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Abstract
Underwater warfare in the modern world demands the development of fast, supercavitating torpedoes. Torpedoes typically achieve supercavitation 
via a single cavitator mounted at the nose; the cavitator’s dimensions dictate the supercavity size. This study introduces a novel approach of 
incorporating a secondary cavitator to enhance the supercavity and improve the performance of supercavitating torpedoes. Numerical 
simulations are performed using Reynolds-averaged Navier – Stokes equations solved with a pressure-based algorithm. The volume of fluid
(VOF) multiphase model, in conjunction with the Schnerr–Sauer cavitation model, is employed to model the supercavitation phenomenon. The 
effects of cavitator size, positioning, and operating conditions on supercavity behavior are also examined. Results indicate that positioning the 
secondary cavitator at 70%–90% of the primary supercavity length significantly enlarges the supercavity, achieving a 30%–35% increase in 
supercavity length. The optimal size for the secondary cavitator is also identified, beyond which reverse flow and cavity shrinkage occur. The 
dependence of the secondary cavitator’s critical size on the primary cavitator’s diameter and Froude number is further investigated. This 
research provides new insights into the design of supercavitating vehicles and establishes a framework for optimizing cavitator configurations in 
heavyweight torpedoes.
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1  Introduction

Supercavitation is a remarkable hydrodynamic phenom‐
enon with significant advantages for high-speed underwater 
travel. An object, such as a torpedo or submarine, is envel‐
oped within a vapor-filled cavity. This cavity minimizes the 
contact area between the object and the surrounding liquid, 

drastically reducing the drag forces and allowing for higher 
speeds than those achievable with conventional hydrody‐
namic designs (Karn and Chawdhary, 2018; Nesteruk, 2012). 
A supercavity forms when the pressure around the object 
drops below the liquid’s vapor pressure, causing vaporiza‐
tion and creating numerous small cavitation bubbles (Cao 
et al., 2017). These bubbles coalesce into a large vapor cavity, 
producing the supercavitation effect (Karn and Rosiejka, 
2017; Logvinovich and Serebryakov, 1975).

Supercavitation has vast potential applications, particu‐
larly in naval defense and transport sectors, where drag 
reduction for submerged vehicles offers substantial perfor‐
mance enhancements. In the defense sector, supercavitat‐
ing torpedoes and submarines can travel at higher speeds 
than conventional vehicles, providing efficiency and tacti‐
cal advantages (Alyanak et al., 2006). Supercavitation also 
plays a vital role in naval transportation applications, such 
as in the design of hydrofoils, where it improves vessel 
efficiency by reducing water resistance (Xu and Khoo, 
2020). Beyond transportation, supercavitation has also 
been explored in other fields, such as aeration, desalina‐
tion, and wastewater treatment, where the cavitation effect 
enhances contaminant removal and increases process effi‐
ciency (Dular et al., 2016; Likhachev et al., 2014; Schmid, 
2010). A parametric study on the effect of cavitation gener‐
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ation unit (CGU) design on hydrodynamic cavitation effi‐
ciency found that a hemispherical-shaped CGU exhibited 
the highest cavitation efficiency (Sun et al., 2021).

Supercavity enlargement has been a focal research point 
in underwater propulsion systems, with the primary goal 
of improving efficiency and performance. Inviscid models 
have been developed to predict supercavity geometries 
across a wide range of Froude numbers, producing accu‐
rate predictions of supercavity morphologies (Yi et al., 
2022). Given that supercavities are formed by the coales‐
cence of numerous small bubbles, the empirical models 
originally developed for estimating elongated bubbles from 
gas injection (Gaurav et al., 2022) have been extended to 
artificial supercavity sizes.

