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Abstract 
 
We investigated the cavitating flows around different axisymmetric bodies based on experiments and numerical simulation. In the nu-

merical simulation, the multiphase Reynolds averaged Navier Stokes equations (RANS) were solved via the commercial computational 
fluid dynamics code CFX. The modified k-w SST turbulence model was used along with the transport equation-based cavitation model. 
In the experiments, a high-speed video technique was used to observe the unsteady cavitating flow patterns, and the dynamic force meas-
urement system was used to measure the hydrodynamics of the axisymmetric bodies under different cavitation conditions. Results are 
shown for the hemisphere bodies, conical bodies and blunt bodies. Reasonable agreements were obtained between the computational and 
experimental results. The results show that for the hemispherical body, the cavity consists of quasi-steady transparent region and un-
steady foggy water-vapor mixture region, which contains small-scale vortices and is dominated by bubble clusters, causing irregular 
disturbances at the cavity interfaces. The curvature at the front of the conical body is larger, resulting in that the flow separates at the 
shoulder of the axisymmetric body. The cavity stretches downstream and reaches to a fixed cavity length and shape. For blunt bodies, the 
incipient cavitation number is larger than that for the hemispherical body. A large cloud cavity is formed at the shoulder of the blunt body 
in the cores of vortices in high shear separation regions and the re-entrant jet does not significantly interact with the cavity interface when 
it moves upstream. As to the dynamic characteristics of unsteady cavitating flows around the axisymmetric bodies, the pulsation fre-
quency for the hemispherical body is larger than that for the blunt body. For the hemispherical body, the pulsation is mainly caused by 
the high-frequency, small-scale shedding at the rear end of the cavity, while for the blunt body, the main factor for the pulsation fre-
quency is the periodically shedding of large-scale vortex cavities.  
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1. Introduction 

Because of its effect on stability, maneuverability and range, 
the hydrodynamic force of an underwater vehicle, such as 
underwater rocket, torpedo or submarine, is crucial for the 
general design of the ballistic trajectory and control system. 
Cavitation on the underwater vehicle, which involves complex 
phase-change dynamics, large density ratio between phases 
and multiple time scales [1-7], can lead to many problems 
such as pressure pulsation, sudden change in loads and vibra-
tion. For this reason, it is of critical importance to predict the 
development and evolution of cavitation, as well as the resul-
tant impact on the performance accurately. 

Several experimental investigations have been conducted in 
an attempt to develop a better understanding of the transition 
and cavitation processes on revolution bodies. Rouse and 

McNown [8] carried out a series of experiments on natural 
cavitation about axisymmetric bodies. Measurements were 
made across a range of cavitation number and have been ap-
plied in a wide range of investigations. Arakeri et al. [9] made 
a large number of studies on the cavitating flow around axi-
symmetric bodies and found various types of cavities. Ceccio 
et al. [10] recorded the volume fluctuations of the cavities by 
measuring the local fluid impedance near the cavitating sur-
face. The results revealed that the cavities fluctuated at spe-
cific frequencies associated with the oscillations of the cavity 
closure region. Liu et al. [11] conducted experiments with 
different cavitation numbers, angles of attack for different 
body shapes. They obtained the incipient cavitation number 
for the blunt body at different angle of attack and established 
the calculation formulas for the geometry parameters of cavity 
characteristics. With the numerical technique and computing 
power advancing, computational fluid dynamics (CFD) has 
become a promising tool for exploring the cavitating flows 
around axisymmetric bodies [12-14]. Historically, most efforts 
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to model large cavities relied on the potential flow methods 
for the fluid flow while the bubble shapes and closure condi-
tions were specified [15]. Recently, to further analyze these 
flows, more general CFD approaches have been developed. 
Kunz [16] established an implicit algorithm for the computa-
tion of viscous two-phase flows based on the multiphase Na-
vier-Stokes equations, which is applied to numbers of high 
density ratio sheet-cavitating and super-cavitating flows. The 
results verified that the tool was able to analyze steady-state 
and transient sheet-cavitating and super-cavitating flows accu-
rately. Lindau et al. [17] presented a computational model 
capable of capturing fully compressible multiphase flow with 
energy equations considered. The results demonstrated the 
effectiveness of the preconditioning form and the ability of the 
computational model to predict complex, engineering level, 
flow fields. 

