features downstream of the cavity closure, which is different from
the positive asymmetry features inside the mean attached cavity. Different from that inside the mean
attached cavity, first near cavity closure, with increasing ξ/Lc, the absolute values of both Sk and
Ku increase, and then at the far fields downstream of the cavity closure, both factors are shown to be
almost independent on the distance from the cavity closure. It is worth noting that although cavity
behaviors under different cavity regimes (SIS, SFS, RJ, and SW) present distinct cavity patterns
based on the observations in Sec. III A: a good collapse of PDFs among different cavity regimes at
a fixed Re is observed inside the mean attached cavity in terms of statistical features when scaled
by Lc. This shows the self-similarity of flow structures in the mean cavitating flow fields as well,
especially the pressure fields, despite different cavity patterns that persist even under unsteady cloud
cavitating flows.

D. Hypothesis of physical mechanisms for non-Gaussian behaviors of wall-pressure fluctuations

In the following, to further understand the physical mechanisms of the statistics of wall-pressure
fluctuations inside attached cavitation, especially the positively skewed PDF shape, we provide a
comparison with the PDF data reported in single-phase flows. It is reported that in incompressible
flows, the typical characteristics of pressure PDFs have a negative long tail. For example, in
three-dimensional incompressible homogeneous isotropic turbulence flows at Reλ � 60, Pumir [45]
observed an exponential tail on the negative side of the pressure PDF, and the joint PDFs of strain,
vorticity, and pressure show a strong asymmetry between positive and negative pressure fluctuations.
Additionally, Reynolds number enhancement effects on this exponential behavior are observed. This
kind of negative long tail of the pressure fluctuation PDF in high Re turbulent boundary layers
at Reynolds numbers based on the momentum thickness Reθ = 20000 is documented by Tsuji
et al. [46]. It is worth noting that across the range of Re and σ studied, our transducers captured
the pressure signals outside the cavitation region at early stage of cavitation such as cavitation
inception and sheet cavitation with larger σ where the cavity length is short and mainly small
separated cavitation bubbles exist there. Figure 16 presents the evolution of Sk and Ku outside
the cavity as a function of Ret based on the maximum mean cavity thickness tc in the current
measurements. We find this negative long tail reported in single phase flows [45,46] outside the
mean attached cavity in our measurements, which is slightly negatively skewed and independent
of the distance from the cavity closure. Due to the limitations of our measurement range of Re
and σ , the pressure signals outside cavity under sheet cavity at smaller σ and cloud cavitation with
large-scale shedding cloud are not available. Consequently, our current measurement shows that the
effects of small separated cavitation bubbles outside the cavitation region at the rear of an inception
cavity and sheet cavity at larger σ on the statistics of pressure fluctuations are weak. As shown in
Fig. 6, with the increase in Re, Sk becomes negatively smaller and Ku becomes positively larger,
showing the Re enhancement effects that is in agreement with the observations by Pumir [45] and
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FIG. 16. The evolution of the measured and published values for (a) Sk and (b) Ku values outside the cavity
as a function of Ret. The current measured data are averaged in the far fields downstream of the cavity closure
where the high-order moments of the PDF are almost constant, and Ret is based on tc.

Tsuji et al. [46]. Taking the data at Ret = 20681 (Re = 7.8 × 105) based on the corresponding
maximum cavity thickness as an example, the mean Sk value in this region in our measurement
is approximately −0.20, and the mean Ku value is 3.42, and these values are comparable to
those in the high Re turbulent boundary layer, which are −0.35 and 4.6 in Tsuji et al. [46],
respectively.