Extensive research has been conducted to optimize cavi‐
tator shapes for supercavity enlargement, with investiga‐
tions covering various geometries including disk, spherical, 
conical, and elliptical cavitators (Chen et al., 2023; Gaurav 
et al., 2024; Kim et al., 2021; Shao et al., 2020). The effects 
of varying cone angles on supercavitation characteristics 
have been further explored (Jeong et al., 2024). A conical 
head-shaped projectile has been found to demonstrate 
good hydrodynamic performance during high-speed entry 
(Park et al., 2024). In efforts to artificially extend the super‐
cavity, researchers have explored revolving nonaxisym‐
metric cavitators and developed an elliptical cavitator for 
nonaxisymmetric underwater vehicles with a detachable 
fairing to reduce wetted-state drag while ensuring a smooth 
transition to supercavitation (Chen et al., 2023). Although 
this instrument slightly increases drag, it significantly elon‐
gates the supercavity compared with that formed by conven‐
tional disc cavitators under the same drag conditions (Kim 
et al., 2022). Other mechanisms, such as the use of hot work‐
ing fluid, microbubbles, and textured surfaces, have also 
been employed to increase supercavity size (Liu et al., 2023; 
Rajkumar et al., 2023). Researchers have also utilized cavi‐
tators to design antiroll fins that improve the maneuver‐
ability and roll control of the vehicle. An antiroll fin signif‐
icantly enhances rudder efficiency and reduces the destabi‐
lizing moment, enabling a finless supercavitating vehi‐
cle (SV) design (Li et al., 2022). Supercavitation under 
supersonic conditions has also been investigated using 
numerical methods. The results show that high speeds cause 
an extreme temperature rise at the stagnation point, indicat‐
ing the necessity of effective cooling techniques to avoid pro‐
jectile damage and metal softening (Nguyen ang Park, 2022). 
This body of work underscores the critical importance of 
supercavity enhancement in a wide range of applications.

A key limitation of single cavitators is that they often 
fail to generate sufficiently large supercavities, particularly 
at low operational speeds. In such cases, portions of the 
vehicle’s surface remain exposed to the fluid, resulting in 
undesirably high drag. Moreover, high speeds are difficult 
to achieve due to propulsion limitations and material 

strength. These challenges highlight the need for new strat‐
egies that can enhance supercavity size and stability.

One promising solution is the use of a secondary cavita‐
tor, positioned downstream of the primary cavitator, to fur‐
ther increase the supercavity size. Secondary cavitators 
interact with the primary supercavity, extending its length 
and thereby reducing drag on the vehicle. This concept 
introduces new design possibilities for supercavitating 
vehicles; however, the optimal placement and sizing of the 
secondary cavitator remain unclear. Factors such as flow 
velocity and depth also influence the effectiveness of the 
secondary cavitator. Therefore, understanding the interac‐
tions between primary and secondary cavitators under dif‐
ferent flow conditions is crucial for developing effective 
designs. A deep investigation into these interactions can 
lead to the development of robust designs for supercavitat‐
ing vehicles, particularly in naval applications where main‐
taining high speeds is critical.

In this study, a detailed numerical investigation into the 
effects of secondary cavitators on supercavity size in heavy‐
weight torpedoes is conducted. A 2D axisymmetric Reyn‐
olds-averaged Navier – Stokes (RANS) model is used to 
investigate the performance of various cavitator configura‐
tions, focusing on the size, positioning, and operating con‐
ditions required to optimize supercavity formation. By ana‐
lyzing the influence of key parameters, this study aims to 
identify the optimal cavitator configuration to maximize 
the supercavity size. The findings provide insights for 
improving the performance of supercavitating vehicles and 
offer a practical framework for designing efficient under‐
water propulsion systems.

2  Methodology

Simulations are performed using ANSYS Fluent by 
solving the axisymmetric RANS equations coupled with 
the realizable k–ε turbulence model. The VOF multiphase 
model, combined with the Schnerr–Sauer cavitation model, 
is employed to capture the complex interactions between 
the vapor and liquid phases during supercavity formation. 
A grid independence test and a validation of the computa‐
tional model against available experimental data are con‐
ducted to ensure the accuracy and reliability of the results.