Our objective was to evaluate the predictive capability of 
the numerical method for the simulations of cavitating flows 
around the revolution bodies and to improve the understand-
ing of flow structures and hydrodynamic characteristics of the 
cavitating flow around the axisymmetric bodies. The experi-
mental setup is first introduced and the numerical methods are 
presented. The k-ω SST turbulence model is summarized, 
followed by the density correction model for the turbulent 
viscosity modification and the popular transport-based cavita-
tion model. Then the steady natural cavitation and unsteady 
sheet/cloud cavitation on axisymmetric bodies are analyzed 
with combined experimental and numerical investigation. 

 
2. Experimental setup 

The experiments were in a closed-loop cavita-tion tunnel, 
shown in Fig. 1. An axial flow pump is located 5 m below the 
test section to drive the flow in the tunnel. Upstream of the test 
section, the tank with volume of 5 m3 is placed to separate the 
undesired free stream bubbles. The pressure in the tunnel is 
controlled by the vacuum pump which is connected to the top 
of the tank. In addition, a straightening vane and a corner vane 
between the tank and the test section are used to reduce the 
turbulence level of the flow. The experiment conditions were 
maintained within 2% uncertainty on the flow velocity and the 
upstream pressure, which were measured by the electromag-
netic flowmeter (with 0.5% uncertainty) and the pressure 
transducer (with 0.25% uncertainty) respectively. For a further 
detailed description see Ref. [18]. 

Cavitation phenomena were recorded by a high-speed digi-
tal camera (HG-LE, by Redlake), up to a rate of 105 fps, as 
illustrated in Fig. 2. To maintain desirable spatial resolutions, 
a rate of 1000 fps was used in this study, with three light 
sources illuminating the flow field from different directions. 
The pictures were captured and transmitted to the computer 
for post processing. 

The dynamic force measurement system, as shown in Fig. 3, 
consisted of a dynamic strain gauge (SDY2102), a charge 
amplifier and a data acquisition system (DASP). The sampling 

frequency of the dynamic strain gauge was 1 kHz. 
 

3. Governing equations and numerical techniques 

3.1 Continuity and momentum equations 

The Navier-Stokes equations in their conservative form 
governing a Newtonian fluid in the Cartesian coordinates [19] 
are presented below: 

 
 
Fig. 1. Schematic of the cavitation tunnel. 

 
 

 
 
Fig. 2. Layout of the experimental setup. 

 
 

 
 
Fig. 3. Dynamic measurement system. 
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where rm is the mixture density, u is the velocity, p is the pres-
sure, mm is the mixture laminar viscosity and mt is the turbulent 
viscosity. The subscripts i, j, k represent the axes directions. 
The source term m+& , and the sink term m-&  in Eq. (3) are the 
condensation and evaporation rates, respectively. 

 
3.2 Turbulence model and local compressibility correction 

The numerical results are from the commercial CFD code, 
CFX, to solve the URANS equations. The k-ω SST turbulence 
model was applied, which combines the advantages of the 
standard k-ε and k-ω models [20]. The k-ω SST turbulence 
model was validated for good prediction of the boundary layer 
detachment characteristics [21]. 
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The eddy viscosity is confirmed as:  
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where, Pk and Pω are production terms, Dk is the destruction 
term, F1 and F2 are blending functions, S is the absolute value 
of the strain. 