On the other hand, we find the positively skewed PDF shape inside the cavity and negatively
skewed PDF shape near the cavity closure and their dependence on ξ/Lc shown in Fig. 15. As noted
in the work by Donzis et al. [47], by examining the data sets of compressible flows obtained by
direct numerical simulation (DNS) at Reλ = 43–430, they found that as the turbulent Mach number
increases, pressure fluctuations become stronger, and this asymmetrical negative PDF shape cannot
be sustained since pressure fields are a positive quantity and the negative fluctuations are bounded,
showing the compressibility effects on the statistics of pressure fluctuations. In cavitating flows, the
local sonic speed within cavitating flows is altered by the presence of cavitation bubbles and could
be 3 to 5 m/s at vapor fraction around 0.5 in local regions according to the sonic speed formulas [48]
and the abrupt phase change will further decrease the sonic speed, resulting in strong compressibility
effects in cavitation region compared with that in incompressible single phase liquid flow. Local
regions in cavitating flows could even reach sonic and even supersonic state. Consequently, the
cavitation compressibility effects could have a significant influence on the statistics of pressure
fluctuations in cavitating flows such as the positively skewness and their evolution inside the cavity
observed in the current measurements.

The pressure Poisson equation [49] is frequently used to gain insight into the physics of
pressure fluctuations. According to classical textbooks [50], two important sources terms of pressure
fluctuations may be identified in incompressible flow. One is associated with the direct interaction
between the gradient of the mean velocity and the gradient of the fluctuating velocity, indicating the
flow shear effects on pressure fluctuations. The other reflects the turbulence-turbulence interactions.
It is worth noting that in compressible flows, additional source terms involving the mean density
gradients will arise. In the present work, we mainly study the effects of shear and compressibility
on the statistics of pressure fluctuations and their distributions inside a cavity. The first term shows
that the shear effects will directly affect the rapid pressure, which is associated with the positive
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large-amplitude pressure fluctuations, and the larger the shear effects are, the more significant
the deviation from Gaussian behavior. It is worth noting that strong shear effects occur near the
wedge throat (i.e., cavity leading edge) due to the thin cavity thickness shown in Fig. 8 and as
the distance from the wedge throat increases, cavity thickness increases and these shear effects
weaken till maximum mean cavity thickness, and then gradually decreases due to the decreasing
cavity thickness till cavity closure. Considering that the cavity thickness at cavity closure is much
larger than that at cavity leading edge, the shear effects at cavity leading edge is stronger. Our
experimental results of the PDF shape and its positive skewness distribution inside the attached
cavitation are in accordance with this shear effect theory. Therefore, based on the observations and
comparisons with the reported data, it is supposed that the compressibility effects and shear effects
are the two main factors influencing the positively skewed PDF shape and its distribution inside the
mean attached cavity in our results. Considering that the statistics of pressure fluctuations including
r.m.s., Sk, and Ku as a function of ξ/Lc collapse well with σ and are independent on cavity regimes
where the bubbly contents inside cavitation changes significantly from inception cavitation to fully
developed unsteady cloud cavitation, thus the compressibility, and mainly rely on ξ/Lc, the effects
of compressibility on the distribution of the statistics of pressure fluctuations inside the cavity from
cavity leading edge to the rear part could be limited. To gain further insight on the statistics of
pressure fluctuations, further sophisticated experiment measurement and high-fidelity simulations
(e.g., void fractions, sonic speed, and Mach number) are suggested to be conducted to provide
detailed information and evidence.

E. Spectral features of wall-pressure fluctuations

In this section, we analyze the spectral features of wall-pressure fluctuations to provide more
details about cavitation-induced wall-pressure fluctuations. The Fourier spectra of noise-cancelation
wall-pressure fluctuation signals obtained at several streamwise locations inside the mean attached
cavity are displayed in Fig. 17. The data sets used in Fig. 17 correspond to the flow conditions in
Fig. 13, as listed in Table III, covering a wide range of cavity regimes from stable sheet cavitation
to unsteady cloud cavitation, and these data will be used to study the scaling behavior of the
various spectral regions of the wall-pressure fluctuation field. The power spectral density function
is nondimensionalized using the standard variation of pressure fluctuations (σ 2

p ) and the frequency
by the cavity length (Lc) and the mean velocity at the wedge throat (Ut ) in the following form:


p( f )

σ 2
p

vs
f Lc

Ut
. (9)

