Cloud Cavitating Flow around an Axisymmetric Projectile in the shallow water
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Abstract

Through a series of water tank experiments and numerical simulations, this study examines the cloud
cavitating flow that surrounds an axisymmetric projectile in shallow water. Experiment results show
the free surface effect, near-wall effect, and mutual effect on the cavity evolution process. The
experimental observations of cavity development are consistent with numerical results, which validate
the accuracy of the methods. The stability and asymmetry of the cavity shape around the projectile
under the effects are studied. The weak constraint effect of the free surface will affect the re-entrant jet
and improve the stability of the cavity nearby. The low-pressure area between the lower side of the
projectile and the bottom wall may also affect the re-entrant jet, thus inducing partial cavity shedding.
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Introduction

Cavitation occurs when a vehicle runs fast underwater. Liquid water is subjected to rapid pressure changes that cause
the formation of cavities in a low-pressure region. Cavitation phenomenon can be classified by shape development
into incipient cavitation, sheet cavitation, cloud cavitation, and supercavitation with high to low cavitation number
changes [1, 2]. For a typical high-speed craft underwater launching problem, the process can be considered a
representative problem on the unsteady transient cavitation flow and its interaction with the free surface [3-7] and
nearby wall [8, 9]. Such unsteadiness, with phenomena such as breaking, shedding, and collapsing, may have serious
consequences, such as noises, erosion, vibration, and instability in trajectory. Therefore, the influence of cavitating
flow on the performance of navigation vehicles cannot be neglected [10-13]. Free surface and bottom wall near the
cavitating flow are significant boundary conditions that should be considered. Moreover, the mechanism involved
should be investigated to determine how such effect can be controlled in engineering applications.

In this work, the cloud cavitating flow that surrounds an axisymmetric projectile is investigated using water tank
experiment and CFD simulation methods, with a focus on the mutual effect of the free surface and the bottom wall
near the projectile. Numerical methods with LES approach and Cartesian cut-cell mesh method are validated and
verified based on the water tank experiment results. Cases with a 15 mm distance between the model and both
boundary conditions are analyzed, and the numerical methods are validated and verified. The cavity evolution process
and the difference between the cavity on the upper and lower sides of the projectile are observed experimentally, and
the re-entrant jet inside the cavity is discussed based on the experimental and numerical results.

Water Tank Experiment
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Figure 1 Schematic of the launching process.
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The schematic of the launching process is shown in Figure 1. SHPB (Split-Hopkinson pressure bar) technology [14]
is used in the water tank experiment, which can accelerate the projectile to 20.5 m/s in 200 ps. Little disturbance to
the flow field is observed before the launching. A 200 mm x 37 mm x 37 mm steel cylinder with a conical head model
is tested. The temperature of the water inside the tank is approximately 20 °C. The entire experiment is recorded by a
high-speed camera with a sampling frequency of 25000 frames per second. Moreover, compared with the water tunnel,
this system will save considerable energy. Importantly, the present experimental method still has some disadvantages.
The launching speed of the model is set by adjusting the pressure in the air chamber with high pressure. However, the
propagation of stress wave is insensitive to contact and friction conditions, and thus, the launching speed disperses
under the same pressure in the air chamber. In actuality, exact speed values need to be obtained by analyzing the
model motion in images.

Numerical Methods

Figure 2 Calculated domain and boundary conditions.

Commercial software ANSYS Fluent is used to simulate cavitating flow near the wall of an underwater axisymmetric
projectile. The computational domain and boundary conditions are shown in Figure 2. A semi-infinite projectile model
is used, and the effect of the tail on the shoulder cavity is neglected. The model is fixed, with the free surface moving
toward the model. For the velocity inlet boundary condition, the inlet velocity is set as 20.5 m/s with no turbulent
perturbations. The bottom is also set as a non-slip wall boundary. LES and the WALE model are adopted to simulate
turbulent flow with Cartesian cut-cell mesh method. he total cell number is approximately 3.42 million with good
orthogonality.
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Figure 3 Comparison of the cavity length at the upper and lower sides of the projectile between the experimental and
simulation results when the distance between the projectile and the free surface/bottom wall is 15 mm.
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The cavity lengths at the upper and lower sides of the projectile are compared in the experimental and simulation
results to validate the accuracy of the simulation method when the distance between the projectile and the free
surface/bottom wall is 15 mm (Figure 3). The results show a small difference between CFD simulation and
experimental data, which may be caused by the differences of the boundary conditions between the experiment and
numerical methods. The comparison shows that the simulation is reasonably accurate.