For torpedoes with a primary cavitator, the supercavity 
size depends on the size of the primary cavitator (dpc ) and 
vehicle (dv ) and the velocity (U ), fluid properties, and 
depth (h) of the torpedo. These parameters can be consoli‐
dated into two nondimensional parameters, i.e., Froude 

number defined as Fr = U gh and ratio of the primary 

cavitator’s to the vehicle’s diameter (d͂cv = dpc dv). If a sec‐

ondary cavitator is introduced, then the supercavity size will 
depend on the secondary cavitator’s height (hsc ), which 
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can be converted to a nondimensional form using the pri‐
mary cavitator’s diameter (d͂sp = hsc dpc). In this investiga‐

tion, simulations are conducted on multiple cavitator sizes 
at Froude numbers ranging from 5 to 6. The Froude num‐
ber is varied by changing the velocity of the freestream 
flow. d͂cv ranges from 0.4 to 0.5, and d͂sp ranges from 0 to 
0.8. The Reynolds number of the flow is determined based 
on the primary cavitator’s diameter as Re = ρVdpc μ, where 

μ is the dynamic viscosity of the freestream flow. In this 
study, simulations are conducted at Reynolds numbers rang‐
ing from 1.78 × 107 to 2.67 × 107.

2.1  Geometry

The torpedo geometry is chosen on the basis of survey 
results for various heavyweight torpedoes from different 
nations. The final torpedo design measures 8 m in length 
and 800 mm in diameter. The torpedo’s nose and tail 
shape is designed using Eqs. (1) and (2), respectively, to 
minimize drag on the body (Myring, 1976):

yn =
1
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ê1 − ( x − a
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û

ú
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ú
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1
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( d
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(2)

where yn and yt are the y locations of the nose and tail 
curves, respectively; a, b, and c are the lengths of nose, 
main body, and tail of the torpedo, respectively; d is the 
maximum diameter of the torpedo; and θ is the half-angle 
made by the tail as illustrated in Figure 1. The bluntness of 
the nose is governed by the variable n, whose large values 
indicate a highly blunted nose.

A 150 mm-long circular rod connects the torpedo’s nose 
to the cavitator body. A disc-shaped cavitator is used to 
produce a supercavity around the torpedo. The diameters 
of the torpedo and primary cavitator are denoted by dv and 
dpc, respectively. The height of the secondary cavitator is 
represented by hsc as illustrated in Figure 2.

The ratio of the primary cavitator’s diameter to the tor‐

pedo diameter is defined as d͂cv. The experiment is conducted 
on the primary cavitator with three different diameters d͂cv 
of 0.40, 0.45, and 0.50. The secondary cavitator is posi‐
tioned at 35%, 45%, 55%, and 65% of the torpedo’s length. 
The ratio of the secondary cavitator’s height to the primary 
cavitator’s diameter is defined as d͂sp. The study is carried 
out on eight different secondary cavitator sizes within the 
range of d͂sp = 0.01−0.08.

2.2  Meshing

A grid independence study is performed to finalize the 
mesh. Three structured meshes with different numbers of 
elements are utilized. The coarse mesh consists of approxi‐
mately 43 000 elements, and the medium mesh has an 
increased element count by a factor of 1.42, resulting in 
61 000 elements. The fine mesh comprises 87 000 elements. 
Table 1 presents the detailed characteristics of the meshes 
used in the grid independence test.

The simulation is conducted at Froude numbers (Fr ) 
ranging from 5 to 6 on a torpedo that only has a primary 
cavitator with a diameter (d͂cv) of 0.5. Cavitation is consid‐
ered to occur in regions where the vapor volume fraction 
exceeds 50%. The supercavity shape is determined by iso‐
lating the regions where the vapor volume fraction is greater 
than 0.5.

In this study, the maximum horizontal length of the su‐
percavity is considered the cavitation length. The nondi‐
mensional supercavity length is estimated as L͂ = L dpc, 

where L is the supercavity length, and dpc is the primary 
cavitator’s diameter. The values of L͂ obtained for different 
meshes and Froude numbers are plotted in Figure 3. The 
nondimensional supercavity length for the coarse mesh is 
shorter than those for the medium and fine meshes but is 
nearly identical between the medium and fine meshes.