As described in both Figs. 17(a) and 17(b), based on the scaling behaviors of the power
spectral density (PSD), four separate spectral regions are distinguished, including the low-frequency
(< 0.3 f Lc/Ut ), mid-frequency (0.3 < f Lc/Ut < 10), transition-frequency (10 < f Lc/Ut < 30),
and high-frequency (30 < f Lc/Ut ) regions. Specifically, the transition-frequency region refers to
the connecting region between the mid- and high-frequency regions. In the very low-frequency
region below approximately 0.3 f Lc/Ut , a high wall-pressure fluctuation intensity is observed.
Within the frequency range ( f Lc/Ut < 0.05), a constant high PSD value exists, while within the
frequency range (0.05 < f Lc/Ut < 0.3), fluctuations in the PSD value with frequency can be
observed. The PSDs arrive at a local maximum at approximately 0.2 f Lc/Ut , and then the PSD
value begins to decrease. This local maximum is the boundary between the low-frequency and
mid-frequency regions. In the midfrequency region (0.3 < f Lc/Ut < 10), the PSD value decays at
an almost constant rate, as observed in Fig. 17(a). Then the PSD value reaches a narrow transition
region, after which the decay rate increases suddenly at approximately 30 f Lc/Ut , and this transition
region is referred to as the transition region that connects the mid-frequency and high-frequency
regions. In the high-frequency region ( f Lc/Ut > 30), with increasing frequency, the PSD value
decreases at a constant decay rate larger than that in the mid-frequency region, as shown in the
enlarged figures in Figs. 17(a) and 17(b).
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FIG. 17. Distributions of the wall-pressure fluctuation frequency spectrum scaled by cavity length (Lc),
mean velocity at wedge throat (Ut) and the standard variation of pressure fluctuations (σ 2

p ) inside the mean
attached cavity for (a) Re = 7.8 × 105 and (b) Re = 9.5 × 105. The flow conditions of these data sets are the
same as those in Fig. 13, as listed in Table III.

In the following, the scaling behaviors at mid- and high-frequency regions at different streamwise
locations are examined. At Reynolds number Re = 7.8 × 105, a local maximum St(= f Lc/Ut )
is observed at approximately 0.2, as indicated by the red arrows. In the mid-frequency region
(0.2 < f Lc/Ut < 10), good collapse is observed in PSDs among different streamwise locations, a
−2 exponential law is observed, and this scaling is independent of the distance from the cavity
leading edge. In the high-frequency region ( f Lc/Ut > 30), collapse in PSDs among different
streamwise locations is no longer observed, and the PSD values decrease with increasing distance
from the cavity leading edge, while the scaling law remains the same. From the cavity leading
edge to cavity closure, the decay rate changes from a −2 exponential law to a −3.2 exponential
law, as displayed in Fig. 17(a). In the transition-frequency region, the decay rate changes from a
−2 exponential law to a −3.2 exponential law and experiences the classical −7/3 law in a narrow
region (10 < f Lc/Ut < 30). With the increase in the Reynolds number, the mid-frequency region

TABLE III. Experimental conditions used in Fig. 17.

Re = 7.8 × 105 Re = 9.5 × 105

Line ξ/Lc σ Cavity regime ξ/Lc � Cavity regime

0.09 0.79 Cloud-RJ 0.10 0.83 Cloud-RJ
0.21 0.75 Cloud-RJ 0.21 0.79 Cloud-RJ
0.31 0.69 Cloud-RJ 0.31 0.79 Cloud-RJ
0.42 0.85 SFS 0.42 0.75 Cloud-SW
0.51 0.75 Cloud-RJ 0.52 0.73 Cloud-SW
0.60 0.88 SFS 0.64 0.79 Cloud-RJ
0.72 0.85 SFS 0.74 0.84 SFS
0.80 0.79 Cloud-RJ 0.81 0.80 SFS
0.90 0.79 Cloud-RJ 0.92 0.90 SFS
1.02 0.85 SFS 1.04 0.85 SFS

114301-23



WANG, WANG, ZHANG, HUANG, AND NI

FIG. 18. Distributions of the wall-pressure fluctuation frequency spectrum scaled by cavity length (Lc),
mean velocity at wedge throat (Ut) and the standard variation of pressure fluctuations (σ 2

p ) outside the mean
attached cavity for (a) Re = 7.8 × 105 and (b) Re = 9.5 × 105. The flow conditions of these data sets are the
same as those in Fig. 14, as listed in Table IV.

enlarges as the transition frequency between the mid-frequency region and high-frequency region
increases, as shown by the shadow region in Fig. 17(b).