Results and Discussion

Cavity evolution involves four stages, namely, cavity growth, re-entrant jet, cavity shedding, and collapsing. Figure 4
shows a comparison of cavity images between the experimental and simulation results when the distance between the
projectile and the free surface/bottom wall is 15 mm. Cavity grows in the first stage, and then the length remains
nearly constant on the upper side in the re-entrant jet stage. Partial cavity shedding happens at the same time on the
lower side of the projectile, and the lower-side cavity is much more unstable than that in the upper. Then, as the re-
entrant jet inside the cavity reaches the leading edge of the cavity, it cuts off the cavity on the upper side of the model
first and the cavity begins to shed. The total cavity length experiences a secondary growth in this stage. The cavity
collapses at the closure in the last stage, and the length of the cavity is drastically decreased. The growing cavity in
the new cavity evolution process is then observed. This analysis shows that the re-entrant jet inside the cavitating flow
exerts a negligible influence on cavity evolution.

growth re-entry jet cavity thdding cavity collapsing

Figure 4 Comparison of the cavity patterns between experiment and simulation results.

Free Surface Effect on Cloud Cavitating Flow

To analyze the free surface effect on the cloud cavitating flow around the tested projectile in the water tank experiment,
we plot the upper- and lower-side cavity lengths of the experimental results. The differences can be clearly seen from
the comparison shown in Figure 5. First, the overall upper- and lower-side cavity length of the experimental case
without free surface is longer than the case with free surface near the projectile. The cavity evolution process of the
two cases is generally similar. However, the period of the cavity evolution process in shallow water is shorter than in
the case without free surface. Partial shedding of cavity on the lower side of the model also occurs in the two cases.
Another phenomenon that cannot be ignored is the much more stable cavity during the period in the case with free
surface nearby than in the case without free surface. The cavity on both the upper and lower sides of the projectile
becomes more stable when the projectile is close to the free surface. The free surface may have good effects on high-
speed cruising in a certain depth range and operating conditions.

Near-Wall Effect on Cloud Cavitating Flow

Figure 6 shows a comparison of the upper- and lower-side cavity lengths in the water tank experimental results of the
tested projectile in shallow water and near the free surface only without a bottom wall nearby. Generally, the overall
cavity evolution process for the two cases is similar. The cavity on the upper side is stable during this time. However,
a comparison of the plotted lines of the upper-side cavity length shows that the bottom wall could lead to a slightly
more stable cavity. This finding means that the bottom wall may also have positive effects on high-speed cruising in
a certain depth range and operating conditions. A longer cavity and a much longer period of the cavity evolution under
the near-wall effect for the lower-side cavity are shown in the figure. The partial cavity shedding is not shown in the
case without a nearby wall, which means that the phenomenon is caused by the near-wall effect.
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Figure 5 Comparison of the upper- and lower-side Figure 6 Comparison of the upper- and lower-side
cavity length in the water tank experimental results of ~ cavity lengths in the water tank experimental results of
the tested projectile in shallow water and near the the tested projectile in shallow water and near the free
bottom wall only. surface only.

Mutual Effect of the Free Surface and Bottom Wall on Cavitating flow
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Figure 7 Comparison of the original simulation results and the simulation results of the case with a nonthick board
added in the middle of the projectile on the Y-Z plane.

A board without thickness is added in the middle of the projectile on the Y—Z plane to hold back the interaction of the
cavity on the upper and lower sides. Figure 7 shows a comparison of the simulation results of the original and
additional board. The differences that need focus are marked by red lines and arrows in the figure. The most obvious
difference occurs at t = 0.008 s when partial cavity shedding occurs. Without interaction inside the cavity, cavity at
the lower side of the projectile will not shed at the shoulder of the model, that is, the period will be longer.

Conclusion

The cloud cavitating flow that surrounds an axisymmetric projectile in shallow water is analyzed in this article. Water
tank experiment and CFD simulation are conducted to solve the problem and the results agree well. Mutual effects on
the cavitating flow in shallow water include the free surface effect, near-wall effect, and interaction inside the cavity.
Free surface could induce a more stable cavity around the projectile. A weaker free-surface constraint than infinite
flow field makes the cavity on the upper side of the projectile shorter and thicker, and shortens the overall cavity
evolution process. Partial cavity shedding occurs on the near-wall side of the projectile. A large low-pressure zone
between the lower side of the projectile and the bottom wall leads to a longer and thicker cavity than the upper side.

Free surface and wall have complex effects on the cavity around a projectile, and such effects may change along with

the distance between the model and the boundary conditions. The results of this study are limited to typical working
conditions for a typically shaped model, thereby requiring further in-depth analysis.
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