To avoid over-prediction of the turbulent eddy viscosity and 
turbulent stress by the original RANS models, the influence of 
the local compressibility effects on turbulent closure models 
were taken into consideration in the present work. Based on 
the local liquid volume fraction αl by substituting μt, the turbu-
lent viscosity in Eqs. (6) and (7) was reduced with μt_mod: 
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The variation of the modified mixture density ρm*f(n) with 
the water vapor volume fraction αv for n = 1 and n = 10 is 
shown in Fig. 4. According to Ref. [22], n = 10 was chosen to 
better simulate the re-entrant jet and vapor shedding process in 
this paper. 

 
3.3 Cavitation model 

The cavitation model used was proposed by Merkle [23]. It 
assumes that the evaporation and condensation terms are pro-
portional to the difference between the local pressure and the 
vapor pressure. The mass fraction form of the evaporation and 
condensation terms can be written as: 

 
 
Fig. 4. Variation of the modified mixture density for n = 1 and n = 10. 

 

 
 
Fig. 5. Computational domain and boundary conditions. 

 

 
(a) Hemispherical body 

 

 
(b) Conical body 

 

 
(c) Blunt body 

 
Fig. 6. Mesh distributions. 
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where the empirical factors Cm_dest and Cm_prod are, respectively, 
the destruction and the production coefficients. In this work, 
Cm_dest = 1.0 and Cm_prod = 80, which is accordance with Ref. 
[24]. The mean time scale is defined as t∞ = d/U∞. 

3.4 Numerical setup and description 

The computational domain and boundary conditions for the 
axisymmetric bodies are shown in Fig. 5, which is consistent 
with the experimental setup. The diameter of the axisymmet-
ric body is d = 20 mm and the length is L = 7.5d. The conical 
angle is θ = 90°. The computational domain has an extent of 
15d upstream and 20d downstream to simulate the near-
infinite boundary at both the inlet and the outlet. The O-type 
mesh was adopted and mesh refinements were also performed  

 
(a) Hemispherical, s = 0.30 

 

 
(b) Conical, s = 0.30 

 

 
(c) Blunt, s = 0.30 

 
Fig. 7. The predicted vapor volume fraction, pressure distribution and the measured values from Ref. [5] around revolution bodies. 
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                  s = 0.65                   s = 0.50                     s = 0.40                   s = 0.30 

(a) Hemispherical body 
 

 

 
                s = 0.90                     s = 0.70                    s = 0.55                    s = 0.30 

(b) Conical body 
 

 

 
                 s = 0.90                    s = 0.75                    s = 0.65                  s = 0.55 

(c) Blunt body 
 
Fig. 8. The cavity shapes for the axisymmetric bodies with different headforms. 
 
 

 
 
Fig. 9. The predicted flow reattachment for the axisymmetric bodies with different headforms. 
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at the head of the axisymmetric bodies. The total mesh was 
composed of 135000 structured elements with y+ = yuτ/ν≈1, 
where y is the thickness of the first cell from the body surface, 
and uτ is the wall frictional velocity. The mesh distribution 
near the surface is shown in Fig. 6. 

All the results shown in this paper are subject to a free 
stream velocity of U∞ = 6.8 m/s, yielding a Reynolds number 
of Re = U∞c/νl = 1.36×105. The outlet pressure varies accord-
ing to the cavitation number σ = (p∞-pv)/(0.5ρlV∞

2), where p∞ 
represents the tunnel pressure. Based on the experimentally 
measurement, the turbulent intensity at the inlet boundary is 
set as 2%. To avoid any vapor fraction at the initial time step, 
all simulations were initialized with a steady-state calculation 
with fully wetted models. According to Refs. [25-26], the 
second-order backward Euler algorithm was chosen for the 
time integrator scheme and the second-order upwind scheme 
was used to compute the spatial derivatives. Further mesh 
convergence and time discretization were studied in Ref. [21]. 