To further examine the spectral features of wall-pressure fluctuations outside the mean attached
cavity, Fig. 18 shows the frequency spectra at several locations downstream of the mean attached
cavity for Re = 7.8 × 105 and Re = 9.5 × 105. The data sets used in Figs. 18 are listed in Table IV.
The wall-pressure fluctuation spectra are characterized by four distinct frequency regions, including
the low-frequency, mid-frequency, transition-frequency, and high-frequency regions. Similar scaling
behaviors at different frequency regions outside the mean attached cavity are seen with those inside
the mean attached cavity in Fig. 17, while the major difference falls into the frequency range of the
mid-frequency region and the transition point between the low-frequency region and mid-frequency
region. As shown in Fig. 18(a), at Re = 7.8 × 105, the mid-frequency region following the −2
scaling law is in the frequency range of 0.5 < f Lc/Ut < 50 and larger than that inside the mean
attached cavity. With the increase in the Reynolds number at Re = 9.5 × 105, the frequency at the
transition point decreases, as indicated by red arrows, and the mid-frequency enlarges to the range
of 0.3 < f Lc/Ut < 50, indicating the Reynolds number effects on the mid-frequency contents of
wall-pressure fluctuations.

TABLE IV. Experimental conditions used in Fig. 18.

Re = 7.8 × 105 Re = 9.5 × 105

Line ξ/Lc σ Cavity regime ξ/Lc σ Cavity regime

1.13 0.92 SFS 1.13 0.97 SFS
1.40 0.94 SFS 1.30 0.97 SFS
1.71 1.08 SIS 1.36 0.90 SFS
1.79 1.05 SFS 1.47 0.89 SFS
1.87 1.08 SIS 1.62 0.96 SFS
2.12 1.07 SIS 1.75 0.97 SFS
2.45 0.99 SFS 1.89 1.00 SIS
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FIG. 19. Evolution of the normalized convection velocity (Uc/Ut) as a function of (a) ζ and (b) ξ/Lc from
the most upstream pressure transducer for different cavity regimes under different Re: , Re = 7.8 × 105; ,
8.7 × 105; , 9.5 × 105; , 1.05 × 106; and , 1.15 × 106. The data points from all four pressure transducers
under different cavity regimes are collected together, and their means and standard values (error bars) are
calculated approximately every 0.1 ξ/Lc or 0.1 ζ/Lc.

F. Convective velocity distribution in cavitating flows

Further insight into the spectral features of wall-pressure fluctuations can be obtained by ex-
amining the convection velocities of the pressure fluctuations. Figure 19 presents the evolution of
the convective velocity (Uc) as a function of the spacing (ζ ) between the two transducers and the
distance of the most upstream transducers from the cavity leading edge (ξ ), respectively. The Uc is
calculated based on the cross-correlation of pressure fluctuations at two points. In Fig. 19(a), we find
that with increasing ζ , Uc increases. Specifically, when ζ < Lc, Uc is approximately 0.00–0.10 Ut ,
while ζ > Lc, Uc is almost 0.10–0.50 Ut , indicating smaller flow structures within the mean attached
cavity compared with that outside the cavity. This is in agreement with the published measurement
that the velocity inside the attached cavitation is much lower. Moreover, the data under different Re
collapse together, showing the weak Reynolds number effects on Uc inside the attached cavitation.
The evolution of Uc as a function of the distance from the most upstream pressure transducer (ξ )
shows a similar evolution trend as that as a function of the spacing between transducers (ζ ). These
results also show the inhomogeneity inside the attached cavitation. The relatively smaller value in
Fig. 19(b) could be due to the average processing where the data with different ζ are smoothed. A
large ζ favors large-scale structures of the outer flow region, while the pressure transducer data with
a small ζ reflect the behavior of the small-scale structures found inside the mean attached cavity.
The different values of Uc could be caused by the different flow structures inside and outside the
mean attached cavity.

