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a b s t r a c t

In this paper, a simple practical method to estimate the drag of Super-Cavitating Underwater Vehicles
(SCUV) is proposed that can obtain the drag with only principal dimensions in an initial design stage.
SCUV is divided into cavitator, forebody, afterbody, base, and control fin and the drag of each part is
estimated. The formulas for the drag coefficient are proposed for the disk and cone type cavitators and
wedges used as control fins. The formulas are a function of cavitation number, cone or wedge angle, and
Reynolds number. This method can confirm the drag characteristics of SCUV that the drag hump appears
according to the coverage of the body by the cavity and the cavitator drag remains only when the entire
body is covered by cavity. Applying this method to SCUV of various shapes, it is confirmed that the effects
of cavitating and non-cavitating conditions, cavitator and body shape, and speed could be found.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There are many studies for technologies to speed up an under-
water vehicle and among them a super-cavitation is considered as
the most realistic way for high-speed in underwater. When the
pressure is sufficiently low with high speed in water, i.e. cavitation
number is small, the cavity generation cannot be avoided. If this
inevitable cavitation is intentionally generated and the entire body
is covered with super-cavity, not only the friction drag of body is
almost disappeared by contacting body surface with vapor but also
the pressure drag of body becomes very small by acting on the
entire body with vapor pressure. Thus, this is a realistic way for
speed up in terms of using inevitable cavitation, and it is called a
Super-Cavitating Underwater Vehicle (SCUV). In this SCUV, the
cavitator that generates the cavity is the most important. The
cavitator must generate a cavity sufficient to cover the entire body
of SCUV, and the drag must be small. The disk and cone types of the
cavitator are mainly used, and many experimental and numerical
studies have been conducted on the drag and the cavity shape for
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the super-cavitating flow (Rouse and Mcnown, 1948; Knapp et al.,
1970; Kirschner, 2001; Savchenko, 2001; Ahn et al., 2012;
Alyanak et al., 2004; Lee et al., 2013). These studies showed that the
drag of the three-dimensional disk and cone type cavitators was
linearly proportional to the cavitation number, and accordingly,
studies were conducted to estimate the drag with a simple formula
(Semenenko, 2001; Franc and Michel, 2004). So, various formulas
of cavitators have been proposed. In the case of a cone, it is rela-
tively difficult to develop a formula because the cone angle variable
and friction drag are added, but the formula for some angles has
been proposed (Epshtein, 1971), and the other formula has been
developed in a more systematic way (Kim et al., 2015). Therefore, it
can be regarded that the study on the drag estimation of the cav-
itator has achieved considerable results.

On the other hand, super-cavitating underwater vehicles have
bodies behind a cavitator and the body is relatively large compared
with the cavitator. the body drag is almost disappeared when the
cavity is sufficiently large. However, when the cavity is small at low
speed, the body drag cannot be ignored because the cavity covers
only a part of the body. In order to develop an operating strategy of
the SCUV and design the SCUV with excellent performance, the
information on the drag change during the acceleration process is
required. Also, this drag change of the SCUV provides the important
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Nomenclature

aC Angle parameter of cone angle of cavitator (bC= 360)
aB Angle parameter of forebody angle (bB= 360)
af Angle parameter of wedge angle of control fin (bf =

360)
bf Width of wedge (m)
bC Cone angle of cavitator (degree)
bB Forebody angle (degree)
bf Wedge angle of control fin (degree)
CDc Drag coefficient of cavitator in cavitating condition
Cnc
Dc Drag coefficient of cavitator in non-cavitating

condition
CDf Drag coefficient of fin in cavitating condition
Cnc
Df Drag coefficient of fin in non-cavitating condition

CDF Friction drag coefficient
CF0 Initial frictional drag coefficient of cone slant
C*
F0 Slant friction loss coefficient of cone for base drag

CF0f Initial frictional drag coefficient of wedge slant

C*
F0f Slant friction loss coefficient of wedge for base drag

CDP Pressure drag coefficient
CPb Base pressure coefficient
Ccs
FB Drag coefficient of rest forebody

Ccs
AB Drag coefficient of rest afterbody

CDvc Drag coefficient of virtual cone for forebody
dC Diameter of cavitator (m)
dB Diameter of afterbody (m)
dFB Diameter of forebody at location where cavity closes

(m)
dk Diameter of connector neck (m)
DC Cavity diameter (m)
h Water depth (m)
FT Total drag (N)
FC Cavitator drag (N)

FFB Forebody drag (N)
FAB Afterbody drag (N)
FBB Body base drag (N)
Ffin Control fin drag (N)
lc Length of cone type cavitator (m)
lcsl Slant length of cone (m)
lf Distance from cavitator to control fin (m)
lfsl Slant length of wedge for control fin (m)
lFB Length of forebody (m)
lAB Length of afterbody (m)
lnose Distance from start point of forebody to nose of

virtual cone (m)
lS Length of virtual cone (m)
lT Overall length (m)
LC Cavity length (m)
LCB Cavity length to parallel-sided wall that is a distance

to where the cavity by cavitator and the afterbody
meet (m)

LCS Cavity length to slant that is a distance to where the
cavity by cavitator and the forebody slant meet (m)

LSep Separation length (m)
m Parametric variable of a as a=ð1 � aÞ
r water density (kg=m3)
Recsl Reynolds number based on slant length of cone
Refsl Reynolds number based on slant length of wedge
Rx Cavity radius at x position (m)
Sf Span length of control fin (m)
Sfc Span length of control fin excluding the part covered

by the cavity (m)
Sw Wetted surface area (m2)
SD Frontal area (m2)
s Cavitation number
U0 Inflow velocity or vehicles speed (m/s)
n Kinematic viscosity (m2=s)
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information for a thrust generation scenario. In this regard, the
thrust of SCUV in model scale has been measured through an
experimental study (Yoon et al., 2018). In addition, it has been
shown that the drag information of the SCUV is useful in estimating
the required thrust through numerical analysis (Choi et al., 2017;
Choi, 2018). Therefore, the drag information for the SCUV will be
useful in the design of SCUV with a good performance.

A super-cavitating underwater vehicle consists of cavitator,
forebody, afterbody, and control fin. All parts of SCUV are relatively
simple shapes, and so, only themain dimensions can determine the
shape showing key features. For most moving vehicles, main di-
mensions, such as length, width, and so on, fundamentally deter-
mine hydrodynamic performance. Therefore, it is very important in
the initial design stage to determine the main dimensions of the
SCUV, and it is essential to provide drag information for SCUV.
However, many formulas for easily estimating the drag of cavitator
having a simple shape have been proposed as mentioned above,
meanwhile, a method for easily estimating a drag of SCUV is still
lacking. Although this requires experiment or numerical analysis, it
is inefficient in terms of time and cost to be used in the initial
design stage. Assuming that the interaction between the parts of
SCUV is small, because it is composed of simple shapes, it will be
possible to estimate the total drag of SCUV by obtaining the drag of
each part separately and then summing them all together.
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Therefore, if it is possible to estimate the drag of a simple shape, the
cavity shape by a cavitator, and the interaction between the cavity
and the body from specific formulas using the main dimensions,
the drag of SCUV can be practically estimated. And this will provide
useful information about the drag in the early design stage.

In this study, a practical method to estimate the drag of SCUV
using the main dimensions is proposed. Also, formulas for esti-
mating the drag of the cavitator and the other body parts are
introduced. In order to estimate the drag change with speed of
SCUV, the process by which the cavity covers the body is
considered.

