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Abstract

The cavity topology about a sphere is provided for a range of
Reynolds numbers from 1.25 x 10° to 1.5 x 10°. This decade
range was achieved through three different diameter spheres and
changing the freestream velocity. Various cavitation regimes
were investigated including sheet cavitation, unsteady shedding
of cloud cavitation, and supercavitation. High-resolution pho-
tography was used to capture the cavity state and allowed mea-
surement of the cavity detachment angle. Two Reynolds num-
ber transitions were observed. Comparisons of cavity appear-
ance at the same Reynolds and cavitation numbers, but different
physical scales, show the influence of the Weber number.
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Introduction

The link between the state of a boundary layer and the appear-
ance of attached cavitation on a body was established by [6],
who found the cavity attachment is dependent on a laminar sep-
aration in the boundary layer upstream of the cavity. The dis-
tance between the laminar separation bubble and the cavity is
dependent on the Reynolds number [2]. For a single-phase flow,
the wake and drag of bluff bodies changes at a critical Reynolds
number, known as the drag crisis. This was noted by Eiffel [11]
who observed the drag of spheres to decrease drastically at a
diameter-dependent critical velocity. This has since since been
attributed to a transition in the boundary layer from laminar to
turbulent. After boundary layer transition (supercritical), the
turbulent flow remains attached further around the sphere, re-
ducing the width of the wake and thus reducing the drag. The
flow state is complicated further by the presence of a laminar

Injected microbubbles and

bubbles of incondensable

gas from cavitation

Microbubble

separation bubble which intermittently exists near the Reynolds
number transition [9] and is ever-present for Re > 375 X 103.

For a supercritical sphere, the cavitation behaviour has been de-
scribed in [4, 8, 19]. The salient features are a small sheet cav-
ity near inception, the growth and shedding of cloud cavities at
moderate cavitation numbers, and the onset of supercavitation
near a cavitation number of 0.35.

One of the features of attached cavitation is the appearance of
inter-facial cells at the leading edge of the cavity. These cells
have been observed in hydraulic bearing crevices [10], weirs,
contractions [7], as well as both bluff [17] and streamlined bod-
ies [12, 13, 14]. The surface energy is a critical factor in whether
these cells form, with [17] noting that hydrophobic surfaces cre-
ate the same ‘divots’ as we encounter here. They found that the
spanwise breakup of the cells only occured for low Re, less than
120 x 103, and the spanwise size of these reduced with Re. The
Taylor-Saffman number has been suggested as a controlling fac-
tor [15, 16]. [17] also noted that mixing of the water in their
blow-down tunnel altered the frequency of the cells. While they
attribute this to an increase in the nuclei population, this could
also be related to the free-stream turbulence level.

Here we present photographs of the cavitation about a sphere
for Reynolds numbers ranging over a decade. The use of sev-
eral different physical scales allows for the differentiation of
viscosity effects from surface tension.

Experimental setup

Experiments were carried out in the Cavitation Research Lab-

oratory water tunnel at the University of Tasmania (figure 1).

The tunnel is a variable-pressure facility with absolute pressure
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Figure 1. Schematic of the cavitation tunnel showing circuit architecture.
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Figure 2. Photographs of the cavity appearance at various Reynolds
numbers for a cavitation number of 0.3. The physical scale of the sphere
is indicated by an ‘S’, ‘M’, or ‘L’ for the small, medium, and large
spheres, respectively. The magnification is altered between the sphere
sizes.
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Figure 3. Photographs of the cavity appearance at various Reynolds
numbers for a cavitation number of 0.7. The physical scale of the sphere
is indicated by an ‘S’, ‘M’, or ‘L’ for the small, medium, and large
spheres, respectively. The magnification is altered between the sphere
sizes.



range of 4 kPa to 400 kPa. Ancillary systems allow for the strict
control of both dissolved oxygen levels and free gas bubbles
(additional description is in [3]). For this experiment, no addi-
tional nuclei were introduced, such that only the natural nuclei
population was active. This population is detailed in [18].

Three spheres were manufactured in order to alter the physical
scale in the experiment. The spheres had diameters of 150 mm,
75 mm and 37.5 mm and are labeled the ‘Large’, ‘Medium’ and
‘Small’ spheres, respectively. These spheres were each sting-
mounted in the centre of the test section. The front end of each
sphere was manufactured out of polyvinyl chloride (PVC).

The Reynolds number,
Re=——, (€Y

where D is the sphere diameter, U is the freestream velocity,
and v is the kinematic viscosity, was varied from 125 x 10° to
1500 x 103

The cavitation number is

Poo — Pv )

where p.. and py are the freestream and vapour pressures, re-
spectively, and ¢ is the freestream dynamic pressure. This was
set between 0.9 and 0.1 for the experiment, though this pa-
per focuses on supercavitation (¢ = 0.3) and cloud cavitation
(c=0.7).