Based on the convective velocity distribution both inside and outside the mean attached cavity
in Fig. 19 it can be found that with increasing ξ/Lc, the size of the flow structures increases,
while near the cavity leading edge around ξ/Lc < 0.25, as indicated by the shadow region, the
convective velocity is almost constant, indicating that the size of the flow structures does not
change considerably. Combined with the observation of the high-order moments (e.g., Sk and Ku)
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FIG. 20. Sketch of the flow structures in attached turbulent cavitating flows.

distribution of wall-pressure fluctuations in Fig. 15, it can be found that in this region (ξ/Lc < 0.25),
both Sk and Ku are almost constant. Based on these findings, we illustrate the flow structures
in attached cavitating flows in Fig. 20. The flow structures near the cavity leading edge remain
almost constant at ξ/Lc < 0.25, and then with increasing ξ/Lc, the size of these structures increases
gradually. The current work provides information about the flow structure distribution in cavitating
flows. However, considering that cavitation bubble dynamics are essential to the characteristics of
wall-pressure fluctuations, further work can be conducted to include the details of cavitation bubble
dynamics in the analysis of wall-pressure fluctuations induced by cavity behaviors.

IV. SUMMARY AND DISCUSSION

In this study, we provide an experimental investigation of the characteristics and physics of
wall-pressure fluctuations beneath attached turbulent cavitation, especially on the statistics and their
scaling behaviors. Experiments were conducted in a high-speed water tunnel with a convergent-
divergent wedge test model. Unstable turbulent cavitating flows were generated in the separated
region of the 10◦ divergent section of a backward-facing wedge model with varying cavitation
numbers under five fixed Reynolds number conditions. Observations of transient cavity behaviors
were acquired with high-speed imaging, and the wall-pressure fluctuations were measured by
flush-mounted dynamic pressure transducers. A simultaneous sampling technique was employed
to synchronize the wall-pressure fluctuation measurement with high-speed imaging. Multipoint
pressure measurements with an array of four high-frequency unsteady PCB transducers in the
streamwise direction along the wall surface provided a data set of the cavitation-induced wall-
pressure fluctuation signals both inside and outside the mean attached cavity.

The principal findings from this study are as follows:
(1) Our study shows that the mean cavity structures under different cavity regimes show ge-