2. General concept

Since the cavitating flow is dominated by pressure, the drag of
the cavitator and the cavity shape can be estimated relatively easily
from theoretical analysis based on potential flow or numerical
analysis for turbulent viscous flow. Also, since the behavior of the
cavitator drag and cavity shape by cavitation number are relatively
simple, various estimation formulas have been proposed. When the
super-cavity generates by the cavitator covers the entire body of
SCUV, the friction drag disappears and only the vapor pressure acts
on the body surface, so the cavitator drag remains. However, when
the cavity covers a part of the body, the body drag must be
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considered. The shape of the cavity generated by the cavitator
changes according to the operating conditions of SCUV such as the
speed and water depth, and the drag also changes according to the
coverage of the body by the cavity. Therefore, the drag of SCUV can
be estimated that the drag of cavitator and body assuming simple
shapes are obtained separately with considering the interaction
between the cavity and the body.

Fig. 1 shows the schematic geometry of super-cavitating un-
derwater vehicles. The cavitator is mounted at the head of the body.
The shape of the disk type cavitator is defined by the diameter and
the shape of the cone type cavitator is defined by the diameter and
the cone angle. The forebody can be regarded as a part of cone and
is defined by the diameter, the slant angle, and the length. The
afterbody has a parallel-sided body as the cylinder. The control fin
is to control movement andmaneuver, and thewedge shape is used
for it and so, the shape of it is defined by the wedge angle, width,
and span.

The SCUV is a relatively simple shape so that can be defined as
the main dimensions. Except for the 3D cavity flowwith a complex
structure that occurs at the junction between the control fin and
the body, most of them can be assumed as a simple 2D or
axisymmetric cavity flow and it is also assumed that the interaction
between each part is small. Under this assumption, as shown in Eq.
(1), the total drag (FT ) can be calculated by dividing the cavitator
(FC), the forebody (FFB), the afterbody (FAB), the base of body (FBBÞ
and the control fin (Ffin).

FTðNÞ¼ FC þ FFB þ FAB þ FBB þ Ffin (1)

The disk type cavitator has only pressure drag, and the cone type
cavitator has friction and pressure drag, but it has a relatively
simple shape. The forebody has a slant shape because it connects
the cavitator and the afterbody, and it can be regarded as a part of a
cone. The afterbody is usually cylinder shape and so, only friction
drag acts on it. The base of the afterbody is the part where thrust
should be generated, but if there is no propulsor, only the base
pressure drag acts on the base. In this way, the drag component
acting on each part can be simplified. Also, the drag acting on each
part in the cavitating flow and the non-cavitating flow is proposed
as a function of the cavitation number, Reynolds number, and shape
characteristic dimension. Eq. (2) is the definition of the cavitation
number.

s¼ P0 � Pv

1
.
2rU2

0

¼ �CP (2)

here, P0 is reference pressure, Pv vapor pressure, rwater density, U0
inflow velocity or cruising speed, and CP pressure coefficient.
Fig. 1. Geometry of super-cavitating under water
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On the other hand, in this study, to derive formulas for a drag
coefficient, the results of existing experiments and numerical an-
alyses are used. In cases that the reference data are insufficient, a
numerical analysis is performed and reflected. For the incom-
pressible steady state turbulent mixture flow, the governing
equations are continuity and momentum equation (RANS equa-
tion). Through a process of discretization based on the finite vol-
ume method, the algebraic equations are solved. A commercial
code, Fluent (V15), is used for the computations. The convection
and diffusion terms of momentum equation are discretized by
QUICK and 2nd order central-difference scheme, respectively.
Turbulence model is the realizable k-ε model with standard wall
function. The SIMPLEC algorithm is used for the velocity-pressure
coupling and the cavitation model is Schnerr & Sauer model
known as to give a robust solution. Since the numerical methods
used in previous studies are applied, the validation of that is
replaced by references (Kim et al., 2015; Lee et al., 2013).

3. Drag estimation method

3.1. Cavitator

The disk and cone types of axisymmetric shape are generally
used for the cavitator. The cone can be defined by the maximum
diameter and cone angle, and when the cone angle is 180�, it be-
comes a disk. So, the drag of cavitator is defined as Eq. (3) by using
the dimensionless drag coefficient with the frontal area for the disk
and cone.

FC ¼
1
2
rU2

0
pd2c
4

CDc (3)

The drag coefficient of such an axisymmetric cavitator can be
obtained from an asymptotic approximation solution based on
potential flow theory or a semi-empirical formula corrected using
experimental and numerical results. When the cavitation number
is small, the drag coefficient formula from the asymptotic approx-
imation is expressed as Eq. (4) (Semenenko, 2001; Franc and
Michel, 2004).

CDczCDcð0Þ½1þ s� (4)

here, CDcð0Þ is the drag coefficient in an infinite cavity state, i.e. the
cavitation number is zero (s ¼ 0), Values between 0.8 and 0.827
have been suggested from experiments and numerical analysis for
disk type cavitator (Reichardt, 1946; Self and Ripken, 1955;
Garabedian, 1956; Kim et al., 2015). Since CDcð0Þ is given as a con-
stant in the disk, it means that the drag coefficient changes linearly
according to the cavitation number as shown in Fig. 5, and these
vehicle and symbols of principal dimensions.



Fig. 2. Definition of a cone type cavitator geometry.
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were confirmed from the experiments and numerical analysis
(Knapp et al., 1970; Semenenko, 2001; Choi et al., 2015). Therefore,
the drag of the disk can be obtained from Eqs. (3) and (4) given
diameter and operating conditions.

On the other hand, in the case of a cone type cavitator, since the
shape changes according to the cone angle, Eq. (4) cannot be
applied directly because CDcð0Þ changes according to the cone
angle. A formula of CDcð0Þ for large cone angles has been suggested
(Epshtein, 1971), and from the behavior of CDcð0Þ by the cone an-
gles, CDcð0Þ has been suggested by dividing the range into small
angles and large angles (Guzevsky, 1983). In order to obtain the
drag of cone more systematically, the cone is divided into front and
base, and it is considered that the front surface acts as the drag of
pressure and friction components, and the base contributes only
the pressure drag caused by vapor pressure (Kim et al., 2015). So,
the cone drag coefficient is given by Eq. (5).

CDc ¼ CDP þ CDF ¼ Cface
DP þ Cbase

DP þ Cface
DF

¼ fC1ðaÞ þ C2ðaÞs gfaceDP þ fsgfaceDP þ Cface
DF

(5)

here, Cface
DP and Cface

DF are the pressure and the frictional drag co-

efficients acting on the face, respectively, and Cbase
DP is the base drag

coefficient. The vapor pressure acts on the base constantly over the
base in cavitating flows. So, the base drag coefficient can be ob-
tained by integrating the pressure coefficient, i.e. negative cavita-
tion number given by Eq. (2), over the base. The base drag
coefficient is as follows.

FbaseDP ¼ �
ð
ðP� P0ÞdA /

FDP
1
2 rU

2A
¼ � 1

A

ð
P � P0
1
2 rU

2
dA

Cbase
DP ¼ � 1

A

ð
Cp dA ¼ �Cp

1
A

ð
dA ¼ �Cp ¼ s

So, Cbase
DP is equal to the cavitation number s because the vapor

pressure acts on the base constantly over the area in cavitating
flows. The pressure drag is a function of a cone angle and a cavi-
tation number, and the friction drag is a function of a cone angle
and Reynolds number. This is a useful way because the drag coef-
ficient of the base can be easily obtained, and as will be described
later, it can be applied even in a non-cavitating condition.