On the basis of the grid independence test results, the 
medium mesh consisting of approximately 61 000 elements 

Figure 1　Torpedo geometrical parameters

Figure 2　Torpedo installed with primary and secondary cavitators

Table 1　Properties of meshes used for grid independence test

Mesh

Coarse mesh

Medium mesh

Fine mesh

No. of elements

43 000

61 000

87 000

Wall distance (m)

6.7 × 10−5

4.5 × 10−5

1.8 × 10−5

Y+ Value

150

100

40
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is selected for further analysis. As shown in Figure 4(a), 

the final mesh is fine near the solid surface to capture the 

boundary layer. The element size grows at a rate of 1.2 as 

shown in Figure 4(b). The first cell height is chosen based 

on the Reynolds number range. The smallest element placed 

on the solid surface corresponds to a y+ value of 100, 

which lies outside the viscous sublayer. The flow proper‐

ties within the viscous sublayer are computed using the 

wall function. The computational domain is extended from 

−L to 6L, where L is the length of the torpedo.

2.3  Computational setup

Computations are carried out on ANSYS Fluent soft‐

ware. The 2D steady axisymmetric computational model is 

used for the simulations. Computations are based on the 

solution of RANS equations (Eqs. (3)–(4)) obtained using 

a pressure-based algorithm.
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where ρ̄, 
-
U, and P̄ are the mean density, velocity, and pres‐

sure of the flow, respectively; and ρu′iu′j represents the 
Reynolds stress tensor. A coupled scheme is utilized for 
the coupling of velocity and pressure terms. Gradients are 
evaluated using the least squares cell-based method.

In this investigation, seawater and water vapor are the 
primary and secondary phase materials, respectively. Their 
properties are defined in Table 2. The simulations are con‐
ducted at an operating pressure of 201 681 Pa, which corre‐
sponds to the pressure at a depth of 10 m and operating 
temperature of 298 K, and at flow velocities ranging from 
47.5 to 60 m/s. The boundary conditions for the inlet and 
outlet are velocity inlet and pressure outlet, respectively. 
The numerical method employs a coupled least-order cell-
based pressure–velocity solution using the PRESTO scheme. 
The volume fraction is modeled with a compressive scheme, 
and momentum is discretized using the second-order upwind 
method. The turbulent dissipation rate and turbulent kinetic 
energy (k – ε) are calculated using first-order upwind, and 
the energy equation is solved with second-order upwind.

The VOF equations are solved using the implicit vol‐
ume fraction formulation to account for multiphase flow 
dynamics. The transport equations for the volume fraction 
of the liquid and vapor phases are expressed in Eqs. (5) 
and (6), respectively.

1
ρv

é

ë
êêêê
∂ (αv ρv )
∂t +

∂
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(αv ρvU )ù
û
úúúú =

ṁ
ρv

(5)

α l = 1 − αv (6)

where α l and αv denote the volume fraction of the liquid 
and vapor phases, respectively; ρ l and ρv represent the den‐
sity of liquid and vapor phases, respectively; ṁ denotes the 
mass transfer rate per unit volume caused by cavitation 
between the liquid and vapor phases.

Cavitation is responsible for the mass transfer between 

Figure 3　Variation of nondimensional supercavity length ( L͂) with 

Froude number for various meshes

Figure 4　Spatial discretization of the computational domain

Table 2　Properties of seawater used in computations

Fluid Property

Density ( ρ, kg/m3 )
Dynamic viscosity (u, kg/(ms))

Saturation pressure (Pa)

Specific heat (cp J/(kg⋅K))

Value

1 023

9.2 × 10−4

3 494

4 010
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the liquid and vapor phases. The mass transfer rate between 
the cavitation phases is estimated using the Schnerr–Sauer 
cavitation model (Schnerr and Sauer, 2001). In this cavita‐
tion model, a correlation between bubble growth and vol‐
ume fraction change rate is established using Eqs. (7) and (8):

For p > pv

ṁ+ = Cc

ρv ρl

ρ
αv(1 − αv ) 3

R
2
3

p − pv

ρ l

(7)

For p < pv

ṁ− = Cv

ρv ρ l

ρ
αv(1 − αv ) 3

R
2
3

p − pv

ρ l

(8)

where R stands for the bubble radius, p is the static pres‐
sure, pv is the vapor pressure, ρ l is the density of the liquid, 
αv is the vapor volume fraction, and Cc and Cv are the coef‐
ficients for the cavitation model. The bubble radius (R) in 
the above equation can be estimated through bubble num‐
ber density (n) using Eq. (9):
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For this investigation, n is considered as 1011, and Cc and 
Cv are taken as 1.