 

4. Results and discussion 

4.1 The validation of the numerical models 

To validate the numerical model, results are shown for the 
axisymmetric bodies. Fig. 7 shows the predicted vapor volume 
fraction and pressure distribution obtained for the hemispheri-
cal, conical and blunt bodies, as well as the measured values 
from Ref. [5]. In general, reasonable agreement is observed 
between the computations and measurement. For all the cases, 
the presence of the bubble manifests itself as the decreases in 
magnitude, flattening and lengthening of the minimum pres-
sure along the surface. On each of the three figures, the nearly 
constant pressure region with Cp = -σ corresponds to the par-
tial sheet cavity attached at the forebody, as shown in left side 
of Fig. 7, followed by a sudden pressure jump at the cavity 
closure region due to the local stagnation associated with free-
stream liquid flowing over the aft end of the bubble and transi-
tion back to sub-cavitating flow. 
 

         
                       t = t0                              t = t0+5.5 ms                        t = t0+10.5 ms 
 

         
                   t = t0+17.5 ms                         t = t0+24.5 ms                        t = t0+30.5 ms 
 

           
(a) Time evolution of the 3D cavity shapes 

 

 
(b) Time evolution of the 2D cavity shapes 

 
Fig. 10. Cavity shapes and unsteady shedding characteristics for hemispherical body (s = 0.3). 
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4.2 Unsteady flow structures around axisymmetric bodies 

To further investigate the effects of the headforms on the 
cavitating flows, results are shown in this section for the un-
steady flow structures around the hemispherical, blunt and 
conical bodies. 

Fig. 8 shows the measured and predicted typical cavity 
shapes at different cavitation numbers. For the hemispherical 
body shown in Fig. 8(a), an incipient cavity is formed at the 
front of the axisymmetric body when s = 0.65; as the cavita-
tion number decreases to about 0.5, the cavity is drawn out 
and attached like fingers. With further decreasing of the cavi-
tation number, the cavity develops and covers the whole fore-
body circumferentially; when the cavity can be divided into 
two parts obviously: one is the transparent region with high 
vapor volume fraction, and the other is the unsteady foggy 
water-vapor mixture region, which contains small scale vor-
tices and is dominated by bubble clusters, causing irregularly 

disturbances at the cavity interfaces.  
As shown in Fig. 8(b), compared to the hemispherical body, 

the curvature at the front of the conical body is larger, result-
ing in flow separation at the shoulder of the axisymmetric 
body. With the decreases of the cavitation number, the cavita-
tion area increases gradually and the separation point is mov-
ing forward. When s = 0.50, obvious cloud cavitation with an 
ellipsoidal cavity can be observed, which is filled with the 
water-vapor mixture. When the cavitation number decreases 
to 0.3, the cloud cavitation develops to a stable stage. The 
cavity has stretched downstream and reached to a fixed cavity 
length and shape. 

The cavity shapes with the blunt bodies are different from 
those with hemispherical and conical bodies, because of the 
different boundary layer flow characteristics. For the blunt 
bodies shown in Fig. 8(c), the incipient cavitation number is 
larger than that for the hemispherical body. When s = 0.90, 
flow separates at the sharp corner of the body and continuous 

     
                       t = t0                         t = t0+5.5 ms                       t = t0+17 ms 
 

      
                    t = t0+27 ms                      t = t0+33 ms                         t = t0+37 ms 
 

        
(a) Time evolution of the 3D cavity shapes 

 

 
(b) Time evolution of the 2D cavity shapes 

 
Fig. 11. Cavity shapes and unsteady shedding characteristics for blunt body (s = 0.50). 
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cavitation bubble vortex structures can be observed. Cavities 
are formed in the cores of vortices in high shear separation 
regions. 

Fig. 9 compares the different locations of the flow separa-
tion and reattachment points around the axisymmetric bodies. 
For the blunt body, the flow reattachment can be observed and 
in accordance with the experimental results by Katz [27]. The 
reverse flow region for the blunt and conical body expands to 
be at a distance of 2.5d and 1.5d to the head of the body re-
spectively, while for the hemispherical body, there is no obvi-
ous flow separation and reattachment. 