The behavior of pressure drag according to the cone angle can be
investigated from the results of potential theory or numerical
analysis, but in the case of an axisymmetric body, there is no known
theoretical solution of the relationship between drag, cone angle,
and cavitation number. So, the drag behavior of cone can be
inferred from some results of experiments and numerical analysis
as well as known theoretical solutions. The solution to the
boundary layer equations corresponding to flow over a wedge
could be obtained from the Falkner-Skan equation and from this,
the outer-flow velocity of wedge using parametric variable (m) for
the wedge angle is given by Cxm so that the velocity on the wedge
surface becomes Cxm with assuming the potential flow (Schlichting,
1979). It can be inferred that this reflects the characteristic of a
wedgewhose cross-sectional area is linearly changed by x. Based on
this inference, the velocity on the surface of cone can be assumed to
relate the cross-sectional area changed to the square of x for the 3-
dimensional axisymmetric cone as shown in Eq. (6).

UðxÞ¼Cx2m; m ¼ aC
1þ aC

; aC ¼ bC

�
360 (6)

where, x is the local coordinate along the slant as shown in Fig. 2,
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and C is a constant. In cavitating conditions, the pressure coefficient
of the base becomes a negative cavitation number.

Since the pressure coefficient at the end of the slant must be the
same as the edge of the base, using the definition of the pressure
coefficient from the Bernoulli equation, the constant C in Eq. (6) is
given by Eq. (7).

Cp¼ P � P0

1
.
2rU2

0

¼1�
�
Uðx Þ
U0

�2

Cp¼ 1�
�
Uðlvsl Þ
U0

�2

¼ �s/C¼ U0

l2mcsl

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s

p

UðxÞ¼U0
x2m

l2mcsl

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s

p
(7)

where, lcsl is the slant length. Substituting Eq. (7) into the definition
of the pressure coefficient, and integrating the pressure coefficient
with respect to the cone surface and only considering the x-di-
rection component, the pressure drag coefficient normalized by a
frontal area is obtained as Eq. (8).

CDP ¼Cface
DP þCbase

DP ¼ 1
pr2C

ðlcsl
0

Cp sinðb =2Þ $2prdxþ s

CDP ¼
2m� s

2mþ 1
þ s ¼ 2aC

1þ aC
� 1� aC
1þ aC

sþ s (8)

The first and second terms of right hand side of Eq. (8) indicates
that the pressure drag coefficient of the cone face is inversely
proportional to the cavitation number linearly and its intercept and
slope vary with the cone angle. The tendency to decrease linearly
with the cavitation number presents similarly in the experimental
(Reichardt, 1946; Self and Ripken, 1955) and numerical results (Kim
et al., 2015) as shown in Fig. 5. The intercept is the drag coefficient
in an infinite cavity state (s ¼ 0). Since Eq. (8) is a potential-based
result without the viscosity, the change behavior according to the
cone angle should be taken as a reference only, and thus, the
constants and exponents should be newly determined. For this, the
numerical analysis results (Kim et al., 2015) that can be decom-
posed into pressure and friction are used, and the intercept and
slope are obtained as Eq. (9) for the pressure drag coefficient.

CDP ¼ fC1ðaCÞ þ C2ðaCÞs gfaseDP þ fsgbaseDP

¼ 1:2ap=2C

0:155þ a
p=2
C

� 4ap=4C
e5:5aC

sþ s
(9)



Fig. 3. Slope and intercept of drag coefficients of the cone.

Fig. 4. Frictional drag coefficients of the present formula and the numerical results
(Kim et al., 2015).
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Fig. 3 shows the intercept and slope of Eq. (9) with that of the
numerical and experimental results according to the cone angles.
The C1 and C2 at bC ¼ 0 are assumed to be 0 for curve fitting but the
cone angle of 0� cannot actually exist. In this case, the third term of
righthand side remains in Eq. (9), but there is no problem to
calculate the drag because the frontal area is 0 so that the drag is
0 in Eq. (3). Eq. (9) agreeswell with the numerical and experimental
results, and can be used to determine the pressure drag coefficient
for the cone as well as the disk because the data of 180� is also used
to fit the curve.

The frictional drag coefficient is generally given as a function of
Reynolds number, the definition of Reynolds number of the cone
based on the slant length (lcsl) is given by Eq. (10).

Recsl ¼
U0lcsl
n

(10)

The friction component is neglected in the base, so, just
considered in the face. Considering the x direction component of
the friction stress acting on the surface, and the friction stress is
assumed to a function of the local Reynolds number (Rex). The
friction drag coefficient can be obtained from integrating the fric-
tion stress with respect to the surface as Eq. (11). Where, A, k are
constants, and UðxÞ is given by Eq. (7).

Cf ¼ ARekx ; Rex ¼
UðxÞ x

n

CDF ¼ 1

pr2C

ðlcsl
0

Cf cosðb=2Þ$2prdx

CDF ¼ ARekcsl
tan b=2

2ðkþ 1Þ þ ðk� 1Þa
1� a

ð1þ sÞk=2

CDF ¼ CF0
tan b=2

C1 þ C2a
1� a

ð1þ sÞC3

(11)

Eq. (11) is interpreted that the friction drag coefficient is a
function of Reynolds number based on the slant length, the cone
angle, and the cavitation number. Here, the tangent function in-
dicates that the cross-sectional area of the cone changes in the
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longitudinal direction. Eq. (11) should be taken as a reference only
to obtain a realistic formula, and thus, the constants and exponents
should be newly determined. For this, the numerical analysis re-
sults (Kim et al., 2015) are used. And it is convenient to convert the
function of Reynolds number (CF0 ¼ ARekcsl), called initial friction
coefficient, into the form of a friction drag formula which is
commonly used in a flat plate. The initial friction coefficient (CF0) is
given by Eq. (12).

CF0 ¼
0:073

ðlog Recsl � 2Þ2
(12)

The constants and exponents are obtained as Eq. (13) by curve
fitting the numerical results. Fig. 4 shows Eq. (13) and the numer-
ical results, and the both results agree well. Finally, for the cavi-
tating condition, the drag coefficient of the cavitator can be
obtained as Eq. (14).

CDF ¼
CF0

tan bC=2
ð1� aCÞ3
ð0:96� aCÞ

ð1þ sÞ0:4 (13)

CDc ¼ CDP þ CDF

¼ 1:2ap=2C

0:155þ a
p=2
C

� 4ap=4C
e5:5aC

sþ sþ CF0
tan bC=2

ð1� aCÞ3
ð0:96� aCÞ

ð1þ sÞ0:4

(14)

Fig. 5 shows the formula in Eq. (14), numerical results, and the
experiments according to the cavitation number for various cone
angle.

The formula agrees well with the numerical results, as expected,
and is similar to the tendency of the experiments. Since the dif-
ference between the formula and the experiments is small, Eq. (14)
is valid to estimate the drag of the cavitator. Noted that the
experimental results were quoted from Knapp et al. (1970) because
the original source could not be found.

On the other hand, in the case of a large cavitation number with
low velocity, the system becomes a non-cavitating condition. Since



Fig. 5. Cavitator drag coefficients in cavitating condition by the cone angles.