Given that cavitation is generally considered a high-tur‐
bulence phenomenon, turbulence modeling is important 
and must be accurately addressed in addition to the cavita‐
tion model. In this study, the realizable k-ε model is employed 
to predict the turbulence effect outside the viscous sublayer. 
The wall function is used to model the turbulence proper‐
ties inside the viscous sublayer. The transport equations for 
the realizable k-ε model are provided in Eqs. (10) and (11):
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where μ t is the turbulent viscosity; σk and σε are Prandtl 
numbers for k and ε, respectively; β*, Cε1, and Cε2 are model 
constants; P represents the production of turbulent kinetic 
energy due to mean velocity gradients.

2.4  Validation of numerical model

The accuracy and reliability of the numerical model in 
this study are rigorously validated against the experiments 
conducted by Waid (1957). In the reference article, the 
authors investigated supercavitation characteristics for disc 
cavitators with diameters of 12.7, 19.05, and 25.4 mm. 
The freestream velocity varied between 3.66 and 7.32 m/s, 
corresponding to cavitation numbers ranging from 0.035 
to 0.172. In the present study, computational results are com‐
pared for the cavitator diameter of 25.4 mm across various 
cavitation numbers. For the present validation, the cavita‐
tion number is calculated as σc = ( )p − pv 0.5ρV 2, where 

pv is the vapor pressure of the liquid; and p, ρ, and V are 
the static pressure, density, and velocity of the freestream 
flow, respectively. The half-length and maximum diameter 
of the supercavity are converted to nondimensional form 
by dividing them by the primary cavitator’s diameter. The 
validation process involves comparing the nondimensional 
half-length and maximum diameter of the supercavity for 
various cavitation numbers. The variation of nondimen‐
sional supercavity length with cavitation number is shown 
in Figure 5(a), and the nondimensional maximum diameter 
at various cavitation numbers is shown in Figure 5(b). The 
dotted line in Figure 5 represents the quadratic polynomial 
curve fit for the computational data. The computational 
data exhibit a strong agreement with the experimental data, 
yielding RMSE values of 4.62% and 4.01% for the nondi‐
mensional half-length and maximum diameter of the super‐
cavity, respectively.

3  Results and discussions

The following section presents the results of the numeri‐
cal simulations conducted to evaluate the impact of the 
secondary cavitator on supercavitation characteristics. The 
performance of various cavitator configurations is also 
assessed in terms of supercavity geometry under different 
operational conditions. The analysis focuses on the effects 
of primary and secondary cavitators’ size, positioning, and 
Froude number on the overall supercavity dynamics.

3.1  Supercavity formation with primary cavitator

This section discusses the characteristics of the super‐
cavity generated by the primary cavitator. The supercavity 
formation is initiated by the cavitator mounted at the nose 
of the torpedo, as shown in Figure 6. The growth and sta‐
bility of the supercavity are governed by the balance between 
the pressure gradient in the flow and the inertia of the sur‐
rounding fluid. As the flow upstream of the primary cavita‐
tor is deflected outward, the resulting expansion energy forms 
the supercavity (Semenenko, 2001).
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Inset (a) of Figure 6 illustrates the streamlines near the 
primary cavitator, revealing a water vapor circulation zone 
that forms behind the cavitator due to the upstream move‐
ment of vapor caused by the adverse pressure gradient. 
Inset (b) shows a closeup view of the supercavity geometry 
at its closure. At this point, the vapor has dissipated much 
of its energy and can no longer overcome the pressure 
force exerted by the surrounding liquid, causing it to travel 
upstream and form a recirculation zone. The vapor gradu‐
ally condenses back to liquid at the closure point, resulting 

in an axisymmetric cavity shape. Referred to as reentrant 
jets (Semenenko, 2001), such closures are common in 
supercavitation.