To further investigate the unsteady characteristics of the 

cavitating flow around the axisymmetric bodies, Fig. 10 
shows the typical time evolution of cavity for hemispherical 
bodies, when the cavitation number is 0.3. From Fig. 10, it has 
been widely observed that the sheet cavitation is stable in a 
quasi-steady sense, with a stable cavity attached at the shoul-
der of the axisymmetric body. While at the rear end of the 
sheet cavity, series of small-scale bubble vortices, as well as 
the small vapor structures, are quasi-periodically forming, 
fluctuating and shedding. 

Fig. 11 contains a series of snapshots of the vapor volume 
fraction field from an unsteady model computation of flow 
over a blunt body at cavitation numbers 0.50. For blunt bodies, 

 
(a) Hemispherical, s = 0.28 

 

 
(b) Blunt , s = 0.50  

 

        
 
Fig. 12. The cavity shapes and the averaged velocity distribution for 
the hemispherical and blunt bodies during the re-entrant jet stage. 
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Fig. 13. The evolution of wavelet transformed drag coefficients with time. 
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Fig. 14. The spectrum analysis of resistance signals. 
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Fig. 15. The evolution of Strouhal number Str with cavitation number σ. 
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flow separates strongly at the shoulder of the body due to the 
sudden change of the curvature, forming a large-scale vortex, 
where the cavitation occurs and an ellipsoidal cavity is formed. 
As the cavity develops to its maximum extent, the separated 
vortex gathers and strengthens at the rear region of the cavity, 
resulting in strongly reverse flow near the surface. The depres-
sion regions occur at the end of the cavity and fluctuates 
circumferentially so that the cavities break partially, and fi-
nally the large-scale cloud cavity is shedding downstream as a 
whole periodically. 

Re-entrant jet instability is often attributed to the cavity de 
stabilization and transition to unsteady cavitation. Fig. 12 
shows the vapor volume fraction as well as the averaged ve-
locity distribution for the hemispherical and blunt bodies dur-
ing the re-entrant jet stage. In the case of a relatively thin cav-
ity for the unsteady cavitating flows around the hemispherical 
body, because of the smallness of the cavity thickness and 
consequently of the closeness of the cavity interface and the 
boundary of the re-entrant jet, there exists a strong interaction 
between the cavity interface and the re-entrant jet, all along its 
upstream movement. The thin vapor layer between the cavity 
interface and the re-entrant jet breaks at many points due to 
the small scale instabilities. As for the flow around the blunt 
body, the re-entrant jet does not significantly interact with the 
cavity interface when it moves upstream. The interaction is 
limited at the instant the re-entrant jet reaches the leading edge 
of the cavity and cuts the cavity interface. Contrary to many 
small vapor structures around the hemispherical body, a large 
cloud cavity is formed at the shoulder of the blunt body. In 
conclusion, the differences between the cavitating flow struc-
tures lead to the discrepancy of the unsteady cavity shedding 
characteristics of the hemispherical body and blunt body. 

 
4.3 Dynamic characteristics of unsteady cavitating flows on 

revolution body  

Based on the experimental results for the hemispherical and 
blunt bodies, Fig. 12 shows the time evolution of wavelet 
transformed drag coefficients for different cavitation numbers. 
When the cavitation number is larger than the incipient cavita-
tion numbers, irregular small-scale fluctuations of the drag 
coefficient can be observed, and there no obvious cavitation 
occurs in the flow field. With the cavitation number decreas-
ing, the fluctuation amplitudes of the drag coefficients in-
crease with an obvious periodicity. Fig. 13 shows the spec-
trum analysis of resistance signals. The characteristics fre-
quency is low and the fluctuation characteristics vary with 
different headforms of the axisymmetric bodies, which is due 
to the variation of the unsteady cavities. When the cavitation 
number is about 0.65, large-scale cavities shed downstream 
periodically in the cavitating flow around a blunt body and the 
fluctuation amplitude and power spectral density is much lar-
ger than that of other conditions. The low characteristic fre-
quency is corresponding to the inherent fluctuation frequen-
cies of the cavitating flow. In general, the fluctuations of the 

drag signals of the blunt body are much more significant than 
that of the hemispherical body. 