Fig. 6. Cavitator drag coefficients in non-cavitating condition by the cone angles.
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the cavitating condition leads to a phase change, the pressure
acting on the base is the same as the vapor pressure under any
circumstances. However, in a non-cavitating condition, the base
pressure is changed by an ambient condition so that the drag co-
efficient is not a function of a cavitation number or a base pressure
coefficient any more. Also, the boundary layer in the face of cav-
itator, arriving at the edge of the base, leads to the dead space
behind the base where the separation occurs and the pressure
drops. Since the boundary layer thickness and the pressure drop on
the face can be seen as a kind of loss, it means that the pressure on
the base is determined by the drag of the face. Hoerner (1965)
found that, for a projectile with a truncated tail, the pressure
drop at the base occurs due to the loss in the face, so the pressure
coefficient on the base is assumed to be a function of the friction
loss of the face and the area ratio of the face to the base. Hence, the
base pressure of the cavitator in a non-cavitating condition can be
assumed as Eq. (15).

CPb ¼
Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C*
F0Sw

�
SD

n
q (15)

where, A is constant. C*
F0 represents the relative loss due to the

friction of the face as a friction loss coefficient, not a drag. Sw is a
wetted surface area of the face and Sb is a frontal area of the base. As
the cone angle increases, the relative loss due to the strong stag-
nation flow increases as well as the scale effect is almost neglected.
Considering this, Reynolds number is newly defined as Eq. (16)
using the parametric variable (m) for the cone angle and then the
friction loss coefficient C*

F0 is obtained using Eq. (12).

C*
F0 ¼

0:073�
log Re*csl � 2

�2;Re*csl ¼ðU0lcslÞ1�m

n
(16)

The relationship between the base pressure coefficient and the
friction loss coefficient of the face is given by Eq. (17) from which
the surface areas of the face and the base are used and the constant
and exponent are approximated to the present numerical results
for the cone.
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CPb ¼
0:065

ð1:25þ aÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
rc

lcslC
*
F0

s
(17)

Since the base pressure is constant, CPb becomes the pressure
drag coefficient of the base. In non-cavitating conditions, the drag
coefficient is no longer a function of the cavitation number, and
since the base pressure coefficient is derived from the friction loss
coefficient of the face, it is not reasonable to express the pressure
drag coefficient of the face as a function of the base pressure co-
efficient in the same manner as cavitating conditions. Therefore,
the s terms of Eq. (14) are ignored in the pressure and friction drag
coefficients of the face, and then the constants and exponents can
be approximated to the experiments (Hoerner, 1965) and the pre-
sent numerical results. From this, the cavitator drag coefficient
(Cnc

Dc) in non-cavitating conditions can be obtained as Eq. (18).

Cnc
Dc ¼

1:2a2C
0:13þ a2C

þ CF0
tan bC=2

ð1� aCÞ3
ð0:96� aCÞ

þ CPb (18)

Fig. 6 shows the drag coefficients of the cone in non-cavitating
conditions. The formula of Eq. (18) agrees well with the experi-
ments and the present numerical results. This formula is also
available for the cone angle 180�, i.e. the disk. Since Reynolds
number is defined as Eq. (16), the effect of friction gradually de-
creases as the cone angle increases, and the change of the drag
coefficient by the speed is small as the cone angle increases.

At this time, it is necessary to determine the cavitating and non-
cavitating conditions. As the cavitation number increases, the drag
coefficient in cavitating conditions in Eq. (14) continues to increase,
but when the cavity disappears in non-cavitating conditions, the
drag coefficient must follow Eq. (18). So, the drag coefficient in
cavitating conditions cannot be greater than that in non-cavitating
conditions. Therefore, by comparing the drag coefficients in both
conditions in an arbitrary cavitation number, cavitating and non-
cavitating conditions can be determined as Eq. (19). From the
determination of the flow conditions, Eqs. (14) and (18) should be
distinguished.
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CDc � Cnc
Dc; cavitating flow

CDc >Cnc
Dc;non� cavitating flow

(19)
3.2. Forebody

The forebody is a kind of a truncated cone as shown in Fig. 1. The
drag coefficient of cone is estimated from Eq. (14). However, in the
case of the forebody, it is necessary to consider a cut-out part and a
coverage of the forebody by the cavity. The pressure coefficient of
the forebody part covered by the cavity becomes a negative cavi-
tation number, which appears as a decrease in drag because the
slant faces the upstream as shown in Fig. 7. After the cavity is
closed, the flow follows the rest slant so that the rest forebody can
still be regarded as a truncated cone. Therefore, the forebody drag
can be obtained as the sum of the drag of the part covered by the
cavity (FcBF ) and the rest forebody as a truncated cone (FcsBF ). This is
given by Eq. (20).

FFB¼ FcFB þ FcsFB ¼ 1
2
rU2

0
pd2FB
4

Cc
FB þ

1
2
rU2

0
pd2B
4

Ccs
FB (20)

where, dFB is the diameter of the forebody at the positionwhere the
cavity closes, and dB is the diameter of the forebody end that is the
same with the afterbody diameter. The drag of forebody part
covered by the cavity is the first term of the righthand in Eq. (20),
and since the slant faces forward, the drag coefficient is the nega-
tive cavitation number. When the cavity covers the entire forebody,
the second term of righthand side in Eq. (20) is disappeared.

The cavity shape by the cavitator is related to the drag coeffi-
cient of the cavitator. The maximum diameter (DC) and the length
(LC) as the main dimensions of the cavity have been suggested by
Garabedian (1956) as Eq. (21) through the asymptotic solution.

DC ¼ dC

ffiffiffiffiffiffiffiffiffiffi
CDc
s

r
; LC ¼ dC

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CDc ln

1
s

r
(21)

where, dC is a cavitator diameter and CDc is a drag coefficient of the
cavitator. So, the dimensions of the cavity are obtained to substitute
the cavitation number corresponding to the ambient conditions
and the drag coefficient from Eq. (14). Although there is the fore-
body behind the cavitator, it has been confirmed through numerical
analysis that the maximum diameter and length of the cavity are
not significantly different, and, in particular, the difference between
the numerical results and Eq. (21) becomes smaller as the cavita-
tion number decreases (Kim et al., 2018). Also, since the asymptotic
solution is obtained from the momentum conservation equation,
the length-diameter ratio of the cavity is fundamentally deter-
mined by the drag coefficient, so Eq. (21) can be applied to the disk
as well as the cone. In order to obtain the coverage of the forebody
by the cavity, it is necessary to know the shape or profile of the
cavity. A profile formula of cavities has been proposed by
Fig. 7. Forebody and cavity shape.
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Logvinovich (1969) as Eq. (22).

RxðxÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2x
LC

�
2� 2x

LC

��
R2C � r2C

�
þ r2C

s
(22)

where, RxðxÞ is a cavity radius with change to x direction, rC is the
cavitator radius (rC ¼ dC=2), and the cavity length (LC) and the
maximum radius (RC ¼ DC=2) of the cavity are given by Eq. (21).
Assuming that the slant of forebody is changed linearly, the radius
of forebody is given by Eq. (23).

rFB ¼
dFB
2

¼ rB � ðlFB� xÞtanðbB =2Þ (23)

By combining Eqs. (22) and (23), the cavity length to slant (LCS),
which is a distance from the cavitator to the position where the
cavity and the slant meet, can be obtained as Eq. (24).

LCS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2

4A2 �
C
A

s
þ B
2A

(24)

A¼ tan 2ðbB =2Þ þ
4
L2C

�
R2C � r2C

�

B¼2 tanðbB =2ÞðlFB tanðbB =2Þ� rBÞ þ
4
LC

�
R2C � r2C

�

C¼ðlFB tanðbB=2Þ � rBÞ2 � r2C

When the cavity is closed in the forebody, the actual cavity
length becomes shorter than the cavity length to slant (LCS) due to
the pressure recover as shown in Fig. 8. And then the cone flow
remains in the rest forebody. Accordingly, the drag acts on the rest
forebody, and the greater the forebody drag, the shorter the cavity
length to slant.