The primary cavitator’s diameter significantly affects 
the supercavity geometry. Large cavitators tend to produce 
extra elongated cavities but introduce high drag. There‐
fore, a tradeoff exists between cavity size and drag, neces‐
sitating further optimization for efficient operation. Although 
the primary cavitator alone can generate a supercavity, its 
limitations become evident at low speeds or under certain 
operational conditions. Hence, additional techniques, such 
as the introduction of a secondary cavitator, are warranted.

3.2  Influence of secondary cavitator on 
supercavity enhancement

A secondary cavitator is introduced downstream to over‐
come the limitations of the primary cavitator and further 
increase the supercavity size. This secondary cavitator alters 
the flow dynamics and interacts with the primary supercav‐
ity, significantly influencing the geometry of the overall cavity. 
When optimally positioned, the secondary cavitator gener‐
ates a secondary supercavity that merges with the primary 
cavity, forming a large and stable coalesced supercavity.

Analysis of the flow near the secondary cavitator shows 
that it diverts water vapor toward the periphery of the 
supercavity, as depicted in Figure 7. This diversion expands 
the boundaries of the supercavity, effectively increasing its 
size. The influence of the secondary cavitator in expanding 
the supercavity is particularly useful at low speeds, where 
the primary cavitator alone may not generate a sufficiently 
large cavity.

However, careful optimization of the secondary cavita‐
tor’s size and positioning is necessary to avoid negative 
effects. If the secondary cavitator exceeds a critical size, 
the water stream will strike the cavitator, resulting in a 
reverse flow that forms a powerful jet. This reverse flow 

Figure 6　Flow properties of the supercavity generated by the primary 
cavitator. Inset (a) shows streamlines near the primary cavitator. Inset 
(b) shows a closeup of the supercavity closure

Figure 5　Comparison of the supercavity’s geometrical characteristics 
at various cavitation numbers obtained from the computational results 
of the present study validated against the experimental result reported 
by Waid (1957)

Figure 7　Velocity vectors near the secondary cavitator, illustrating 
the flow deflecting toward the periphery of the supercavity and thus 
contributing to the expansion of the cavity’s boundary
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leads to the shrinkage of the primary supercavity, produc‐
ing a separate, unmerged secondary cavity. In such cases, 
the failure to coalesce the cavities results in increased, rather 
than reduced, drag. Optimizing the placement and size of 
the secondary cavitator can maximize the amplification of 
the supercavity, particularly at low operational speeds where 
the primary cavitator’s effect is limited.

A detailed analysis of the optimization of these parame‐
ters and their effects on supercavity amplification is pre‐
sented in Sections 3.3–3.5.

3.3  Optimal positioning of secondary cavitator 
for maximum supercavity amplification

Simulations are conducted by positioning the cavitator 
at 35%, 45%, 55%, and 65% of the torpedo length to opti‐
mize the placement of the secondary cavitator along the 
torpedo’s length. The primary cavitator's diameter d͂cv is 0.4, 
and the secondary cavitator’s height d͂sp is 0.04. The Froude 
number (Fr) for these simulations is varied between 5 and 6.

An “amplification factor” (η ) is introduced to quantify 
the enlargement in supercavity size due to the addition of 
the secondary cavitator. The amplification factor is defined 
as the ratio of the total length of the coalesced supercavity 

(Lc ) to the original length of the supercavity formed by the 

primary cavitator alone (Lcp ) as mentioned in Eq. (12).

η =
Lc

Lcp

(12)

The highest amplification is achieved at different sec‐
ondary cavitator locations depending on the flow condi‐
tions. For example, at a Froude number of 5, the maxi‐
mum amplification occurs when the secondary cavitator is 
placed at 35% of the primary supercavity length. Con‐
versely, at a Froude number of 6, the highest amplification 
is observed when the secondary cavitator is placed at 65% 
of the primary supercavity length. These results indicate 
that the optimal location of the secondary cavitator is depen‐
dent on the Froude number and hence on the size of the pri‐
mary supercavity.