ometrical similarity, and thus, a normalized scaling parameter is correspondingly proposed. The
observation of transient cavity behaviors shows that four distinct cavitation regimes are observed in
the current experiment, including relatively stable inception cavitation (SIS), stable sheet cavitation
(SFS), and unsteady quasiperiodic cloud cavitation (cloud cavitation-RJ and cloud cavitation-SW).
However, the mean cavity structures, especially the geometric shapes, show self-similarity. Quan-
titative analysis of the mean geometry metrics, including Lc, Ltc, tc, and θ , elucidates that with
decreasing σ , the cavitation region expands explosively, and the mean cavity length (Lc and Ltc) and
maximum mean cavity thickness (tc) increase as a negative exponent of approximately −5.0. The
mean slenderness factor (θ ) shows the trend of first increasing and then decreasing, which means
that the cavity content expands mainly vertically first and then in the streamwise direction. A larger
θ shows stronger cavity/liquid impingement across the cavity interface. Inspired by this geometric
self-similarity in terms of mean cavity structures under different cavity regimes, we proposed
the parameter ξ/Lc, i.e., the normalized distance from the cavity leading edge, to identify the
position inside and outside the mean cavity. Remarkably, several statistical features of wall-pressure
fluctuations in cavitating flow fields independent of cavitation regimes both inside and outside the
mean cavity region are revealed by scaling with ξ/Lc.
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(2) The root mean square (r.m.s.), probability density function (PDF), high-order moments (Sk,
Ku), and convection velocity (Uc) of cavitation-induced wall-pressure fluctuations are primarily
dependent on the distance from the cavity leading edge (ξ/Lc) but independent of the cavity regimes
(i.e., inception, sheet, and cloud cavity). Apart from the classical high wall-pressure fluctuation
intensity at the transient cavity closure for stable sheet cavity regimes reported in the literature,
the study has revealed several statistics of pressure fluctuation distribution occurring from the
mean cavity leading edge to the mean cavity closure under different flow regimes, including stable
inception and sheet cavity and unsteady cloud cavity. Specifically, according to ξ/Lc, we combine
the data under different cavity regimes and Reynolds numbers and find that with the increase in ξ/Lc,
inside the mean attached cavitation, the r.m.s. of the wall-pressure fluctuation coefficient increases
and arrives at its maximum near the mean cavity closure. Outside the mean attached cavity, the
r.m.s. of wall-pressure fluctuations attenuates with increasing ξ/Lc at an attenuation rate smaller
than the enhancement rate of wall-pressure fluctuations r.m.s. inside the mean attached cavity. It is
worth noting that although the unsteadiness of flow structures at cavity closure is totally different
(i.e., relatively stable inception cavity closure, small-scale shedding sheet cavity closure and large-
scale shedding cloud cavity closure), this phenomenon is independent of σ (thus, cavity regimes)
as long as it scales with ξ/Lc. In addition, with increasing Re, the r.m.s. coefficient increases,
indicating that although the mean cavity shape is the same, the wall-pressure fluctuation intensity
at high Re could be larger and have much more potential damage. We also examine the statics
of wall-pressure fluctuations. First, the PDF inside the attached cavitation shows non-Gaussian
and asymmetrical characteristics both inside and outside the cavity, while near cavity closure, it
shows Gaussian and symmetric characteristics. The PDF shape inside the attached cavitation is
positively skewed and dependent on ξ/Lc, while that outside the mean attached cavity is slightly
negatively skewed. By calculating the high-order moments (Sk and Ku), the non-Gaussian character
of wall-pressure fluctuations in cavitating flows is quantitatively confirmed, where inside the mean
attached cavity (ξ/Lc < 1), Sk > 0, Ku > 3, and outside the mean attached cavity (ξ/Lc > 1),
Sk < 0, Ku > 3. Across the cavity closure in the far fields downstream of the cavity, both Sk and
Ku approach constant values with Sk < 0 and Ku > 3, showing non-Gaussian behaviors that are
slightly negatively skewed and almost independent of ξ/Lc. Furthermore, this non-Gaussian and
asymmetric behavior shows Reynolds number dependence, and with increasing Re, it is enhanced.
Finally, we propose the hypothesis that the compressibility effects and shear effects contribute to this
positively skewed PDF shape and its distribution inside the attached cavitation, and considering the
cavitation bubble dynamics, the compressibility effects play a dominant role rather than the shear
effects.

(3) To study the scaling behaviors of wall-pressure fluctuations in cavitating flows, we inves-
tigate the spectral characteristics. The spectral analysis obtained by fast Fourier transform (FFT)
shows that based on the scaling behaviors, four distinct frequency regions, i.e., low-frequency,
mid-frequency, transition-frequency, and high-frequency regions, are identified. The mid-frequency
and high-frequency regions follow the −2 and −3.2 laws, respectively. The −7/3 scaling law is also
observed in the transition-frequency region. In the high-frequency regions, with the increase in ξ/Lc,
i.e., from the cavity leading edge to cavity closure, the scaling behavior remains the same while the
wall-pressure fluctuation intensity level decreases. To provide insights into the internal flows of the
mean attached cavity, the distribution of convective velocity is calculated. We find that with the
increase in both the spacing between the pressure transducers ζ/Lc and the distance from the cavity
leading edge of the most upstream pressure transducers ξ/Lc, the convective velocity increases.
Specifically, inside the mean attached cavity (ξ/Lc < 1), the normalized convective velocity is in
the range of below 0.1 Ut and outside mean attached cavity (ξ/Lc > 1) 0.1–0.5 Ut , indicating the
small cavitation flow structures inside the attached cavitation compared with those outside the mean
attached cavity.