This shortened cavity length reduces the area where the vapor
pressure acts, and the cavity length to slant is determined by the
drag of the rest forebody. So, the cavitator drag, the forebody drag of
the remaining part, and the pressure to maintain the cavity shape
should be balanced with each other. This problem is very complex
to solve because a momentum integral or iterative calculation are
required. So, here, a simple way is introduced to estimate the cavity
length reduction. Assuming that the forebody is a part of the cone,
the drag coefficient increases as the cone angle increases, as
mentioned above. In addition, when the cavity length increases and
the cavity covers a large portion of the slant, the drag of the
remaining portion will decrease. This indicates that the rate of the
cavity length reduction is decreased as the cavity length increases
Fig. 8. Virtual cone shape and definition of forebody dimensions covered by cavity of
cavitator.



Fig. 10. Separation flow by disk and cone type cavitator with same diameter.
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i.e. the cavitation number decreases. From this inference, the
reduced cavity length to the forebody is introduced as Eq. (25)

L*CS ¼1:3LCSm
1
7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aB

tan bB=2

r �
LCS
lFB

�p
ffiffiffiffiffiffi
2aB

p
(25)

where, LCS is the cavity length to slant as Eq. (24), aB is the
parameter of the forebody angle as bB=360, m is the parametric
variable of the cone angle of the cavitator as Eq. (6). The diameter of
forebody at the position where the cavity closes is obtained by
substituting L*CS instead of x into Eq. (23). The cross-sectional area at
that position is the frontal area of the part covered by the cavity, but
in the cone shape, the nose length (lnose) is actually absent as shown
in Fig. 8. So, the actual frontal area of the forebody part covered by
the cavity should exclude the area of the nose, and as shown in
Fig. 1, using the diameter of the connector (dk ¼ 2rk), the frontal
area of that part can be easily obtained. The drag of the forebody
part covered by the cavity is given by Eq. (26).

FcFB¼ � 1
2
rU2

0p
�
r2FB� r2k

�
s (26)

The drag of the rest forebody is estimated using the drag coef-
ficient of cone. The rest forebody can be regarded as a truncated
cone. Assuming that a distribution of pressure and shear stress
acting on a truncated cone is similar to that of a cone, and
considering the absence of base drag and the area of acting stresses,
the drag coefficient of the rest forebody is obtained as Eq. (27).
Where, lS is the length of virtual cone, CDvc is the drag coefficient of
virtual cone in cavitating condition and obtained by Eq. (14).

Ccs
FB ¼

l2S �
	
L*CS þ lnose


2
l2S

ðCDvc � sÞ (27)

On the other hand, in the case of non-cavitating conditions in
low velocities, i.e. the cavitation number is large, a separation flow
occurs by the cavitator as shown in Fig. 9, and the forebody part is
covered by separation.

The pressure at this time is constant as the base pressure of the
cavitator, and it can be obtained from Eq. (17). As shown in Fig. 10,
the separation length by the disk becomes longer due to a relatively
thick boundary layer by strong stagnation flow, and the separation
thickness is also thick. In the case of the cone, the slant length in-
creases as the cone angle decreases at the same diameter, so the
Reynolds number increases. Eventually, as the relative boundary
layer thickness decreases, the separation length and thickness
decrease. In the case of a super-cavitating underwater vehicle, since
a cavity is generated in high speed, a non-cavitating condition, i.e.
low speed, is necessary to consider the effect of separation. Also, it
has been confirmed through numerical analysis that the difference
in the separation shape according to the Reynolds number is small
(Lee et al., 2012), and the change of Reynolds number is small in the
Fig. 9. Flow separation by cavitator in non-cavitating condition.

824
low speed range.
So, it can be seen that the separation shape by the cavitator is

almost constant. Therefore, the separation length can be assumed
to a function of the cone angle, and is given by Eq. (28). The con-
stant and exponent are determined using the present numerical
results.

LSep ¼4:5dCa
0:1p
C (28)

Fig. 11 shows the separation length of the present numerical
results with Eq. (28). Eq. (28) is a good agreement with the nu-
merical results. The length of forebody part covered by separation
(L*Sep) is obtained by substituting LSep into Eq. (25) to consider the

interaction between the separation and the forebody. The forebody
radius at the location where the separation ends on the slant is
obtained by substituting L*Sep instead of x into Eq. (23), and the drag

of the forebody part covered by separation is obtained by
substituting CPb instead of s into Eq. (26). Also, the drag coefficient
of the rest forebody part is given by Eq. (29). Where, Cnc

Dvc is the drag
coefficient of a virtual cone in non-cavitating conditions, and ob-
tained from Eq. (18).

Ccs
FB ¼

l2S �
�
L*Sep þ lnose

�2
l2S

	
Cnc
Dvc �CPb



(29)

The cavity by the forebody appears in the end of the forebody
with decreasing the cavitation number as shown in Fig. 7. Since the
forebody is assumed to a truncated cone, the drag coefficient of
Fig. 11. Separation shape length by cavitator.
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cone is applied differently depending on cavitating and non-
cavitating conditions from Eq. (19). When the cavity covers the
entire forebody, the drag is calculated from Eq. (26). The forebody
drag will be verified together with the numerical results in the next
chapter.
Fig. 13. Cavity shape and control fin.
3.3. Afterbody

The afterbody has a parallel-sided body and a base as shown in
Fig. 1. So, the afterbody drag is divided into the friction drag of
parallel-sided body and the pressure drag of the base, and given by
Eq. (30).

FAB ¼ FplAB þ FbaAB ¼ 1
2
rU2

0SwetCcs
AB þ

1
2
rU2

0
pd2B
4

CAB
Pb (30)

where, FplAB is the friction drag of the parallel-sided body and FbaAB is
the base drag of the afterbody base. The drag coefficient of the
parallel-sided body is obtained from Eq. (12) and note that the
wetted area (Swet) is used. The Reynolds number of the afterbody
should be normalized by the length except for a part covered by the
cavity. When the cavity covers the afterbody, the vapor pressure
acts on that part, but it has no contribution to the drag because the
pressure acts perpendicular to the surface and the surface of the
afterbody is parallel. So, only the friction drag of the rest afterbody,
which is not covered by the cavity, needs to be considered.

For this, as shown in Fig. 12, the length of the rest afterbody
except for a part covered by the cavity must be obtained by finding
the cavity length to the afterbody from a location which the cavity
and the afterbody meet. The parallel side is regarded as a straight
line with zero slope. This line and Eq. (22) are solved so that the
cavity length to the afterbody (LCB) is given by Eq. (31).

LCB ¼
LC
2

0
B@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

	
r2B � r2C


�
R2C � r2C

�
vuut þ1

1
CA (31)

As shown in Fig. 12, the length is slightly decreased due to the
pressure recovery at the position where the cavity closes on the
afterbody, so the reduced cavity length to the afterbody is esti-
mated as Eq. (32).