To further explore this relationship, the amplification 
factor is plotted as a function of the secondary cavitator 
location, expressed as a percentage of the primary super‐
cavity length Xcs for all the cases. Four distinct zones can 
be seen in Figure 8.

• Zone 1: Secondary Cavitator Within the Primary 
Supercavity

When the secondary cavitator is placed inside the primary 
supercavity, i.e., between 40% and 80% of the primary super‐
cavity length, it remains in contact with the vapor phase 
and does not interact with seawater. In this configuration, a 
secondary supercavity does not form as shown in Figure 9(a).

• Zone 2: Secondary Cavitator Placed Immediately After 

the Primary Supercavity
When the secondary cavitator is positioned just beyond 

the primary supercavity, i.e., between 100% and 125% of 
the primary supercavity length, the incoming water stream 
strikes the secondary cavitator, producing a strong reverse 
jet that suppresses the primary supercavity. This water jet 
disturbs the closure of the primary cavity and thus sup‐
presses it, as depicted in Figure 9(b).

• Zone 3: Secondary Cavitator Positioned Far from the 
Primary Supercavity

When the secondary cavitator is placed at a great dis‐
tance from the primary supercavity, i.e., between 125% and 
225% of its length, a secondary supercavity forms. However, 
Figure 9(c) shows that in this configuration, the primary 
and secondary supercavities remain separate without any 
interaction between them.

• Zone 4: Secondary Cavitator at the Closure of the Pri‐
mary Supercavity

When the secondary cavitator is located near the closure 
of the primary supercavity, i.e., between 70% and 90% of 
the primary supercavity length, a secondary supercavity is 
generated. In this scenario, the primary and secondary super‐
cavities coalesce, forming a significantly large, unified 
supercavity as illustrated by Figure 9(d).

On the basis of these observations, the secondary cavita‐
tor should be positioned between 70% and 90% of the pri‐
mary supercavity length to achieve an amplified and enlarged 

Figure 8　Variation of amplification factor (η ) with the location of 
secondary cavitator, expressed as a percentage of primary supercavity 
length ( Xcs )

Figure 9　Volume fraction contour of vapor phase for different zones
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supercavity. This placement ensures the coalescence of the 
primary and secondary supercavities, resulting in the for‐
mation of a large, continuous cavity.

3.4  Critical size of secondary cavitator for 
enhanced supercavitation

For the optimization of the secondary cavitator’s size, its 
height d͂sp is varied from 0.01 to 0.08. The simulations are 
conducted at d͂cv of 0.45 and Fr of 5.5. During these simu‐
lations, the secondary cavitator is placed at 80% of the pri‐
mary supercavity length. The contour of the volume frac‐
tion of vapor is shown in Figure 10. The amplification fac‐
tor (η) increases with d͂sp up to a certain limit (Figures 10(a), 
10(b), 10(c) and 10(d)). When the amplification factor reaches 
its maximum value (Figure 10(e)), the corresponding d͂sp is 
termed as critical d͂sp ( d͂ *

sp ). The supercavity length increases 
because the secondary cavitator deflects the vapor away from 
the surface, causing the expansion of the vapor, which in 
turn increases the supercavity size. Further increasing the 
value of d͂sp initiates the formation of water jets in the 
upstream direction, which quickly and prominently sup‐
presses the primary supercavity as shown in Figure 10(f). 
Although the large size of the secondary cavitator allows it 
to form a large secondary supercavity, the secondary cavity 
does not merge with the primary supercavity. In such cases, 
even with the presence of a large secondary cavity, the sur‐
face of the torpedo upstream of the secondary cavitator 
remains in contact with water as shown in Figures 10(g), 
10(h) and 10(i).