Fig. 14 shows the evolution of Strouhal number Str with 
cavitation number σ, where the Strouhal number is defined as 
Str = fDn/U∞, f is the pulsation frequency of the bodies, Dn is 
the diameter of the axisymmetric body. Reasonable agreement 
is obtained between the numerical and experimental results. In 
general, the variation of Strouhal number Str is mainly caused 
by the cavities shedding. The pulsation frequency for the 
hemispherical body is larger than that for the blunt body. This 
is because, for the hemispherical body, the pulsation is mainly 
caused by the high-frequency, small-scale shedding at the rear 
end of the cavity, while for the blunt body, the main factor for 
the pulsation frequency is the periodic shedding of the large-
scale vortex cavities.  

 
5. Conclusions 

Numerical modeling is studied for the prediction of cavita-
tion flows around axisymmetric bodies. The calculations are 
performed by solving the multiphase Reynolds averaged Na-
vier Stokes equations (RANS) via the commercial CFD code 
CFX. The modified k-ω SST turbulence model is used along 
with the transport equation-based cavitation model. The pre-
dicted and measured cavity shapes and hydrodynamic coeffi-
cients are also compared. The general conclusions of this pa-
per are as follows: 

(1) In general, reasonable agreements are obtained between 
the computations and measurements for the hemisphere body, 
conical body and blunt body. The nearly constant pressure 
region with Cp = -σ corresponds to the partial sheet cavity 
attached around the body, followed by a sudden pressure jump 
at the cavity closure region due to the local stagnation associ-
ated with free-stream liquid flowing over the aft end of the 
bubble and transition back to sub-cavitating flow. 

(2) For the hemispherical body, the cavity consists of quasi-
steady transparent region and unsteady foggy water-vapor 
mixture region, which contains small scale vortices and is 
dominated by bubble clusters, causing irregular disturbances 
at the cavity interfaces. There exists a strong interaction be-
tween the cavity interface and the re-entrant jet, all along its 
upstream movement. Compared to the hemispherical body, 
the curvature at the front of the conical body is larger resulting 
in that flow separates at the shoulder of the axisymmetric body. 
With the decreases of the cavitation number, the cavitation 
area increases gradually and the separation point is moving 
forward. The cavity has stretched downstream and reached to 
a fixed cavity length and shape. For blunt bodies, the incipient 
cavitation number is larger than that for the hemispherical 
body. Contrary to many small vapor structures around the 
hemispherical body, a large cloud cavity is formed at the 
shoulder of the blunt body in the cores of vortices in high 
shear separation regions, and the re-entrant jet does not sig-
nificantly interact with the cavity interface when it moves 
upstream. The differences between the cavitating flow struc-
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tures lead to a discrepancy of the unsteady cavity shedding 
characteristics of the axisymmetric bodies. 

(3) The pulsation frequency for the hemispherical body is 
larger than that for the blunt body. For the hemispherical body, 
the pulsation is mainly caused by the high-frequency, small-
scale shedding at the rear region of the cavity, while for the 
blunt body, the main factor for the pulsation frequency is the 
periodic shedding of large-scale vortex cavities. 
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Nomenclature------------------------------------------------------------------------ 

rm     : Mixture density    
u     : Velocity 
p     : Pressure 
mm : Mixture laminar viscosity 
mt  : Turbulent viscosity 
i, j, k   : Axes directions 
m+&   : Condensation rate 
m-&   : Evaporation rate 
Pk, Pω : Production term 
Dk  : Destruction term 
F1, F2  : Blending function 
S   : Absolute value of the strain 
t∞   : Mean time scale 
d   : Diameter of the axisymmetric body 
U∞  : Free stream velocity 
Re   : Reynolds number 
σ   : Cavitation number  
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