L*CB ¼0:95LCB (32)

The length of the rest afterbody is obtained to subtract L*CB from
the overall length of SCUV (lT ), and the Reynolds number is defined
as U0ðlT �L*CBÞ=n and then the drag coefficient of the afterbody (Ccs

AB)
can be obtained from Eq. (12). The base drag coefficient becomes
the cavitation number in cavitating conditions, and in non-
cavitating conditions, can be obtained from the base pressure co-
efficient that is the same manner in the case of the cavitator. The
base pressure may be determined by the friction loss of the
parallel-sided body so that the base pressure coefficient is intro-
duced to Eq. (33) based on Eq. (15).
Fig. 12. Afterbody and cavity shape.
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CAB
Pb ¼0:025

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rB

2
	
lT � L*CB



CAB
F0

s
(33)

Since the pressure is constant in the base, the base drag coeffi-
cient in non-cavitating conditions becomes the base pressure co-
efficient as Eq. (33). Cavitating and non-cavitating conditions can
be determined from comparing the drag coefficients in cavitating
and non-cavitating conditions as Eq. (19).

Meanwhile, the cavity by the forebody is already formed before
the cavity by the cavitator covers the entire forebody so that the
cavity by the forebody covers a part of the afterbody as shown in
Fig. 7. The generation of the cavity by the forebody can be deter-
mined by applying the forebody drag to Eq. (19). In Eq. (31), the
radius of cavitator uses that of the forebody and the radius and
length of the cavity uses those of the forebody so that the length of
afterbody part covered by the cavity can be obtained. From this, the
effect on the afterbody by the forebody cavity can be considered.
The afterbody drag will be verified together with the numerical
results in the next chapter.

3.4. Control fin

The cross-section shape of the control fin is awedge as shown in
Fig. 1. The three-dimensional effect on the control fin is small
because the aspect ratio of the control fin is usually relatively large.
So, the control fin drag can be estimated as Eq. (34) through the
drag coefficient for the two-dimensional wedge.

Ffin ¼
1
2
rU2

0Sfcbf CDf N (34)

where, N is a number of the control fin, Sfc is a wetted span length,
bf is a width of wedge, so, an area uses the wetted frontal area. The
cavity by the cavitator gradually increases as the speed increases,
and eventually covers the entire body. In this case, a part of the
control fin is also covered by the cavity. A part of the control fin
covered by the cavity does not have the friction drag, and since the
pressure on the face and base acts equally as a vapor pressure, the
drag due to the pressure also becomes zero.

Therefore, only a wetted part is considered as shown in Fig. 13.
The dimensions of the cavity by cavitator are obtained by Eq. (21)
and a wetted span length of the fin is calculated from a cavity
radius at the fin location (lf ) using Eq. (22). So, the wetted span
length is given by Eq. (35).

Sfc¼
�
Sf þrB

�
�Rx

�
lf
�
¼
�
Sf þrB

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lf
LC

�
2�2lf

LC

��
R2C�r2C

�
þr2C

s

(35)

The formula for the drag coefficient of a two-dimensional wedge
is not well known compared to a three-dimensional cone type
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cavitator, and related experimental data are also lacking. Therefore,
in this study, a formula based on the theoretical and numerical
results and some experimental results is introduced.

Assuming a potential flow and using Falkner-skan solution, a
velocity on slant of a wedge using parametric variable of a wedge
angle, m, can be represented by Cxm (Schlichting, 1979). So, using
the definition of the pressure coefficient and cavitation number, a
pressure drag coefficient of a wedge gives,

CDPf ¼Cface
DP þ Cbase

DP ¼ 1
bf Sf

ðlcsl
0

2CpSf dx $ sinðb =2Þ þ s

This integral gives the same result as Eq. (8), which is the result
of the cone. However, as shown in Fig. 14, the numerical results for
viscous turbulent flow and the potential results are not linear with
respect to the cavitation number when the cavitation number is
small, but are linear when the cavitation number is large. Therefore,
it is difficult to figure out the drag behavior of the wedge in the
same manner of the cone as above-mentioned Eq. (8).

Newmann (1977) derived the theoretical solution for a wedge in
2-dimensional potential cavitating flow. Assuming that the cavi-
tation number is small, the integral results for the cavity length and
the drag coefficient are given by Eq. (36).

LCwz2
2bf
plf

1
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

 
2bf
plf

1
s

!2
vuut þ 2

 
2bf
plf

1
s

!2

CDPfz
lf
bf

pLCw
8

s2 ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ

 
2bf
plf

!2
vuut þ bf

plf

(36)

where, lf and bf is respectively the length and the width of the
wedge as shown in Fig. 1, and LCw is the cavity length by the wedge.
Eq. (36) shows that the drag coefficient changes linearly in large
cavitation number and quadratically in small cavitation number. In
addition, the results of Newmann (1977) assumes that the wedge
angle and cavitation number are small, so it is difficult to apply Eq.
(8) to the entire range of wedge angles up to the vertical plate.
Therefore, a formula of the wedge drag should be derived by
Fig. 14. Control fin drag coefficients in cavitating condition by the wedge angles.
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referring to the behavior shown in both the formula of the cone and
the potential results.

The drag coefficient of the wedge is divided into the pressure
and the friction component on the face and the pressure compo-
nent on the base as Eq. (37).

CDf ¼CDPf þCDFf ¼ Cface
DP þCbase

DP þ Cface
DF

¼ C1
�
af

�
þC2

�
af

�
f ðsÞþ sþCface

DF

(37)

where, af is a parameter for the wedge angle as bf =360. Since the
drag coefficient is not changed linearly in small cavitation number,
the second term of righthand side is given by a function of the
wedge angle and the cavitation number. Using Eq. (8), the constant
and the exponent are determined from the present numerical re-
sults so that the pressure drag coefficient of the wedge is given by
Eq. (38).

CDPf ¼
1:74af

0:385þ af
�0:3

�
1:5�af

�
s0:7 þ s (38)

On the other hand, since the area change in the longitudinal
direction is different from that of the cone, Eq. (12) of the cone for
estimating the friction drag coefficient cannot be applied.
Assuming that the cone angle and the wedge angle are the same,
and the diameter and width are the same, the face area of the
wedge is 4⁄p greater than the cone. Considering this, the initial
friction drag coefficient (CF0f ) can be obtained as Eq. (39).

CF0f ¼
0:1�

log Refsl � 2
�2 (39)

where, Refsl is the Reynolds number normalized by the length of the
wedge slant (lfsl). The friction drag coefficient of the wedge is
defined as a function of thewedge angle and the cavitation number,
and the constant and the exponent are determined from the pre-
sent numerical results. So, the friction drag coefficient of the wedge
is given by Eq. (40).

CDFf ¼
CF0f

tan bf

.
2

�
1:3� af

�3
�
3þ 2af

� ð1þ sÞ0:5 (40)

Using Eqs. (37), (38) and (40), the drag coefficient of the wedge
is given by Eq. (41). It is almost similar to the formula of the cone,
but differs in constants and exponents. In particular, note that the
pressure component of the face drag changes to the 0.7 power of
the cavitation number.

CDf ¼
1:74af

0:385þ af
�0:3

�
1:5�af

�
s0:7 þ s

þ CF0f

tan bf

.
2

�
1:3� af

�3
�
3þ 2af

� ð1þ sÞ0:5
(41)

Fig. 14 shows the drag coefficient of the wedge in Eq. (41) with
the present numerical results and experiments (Waid, 1957). Eq.
(41) agrees well with the experiments in large wedge angle and
large cavitation numbers, and in small wedge angle, is slightly
lower than the present numerical results. Generally, the formula
can be considered valid because it follows the experimental and
numerical results well.