3.5  Influence of primary cavitator and froude 
number on supercavity behavior

To investigate the dependence of the optimal secondary 
cavitator size ( d͂ *

sp ) on the primary cavitator size and Froude 
number (Fr), simulations are performed for various combi‐
nations of d͂cv and Fr. The amplification factor is plotted 
against d͂sp for all the cases, as shown in Figure 11. A con‐
sistent trend is observed across all cases, where the ampli‐
fication factor initially increases with d͂sp before reaching a 
peak and then decreasing.

However, the peak of the amplification factor curves 
shifts as d͂cv varies, indicating that the secondary cavitator’s 
optimal size is dependent on the primary cavitator’s size. 
d͂ *

sp is plotted against d͂cv as shown in Figure 12 to further 
explore this relationship. A clear trend is observed: as the 
size of the primary cavitator ( d͂cv ) increased, the value of 
d͂ *

sp also increased.

3.6  Dependence of amplification factor (η) on 
froude number (Fr)

A series of numerical simulations is conducted to gain a 

deep understanding of the influence of the Froude number 
on the amplification factor. In these simulations, the primary 
cavitator’s diameter is fixed at d͂cv = 0.5. The secondary 
cavitator’s diameter is set to the critical height, d͂ *

sp = 0.05, 
as determined for this configuration. The simulations span 
a Froude number range of 4.75 – 6.0 and are carried out 
with and without the presence of the secondary cavitator. 
The resulting supercavity lengths in both configurations 
are compared, and the amplification factor is computed 
accordingly. Figure 13 presents the variation of the ampli‐
fication factor as a function of the Froude number. The 

Figure 10　Contour of the volume fraction of water vapor over the 
torpedo with the primary cavitator’s d͂cv = 0.45 at Fr = 5.5 and 
secondary cavitator’s diameter d͂sp of (a) no secondary cavitator, 
(b) 0.01, (c) 0.02, (d) 0.03, (e) 0.04, (f) 0.05, (g) 0.06, (h) 0.07 and 
(i) 0.08

Figure 11　Variation of amplification factor (η) with d͂sp
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plot indicates a linear increase in the amplification factor 
with the rising Froude number, suggesting a proportional 
relationship between these two parameters.

4  Conclusions

This study introduces a novel approach of installing a 
secondary cavitator on the torpedo’s surface to enhance 
the performance of supercavitating torpedoes. Simulations 
are conducted across various geometries, exploring differ‐
ent primary cavitator diameters, secondary cavitator loca‐
tions and sizes, and Froude numbers. The secondary cavi‐
tator interacts with the primary supercavity, significantly 
influencing the latter’s geometric characteristics. Position‐
ing the secondary cavitator at 70%–90% of the primary 
supercavity length can prominently amplify the supercavity 
size, achieving an increase of 30%–35% in cavity length.

The size of the secondary cavitator plays a critical role 
in supercavity formation. When the secondary cavitator 
size is below the critical threshold, the secondary supercav‐
ity merges with the primary one, creating a large, coalesced 
supercavity. Increasing the height of the secondary cavita‐

tor further enlarges this coalesced cavity. However, when 
its size exceeds the critical value, the secondary cavitator 
suppresses the primary supercavity. An unmerged, sepa‐
rate secondary cavity consequently forms. This study also 
extensively investigates the dependence of the secondary 
cavitator’s critical size on the primary cavitator’s diameter 
and Froude number, providing valuable insights into the 
factors influencing supercavity stability and drag reduction.

The findings contribute to the development of efficient 
supercavitating torpedoes. The integration of secondary 
cavitators provides new design possibilities for supercavi‐
tating vehicles and offers a practical framework for opti‐
mizing cavitator configurations. This research demonstrates 
the potential to convert existing heavyweight torpedoes 
into supercavitating torpedoes. Future work may focus on 
optimizing the cavitator shape, exploring the underlying 
physics and fundamental phenomena involved, and quanti‐
fying the effects of flow unsteadiness on the performance 
of the secondary cavitator. The impact of the secondary 
cavitator on the propulsion system of the torpedo and its 
stability and control should be explored. A 3D computa‐
tional study may reveal interesting phenomena. The influ‐
ence of the torpedo’s angle of attack on the behavior and 
effectiveness of the secondary cavitator should also be 
investigated in subsequent studies.
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