The Weber number relates the fluid inertia to the surface ten-
sion, and is:
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where p is the water density and s is the surface tension. The
water temperature was monitored and the freestream pressure
and velocity altered to maintain the desired Reynolds and cavi-
tation numbers.

Photographs of the cavitation appearance at each condition were
acquired with a Nikon D850 digital camera. The camera was

used with various lenses according to the sphere size, 60 mm
for the large sphere, 105 mm for the medium, and a variable fo-
cal length lens set to 150 mm for the small sphere. These lenses,
in conjunction with the working distance, allowed the same rel-
ative magnification for each photograph. Light was provided
by stroboscopic flash lamps by Drello. While the blockage in-
evitably changes between the cases, the blockage ratio for the
most severe case was less than 5%.

Results

Photographs are given in figures 2 and 3 for the supercavitat-
ing (6 = 0.3) and the cloud cavitation (¢ = 0.7), respectively.
The size of the sphere is indicated by the ‘L’, ‘M’ or ‘S’ for
the large, medium and small spheres, respectively. It was pos-
sible to achieve the same Reynolds number between the sizes
for several cases through a velocity ratio of 2. This allows a
comparison between Weber numbers while maintaining con-
stant Reynolds and cavitation numbers.

Below a Reynolds number of 200 x 103, the cavitation appears
further downstream than above this transition. This is partic-
ularly evident for ¢ = 0.7, where above Re = 200 x 103, the
cavity appearance angle only gradually increases as the Re is
reduced. The cavity appears here as very large vapour volumes,
which may be related to the low Weber numbers for these cases.
For 6 = (.7, cavitation appears only in the wake. A second
transition is observed where the leading-edge cells appear. This
critical Re is a function of the cavitation number, and is between
375 x 10° and 438 x 10° for 6 = 0.3 and between 438 x 10°
and 500 x 103 for 6 = 0.7. The size of the cloud cavities in-
crease with Reynolds number. The supercavity becomes more
coherent at high Re, and the surface of the cavity appears to be
smoother.

Figure 4 has the angle of the first appearance of cavitation, as
measured from the stagnation point, for the range of Reynolds
numbers. The higher the cavitation number, the further down-
stream the cavitation appears, as less tension is applied. The
angle moves rearwards as the Reynolds number is reduced. For
comparison, the single-phase measurements of the boundary
layer separation angle from [1] are given with the black dots.
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Figure 4. Cavitation appearance angle (measured from stagnation point) for each combination of Reynolds and cavitation numbers. The vertical bars
indicate the range of the measurements. The dashed line indicate the two transition between detached (left), a defined though discontinuous leading

edge (centre), and attached (right) cavitation. The black dots represent th

e boundary layer separation angle from [1].



For all the attached cavitation cases, the cavity angle is well up-
stream of the single-phase result. If the boundary layer does
not transition (low Re), the first appearance of cavitation is not
attached and appears downstream of the single-phase detach-
ment angle. This all supports the findings of [6] that a laminar
separation is necessary for the attached cavitation to occur.

Figure 5. Comparison of the leading-edge cell structure at a common
Reynolds number but different Weber numbers. The medium sphere
(left) has twice the velocity than the large sphere (right), which has
larger cells.

Figure 5 has photographs of the leading-edge interfacial cell
structure at common Reynolds and cavitation numbers, but dif-
ferent physical scales. It is interesting to note that the cells ap-
pear less regularly than in previous studies in the same labora-
tory (eg. [4]), but prior to replacement of the water. A similar
observation was noted by [17] who noted the regularity of the
cells to be improved with the addition of long-chain polymers
in [5]. It is conceivable that some biological elements in the
water caused the previously observed regularity in the cells. At
low Reynolds number, these cells are very stable, lasting some
minutes, and in these stable cells condensation droplets are even
observable. At fixed Reynolds and cavitation numbers, the size
of the cells, relative to the diameter, is always less at the higher
velocity (higher Weber number). This suggests that the size of
these cells is dependent on the Weber number.

Conclusions

Photographs are presented of cavitation about a sphere for
Reynolds numbers spanning a decade. The angle of the first
appearance of cavitation is a function of both the Reynolds and
cavitation numbers. Two transitions are observed, one related
to the appearance of cavitation near the body, and one with the
attachment of the cavity onto the surface. The interfacial cells
associated with the attached cavitation were shown to be depen-
dent on the Weber number, not solely the Reynolds number.
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