On the other hand, Eq. (15) can be applied to the drag coefficient
of the wedge in non-cavitating conditions fromwhich the pressure
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drop on the base appears by the relative friction loss on the face as
in the case of the cone. From Eq. (39) and Reynolds number of Eq.
(16), the friction loss coefficient (C*

F0f ) is obtained as Eq. (42).

C*
F0f ¼

0:1�
log Re*fsl � 2

�2;Re*fsl ¼
�
U0lfsl

�1�m

n
(42)

The base pressure coefficient of the wedge (CPbf ) in non-
cavitating conditions is given by Eq. (43) using and experiments
as shown in Fig. 15.

CPbf ¼
0:17�

1:2þ af

�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bf
2lfslC

*
F0f

vuut (43)

Since the pressure on the base of the wedge is constant due to
the separation flow, the base pressure coefficient in a non-
cavitating condition becomes the pressure drag coefficient. In
non-cavitating conditions, the drag coefficient is no longer a
function of the cavitation number, and since the base pressure
coefficient is derived from the friction loss coefficient of the face, it
is not reasonable to represent the pressure drag coefficient of the
face as a function of the base pressure coefficient in the same
manner as Eq. (41). Therefore, the s terms of Eq. (41) are ignored in
the pressure and friction drag coefficients of the face, and then the
constants and exponents can be approximated to the experiments
(Hoerner, 1965). From this, the wedge drag coefficient (Cnc

Df ) in the

non-cavitating condition can be obtained as Eq. (44).
Fig. 15 shows the drag coefficient of the wedge in non-cavitating

conditions of Eq. (44) with the experiments. Eq. (44) agree well
with the experiments. This formula is also available for the wedge
angle 180�, i.e. flat plate. At this time, it is necessary to determine
Fig. 15. Control fin drag coefficients in non-cavitating condition by the wedge angles.

Cnc
Df ¼

1:8a2f
0:12þ a2f

þ CF0f

tan bf

.
2

�
1:3� af

�3
�
3� 2af

� þ CPbf (44)
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the cavitating and non-cavitating conditions. Like the cone, the
drag coefficient in the cavitating condition cannot be greater than
that in the non-cavitating condition. Therefore, by comparing the
drag coefficients of them in an arbitrary cavitation number, the flow
conditions can be determined as Eq. (19). From the determination
of the flow conditions, Eqs. (41) and (44) should be distinguished.

4. Verification of the estimation method

4.1. Scale effect

As described above, a method of dividing the Super-Cavitating
Underwater Vehicle (SCUV) into five parts, which are cavitator,
forebody, afterbody, base, and control fin, and estimating the drag
acting on each was proposed. Using this present method, it is
necessary to estimate the total drag of the SCUV and review
whether the result is appropriate. There are no known experi-
mental data on the SCUV, and the experiment is difficult because of
the implementation of a very high speeds. So, in this study, nu-
merical results are used to verify this method.

This drag estimation method derived in this study includes the
effect of scale because Reynolds number are considered. To inves-
tigate the effect of scale, two models are selected as shown in
Fig. 16.

The first model (case 1) is modeled in full scale with reference to
Shkval, which is known to have been developed in Russia, and the
second model (case 2) is designed for an experimental research in
the model scale. Both models are mounted with a disk type cav-
itator, and the principal dimensions for each model are shown in
Table 1. Since the present drag estimation method is intended to be
utilized in the initial design stage with only the main dimensions, it
is modeled to be as simple as possible. The numerical analyses for
the models are carried out in the same conditions with the nu-
merical methods as mentioned above.

Fig. 17 shows the total drag of SCUV estimated by the present
method and the numerical analyses for the full scale (case 1). The
total drag of the present method agrees well with the numerical
results quantitatively and qualitatively. Fig. 18 shows the results in
the model scale (case 2). In the model scale, the results of the
present method and the numerical analysis also agree well quali-
tatively and quantitatively. The total drag is increased as the speed
increases up to a sudden point and slightly decreased and then
increased again. This means that the drag of the forebody is
reduced as the cavity by the cavitator covers the forebody and then,
after the cavity covers the entire forebody, the body drag is
decreased with covering the afterbody. Eventually, when the cavity
covers the entire body, the body drag becomes 0 and then only the
cavitator drag remains. This tendency presents in both full and
model scale. Therefore, when the SCUV increases the speed, it can
be seen that the drag hump by the forebody firstly and the drag
hump by the afterbody secondly appear. So, it is found that the two
drag humps appear while the cavity covers the forebody and the
afterbody respectively with increasing the speed. Fig. 19 shows the
drag of the body parts. In the case of the afterbody, only the friction
drag act, and the afterbody drag is reduced as the cavity covers the
afterbody as the speed increases. In the base of the body, only the
Fig. 16. Schematics of SCUV with disk type cavitator.



Table 1
Principal dimensions of SCUV with disk type cavitator according to scale.

Particulars Case 1 Case 2

Scale Full Model
Cavitator type Disk Disk
Cavitator dia.(m) 0.2 0.05
Neck dia.(m) 0.1 0.02
Total length(m) 8.0 1.2
Forebody length(m) 3.6 0.3
Forebody angle(deg.) 7.41 23.8
Afterbody dia.(m) 0.533 0.135
Water depth(m) 1 1
Velocity condition(m/s) 5e150 5e150
Range of cav. number 8.72e0.01 8.72e0.01
Max. Reynolds number 1:2� 109 1:8� 108

Max. Froude number 16.9 43.7
Fin X X

Fig. 17. Force results for SCUV with disk type cavitator for full scale (case 1) from the
present method and numerical results.

Fig. 18. Force results for SCUV with disk type cavitator for model scale (case 2) from
the present method and numerical results.

Fig. 19. Force results for the parts of SCUV with disk type cavitator for full scale (case
1) from the present method and numerical results.
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pressure drag act, and the base drag is constant after the cavity is
generated. In the case of the forebody, when the cavity covers the
part of the forebody, the forebody drag is reduced and then con-
stant after the cavity covers the entire forebody. Due to the simple
shape, the interaction between each part is small so that the pre-
sent method agrees well with the numerical results.

4.2. Forebody effect

As mentioned above, the shape of the body is a very important
factor in the design of an underwater vehicle because the change in
drag appears dramatically with increasing the speed before the
cavity covers the entire body.

Therefore, in order to investigate the drag estimation according
to the body shape, three models with the different forebody angles
and the same cavitator of the disk type are selected as shown in
Fig. 20. These models were designed for a research and the nu-
merical research for that have been carried out by Kim et al. (2018).
The principal dimensions are shown in Table 2. Case 4 has a body
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shape similar to the case 1. Since this model considers model tests,
the geometry of the part connecting the cavitator and the forebody
is relatively complicated. This part is not considered in the present
method so that there may be differences from numerical analysis.

Figs. 21e23 show the results of the present method and the
numerical analyses (Kim et al., 2018). Since the overall length of the
body is constant, as the forebody angle increases, the forebody
length decreases. Accordingly, the smaller the forebody angle, the
later the first drag hump appears. Because the overall length is the
same in the all cases, the second hump appears at the same speed
(80 m/s) that the cavity by cavitator covers the entire body. This



Fig. 20. Schematics of SCUV with disk type cavitator according to cone angle of
forebody.

Table 2
Principal dimensions of SCUV with disk type cavitator according to forebody angle
(Kim et al., 2018).