Finally, we would like to note a number of limitations of our current measurements; the
corresponding caution needs to be taken about our results as well as the suggestions for future
investigation.
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Our study has demonstrated several features of cavitation-induced wall-pressure fluctuations
from a statistical viewpoint. The maximum wall-pressure fluctuation intensity level is located near
the cavity closure region of the mean cavitating flow fields, which indicates that the pressure load is
strong there. Moreover, the PDFs of wall-pressure fluctuations present non-Gaussian behaviors both
inside and outside the mean cavity, which could induce different pressure loads compared with those
following the Gaussian distribution. It is known that the pressure load following a Gaussian process
is different from that following a non-Gaussian process. Thus, to improve the prediction accuracy
of pressure loads on solid materials, it is suggested to include both the root mean square value and
high-order moments (e.g., skewness and kurtosis) of wall-pressure fluctuations to establish a new
criterion for the evaluation of load and thus cavitation erosion. This study could provide information
about the pressure load distribution and its characteristics in cavitating flow fields and help the
optimization of hydraulic designs. According to our results, from the cavity leading edge to cavity
closure inside the mean attached cavity, the frequency spectral strength in the high-frequency region
of wall-pressure fluctuations decreases, showing the flow structures associated with high-frequency
attenuation. In combination with the convection velocity distribution inside the mean attached
cavity, we find that the scales of flow structures increase from the cavity leading edge to cavity
closure.

The present study is able to provide comprehensive knowledge of the characteristics of wall-
pressure fluctuations in turbulent cavitating flows, which can provide information on internal flows
inside a mean attached cavity. Such information is critical for understanding both the fundamental
turbulence structures in turbulent cavitating flows and provides data to solve problems of practical
interest, e.g., sources of noise and vibrations, which is a primary concern when vehicles are operated
in cavitation conditions and has not been well understood. We note that in single separated and reat-
tachment flows, the large-scale structures in the shear layer and the flapping motion (low frequency)
at the separation region are important sources in the generation of wall-pressure fluctuations rather
than the near wall behaviors bounded in the recirculation region [40]. This provides an interesting
viewpoint of wall-pressure fluctuations inside cavitation, especially the flow regimes in the current
study (SIS, SFS, cloud cavitation-RJ, which mainly interacts with the recirculation region, and cloud
cavitation-SW, which interacts with both the shear layer and recirculation region in single phase
flows). Owing to the interactions between the multiphase flow and turbulence in cavitating flows,
the generation mechanisms of wall-pressure fluctuations inside the cavitation region are much more
complex than those in single-phase turbulent separated and reattachment flows. Further study is
required to improve the understanding of the role of the cavitation shear layer, reentrant jet and
shockwave and their interactions with local turbulent structures in cavitation-induced wall-pressure
fluctuations. Some mechanisms of the flow structures (e.g., cavitation shear layer, reentrant, and
shockwave) and their correlation with wall-pressure fluctuations are to be deepened, particularly
in the frequency and spectral space. Further studies could be conducted to investigate in detail the
synergy mechanism of compressibility and shear effects on the PDF shape and its distribution of the
wall-pressure fluctuations inside the attached cavitation.

This work provides additional knowledge on the statistics and source of wall-pressure fluctua-
tions inside attached cavitation behind a 10◦ divergent channel in the test section of a high-speed
water tunnel and can be used as a guide for cavitation model improvement in numerical simulations.
In state-of-art cavitation modeling, especially transport-based cavitation models, only the local
static pressure (p) is adopted to calculate the phase change rate between liquid and vapor, while
no information about the pressure fluctuations (p′) is included. Our study shows that the pressure
fluctuations inside attached cavitation present nonuniform and unique characteristics from the cavity
leading edge to cavity closure. Our study suggests the use of (p + p′) instead of (p) in the cavitation
model. Previous work has modeled the effects of p′ on local saturated pressure based on fluctuating
velocity fields [51], and our study further provides quantitative estimation of p′ using fluctuating
pressure fields. Furthermore, considering the non-Gaussian behaviors of wall-pressure fluctuations
in cavitating flows, to better predict the cavitation loads on solid material and thus cavitation erosion,
it is suggested to establish a criterion that includes both the r.m.s. value and Sk of wall-pressure
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fluctuation, rather than only the r.m.s. value. In future work, this unique characteristic, which is
dependent on the distance from the cavity leading edge (ξ/Lc), could be further simplified and
modeled and provide information about the fluctuating pressures to improve the cavitation modeling
accuracy.
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