Particulars Case 3 Case 4 Case 5

Scale Model Model Model
Cavitator type Disk Disk Disk
Cavitator dia.(m) 0.05 0.05 0.05
Neck dia.(m) 0.045 0.045 0.045
Total length(m) 2.1 2.1 2.1
Forebody length(m) 1.044 0.566 0.326
Forebody angle(deg.) 6 12 24
Afterbody dia.(m) 0.145 0.145 0.145
Water depth(m) 1 1 1
Velocity condition(m/s) 5e150
Range of cav. number 8.72e0.01
Max. Reynolds number 3:1� 108

Max. Froude number 33.0
Fin X X X

Fig. 21. Force results for SCUV with disk type cavitator and forebody angle 6 deg. (case
3) from the present method and the numerical results (Kim et al., 2018).

Fig. 22. Force results for SCUV with disk type cavitator and forebody angle 12 deg.
(case 4) from the present method and the numerical results (Kim et al., 2018).

Fig. 23. Force results for SCUV with disk type cavitator and forebody angle 24 deg.
(case 5) from the present method and the numerical results (Kim et al., 2018).
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present method accurately predicts the speed at which each hump
appears in the numerical analysis, and considerably estimates the
drag. Since the quantitative difference in the body drag is small and
the overall trend and themajor drag hump arewell reproduced, the
present method can be regarded to be valid for estimating the drag
according to the body shape.

4.3. Cone type cavitator

Next, the present method is applied to the cases that the cone
type cavitators aremounted in SCUV. Fig. 24 shows themodels with
829
the cone type cavitators that the cone angles are 30 and 60�,
respectively. These cone type cavitators were designed that the
drag of those are the samewith the drag of the disk type cavitator of
the case 5 so that the diameters of the cavitators are different.

The shape is the same with the case 5 but the forebody angle is
slightly different. The principal dimensions are shown in Table 3.
Figs. 25 and 26 show the drag of the SCUV mounted the cone type
cavitators of the 30� and 60�, respectively. The numerical analyses
for these models are carried out in the same conditions with the
numerical methods as mentioned above. The present method
agrees well with the numerical results, and the drag hump due to
the development of the cavity is well shown. The cavitator drag in
both models of the present method agree well with the numerical
results. In the body drag, there is a quantitative difference between



Fig. 24. Schematics of SCUV with disk type cavitator according to cone angle of
forebody.

Table 3
Principal dimensions of SCUV with cone type cavitators.

Particulars Case 6 Case 7

Scale Model Model
Cavitator type Cone Cone
Cavitator dia.(m) 0.2144 0.0675
Cone angle(deg.) 30 60
Neck dia.(m) 0.045 0.045
Total length(m) 2.1 2.1
Forebody length(m) 0.542 0.542
Forebody angle(deg.) 10.66 10.66
Afterbody dia.(m) 0.145 0.145
Water depth(m) 1 1
Velocity condition(m/s) 0e150
Range of cav. number 8.72e0.01
Max. Reynolds number 3:1� 108

Max. Froude number 33.0
Fin X X

Fig. 25. Force results for SCUV with cone angle 30 deg. cavitator (case 6).

Fig. 26. Force results for SCUV with cone angle 60 deg. cavitator (case 7).
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the present method and the numerical result. However, since the
difference in drag is small and the drag hump are well shown, it is
confirmed that the present method is valid for estimating the drag
according to the cavitators.

4.4. Control fin effect

Finally, the present method is applied to a SCUV with a control
fin and a disk type cavitator. Fig. 27 shows the SCUV equipped with
control fins. The shape of the cavitator and connector is the same as
that of case 3, but the body diameter and overall length are slightly
830
larger than case 3, and there is a difference with case 3 that the
forebody angle is 8�.

The cross section of control fin is a wedge, and four of control fin
are equipped on the parallel-sided wall of afterbody. The chord
length of fin changes linearly in the spanwise direction as a taper
shape. In this method, since there is no consideration of the three-
dimensional taper shape of the control fin, the average values in
width and chord length of the wedge are used. The particulars are
shown in Table 4. The numerical results follow Kim et al. (2019),
and the numerical analyses are carried out with Star CCMþ. Fig. 28
shows the drag results of case 8 from the present method and the
numerical results.

The cavitator and body drag of the present method agree well
with the numerical results, but in the range of 50 m/s ~ 60 m/s
where the body drag is the maximum, the body drag of the present
method is estimated slightly larger than that of the numerical
analysis. This can be inferred that the friction drag of the afterbody
decreases as the cavity by the control fin covers a part of the
afterbody in the numerical results. The fin drag of the present
method is estimated larger than the numerical analysis. The reason
for this is that the average width and chord are used in the present
method, but in the numerical analysis, not only there are 3-
dimensional effects but also the effective width and chord are
decreased due to the taper shape of the fin when the cavity by
cavitator covers a part of control fin. However, the present method
accurately estimates the numerical analysis of the control fin drag
tendency, which the fin drag increases as the speed increases and
then decreases as the cavity of the cavitator covers the control fin.
In addition, it can be seen that the presentmethod predicts well the
tendency of drag hump shown in the body drag and total drag
according to the increase in speed. The two drag humps are
observed in this case. The first occurs near 70 m/s because of the
change of the forebody drag due to the cavity covering, and the
second occurs near 80m/s because of the change of the fin drag due
to the cavity covering. Therefore, the present method is valid in the
case of the SCUV with control fins as well.



Fig. 27. Schematics of SCUV with disk type cavitator and control fins (case 8).

Table 4
Particulars of super-cavitating underwater vehicles with control fins (Kim
et al., 2019).

Particulars Case 8

Scale Model
Cavitator type Disk
Cavitator dia.(m) 0.05
Neck dia.(m) 0.045
Total length(m) 2.287
Forebody length(m) 0.9526
Forebody cone angle(deg.) 8
Afterbody dia.(m) 0.165
Water depth(m) 1.5
Velocity condition(m/s) 0e150
Range of cav. number 8.72e0.01
Max. Reynolds number 3:4� 108

Max. Froude number 31.7
Fin wedge width(m) 0.0075
Fin wedge angle(deg.) 28.1
Fin span length(m) 0.1175
Distance of fin from cavitator(m) 2.1828
No. of fin 4

Fig. 28. Force results for SCUV with disk type cavitator and control fins (case 8) from
the present method and the numerical results (Kim et al., 2019).

J.-K. Choi and H.-T. Kim International Journal of Naval Architecture and Ocean Engineering 13 (2021) 817e832
5. Conclusion

In this paper, a simple method to estimate the drag of Super-
Cavitating Underwater Vehicles (SCUV) is proposed that can be
obtained the drag of SCUV with only the principal dimensions in an
initial design stage. The SCUV is divided into five parts: a cavitator,
forebody, afterbody, base, and control fins. The formulas for
831
estimating the drag coefficients of each part are introduced, and the
effects of the interaction between the cavity by cavitator and each
part is considered. The formulas of the drag coefficient of cone and
wedge are derived using various experiments and numerical ana-
lyses data with the behavior of drag in cavitating and non-
cavitating conditions obtained from theoretical solutions. The
present method can confirm the determination of cavitating and
non-cavitating conditions, the effects of the cavitator shape and the
body shape, and the interaction between the cavity and the body. It
is confirmed that the estimated drag from the present methods for
the SCUV by speed agree well with the numerical results and the
drag hump, which appears in the process of the development of the
cavity, is well predicted. Also, it is possible to confirm the flow
conditions, the scale effect, a difference of cavitator and body
shapes. From this, it is expected that it can be used as a tool to
estimate the performance of super-cavitating underwater vehicles
in the initial design stage and to determine principal dimensions.
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