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Abstract: Water ramjets using outer water as an oxidizer have
been demonstrated as a potential propulsion mode for underwater
High Speed Supercavitating Vehicles (HSSVs) because of their
higher energy density, power density, and specific impulse, but
water flux changes the shapes of supercavity. To uncover the
cavitator drag characteristics and the supercavity shape of HSSVs
with water inflow for ramjets, supercavitation flows around a disk
cavitator with inlet hole are studied using the homogenous model.
By changing the water inflow in the range of 0-10 L/s through
cavitators having different water inlet areas, a series of numerical
simulations of supercavitation flows was performed. The water
inflow flux of ramjets significantly influences the drag features of
disk cavitators and the supercavity shape, but it has little influence
on the slender ratio of supercavitaty. Furthermore, as the water inlet
area increases, the drag coefficient of the cavitators’ front face
decreases, but this increase does not influence the diameter of the
supercavity’s maximum cross section and the drag coefficient of
the entire cavitator significantly. In addition, with increasing water
flux of the ramjet, both the drag coefficient of cavitators and the
maximum diameter of supercavities decrease stably. This research
will be helpful for layout optimization and supercavitaty scheme
design of HSSVs with water inflow for ramjets.

Keywords: ramjet, water inflow, disk cavitator, supercavitaty
shape, drag characteristic, high speed supercavitating vehicles

Article ID: 1671-9433(2017)02-0166-07

1 Introduction

High Speed Supercavitating Vehicles (HSSVs) have a
unique hydrodynamic layout mode, in that they are wholly
covered by supercavities, leading to dramatic reduction of
sailing drag. Consequently, powerful HSSVs driven by strong
propulsion systems can achieve underwater speeds exceeding
200 kn (Savchenko, 2002; Kirschner et al., 2006; Nguyen,
2011; Hassouneh et al., 2013). To satisfy the special
requirements of the power and propulsion systems, water
ramjets have been proposed and applied to HSSVs owing to
their high thrust, high specific impulse, and great energy
density (Beckstead, 2004; Timothy et al., 2004). During the
functioning of water ramjets, the high-temperature and
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high-pressure gas generated by the combustion of seawater
and metal fuel is ejected through the Laval nozzles at speeds
several times higher than the speed of sound and massive
thrust is generated (Kirschner et al., 2001; Yang et al., 2009;
Hu et al., 2013; Hayati et al., 2013). Moreover, during the
functioning of water ramjets, large quantities of seawater
need to be introduced into the combustor to meet the
demands of reaction and gas refrigeration (Lin et al., 2012;
Huang et al., 2013). Furthermore, because of being integrally
enveloped in the supercavity and being the only continuously
wet zone in HSSVs, the surface of cavitators may be the best
place for opening the water inlet. In addition, taking
advantage of the high dynamic pressure of the incoming flow,
seawater can be unburst into the combustor without having to
use any supercharging equipment (Grant et al., 2006;
Dominic, 2011).

Regarding the use of water ramjets as thrusters in HSSVs,
because plenty of water is taken away from the surface of
cavitators, the distribution of pressure and velocity near
cavitators will change considerably, which will lead to
changes in supercavity shape and cavitator hydrodynamic
characteristic (Sun et al., 2011). Li et al. (2014b) studied
experimentally the influence of water inlets on the
hydrodynamic characteristic and the supercavity shape of
conical cavitators when water inflow flux is zero by using
conical cavitator models with countersinks in the water tunnel.
Huang et al. (2010) established a system for testing water
ramjets and researched the impact of water inflow flux on
specific impulse, gas temperature, and other important
parameters. Feng et al. (2014) discussed the influence of
water inflow flux and inlet position on the main performance
parameters of water ramjets by using numerical methods.

In the present study, we establish a numerical model of a
disk cavitator with water inflow by considering mass
transportation between water and vapor, and neglecting the
effect of gravity. Furthermore, the mixture multiphase model,
realizable k-epsilon turbulence model, and Schnerr—Sauer
cavitation model were combined to calculate supercavitation
flow field. By changing water inlet area and water flux,
numerical simulations were carried out to study the influences
of water inflow on supercavity shape and cavitator
hydrodynamics. The results obtained herein will be helpful
for optimizing the layout and the cavitation flow regime
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design of HSSVs with water inflow of ramjets.

2 Multiphase flow model and its validation

2.1 Problem description
The typical structure of HSSVs using water ramjets as

Disk cavitator Ventilation bowl

Water inlet___

Water pipe

167

thrusters is shown in Fig. 1, and this structure is composed
mainly of a cavitator, ventilation bowl, fore conic section,
cylindrical section, tail section, fins, rudders, and thruster
system. The thruster system consists of a water inlet, water
pipe, water ramjet, and nozzle (Euteneuer, 2003).

Stern rudder

Stern fin
Nozzle

Supercavity

Fore conic section

Cylindrical section

Tail section
Water ramjet

Fig. 1 Typical layout of HSSVs

According to published conclusions (Huang et al., 2010),
water ramjets using aluminum as fuel can obtain the highest
specific impulse of up to 3 490 N-s/kg when the water-fuel
ratio is 3.5. For a 213-mm caliber HSSV using a 48-mm
disk cavitator, drag can reach 10 000 N when sailing at a
speed of 100 m/s. Under those conditions, a HSSV driven
by a water ramjet will consume 2.865 kg of aluminum and
10 kg of water per second. Moreover, the volume flow rate
of freshwater would be up to 10 L/s.

Based on the independent expansion principle of
Logvinovich, the impact of cavitators will result in
expansion of the surrounding liquid to form cavity sections.
At a certain moment, the cavity sections at different axial
positions will constitute a quasi-ellipsoidal supercavitaty.
Accordingly, the initial momentum of one cavity section
will decrease owing to the flow of oncoming fluid into the
water ramjets at a flux of 10L/s. The shape of the
supercavity will change significantly. Considering that
precise forecasting of the supercavity shape is essential for
layout design and control strategy of HSSVs, it is
imperative to study the influences of water inflow on
supercavity shape. Furthermore, the inlet hole opening at
the cavitator affects the hydrodynamic characteristics of the
cavitator by changing its pressure distribution. As the only
stable wetted area in a HSSV, the axial force acting on the
cavitator may account for 70% of the entire sailing drag of
an HSSV. Thus, it is very urgent to study the impacts of
water inflow on the hydrodynamic characteristics as well.

In the present paper, a disk cavitator with a diameter of
48 mm was used to study using numerical methods the
influence of water inlet size and water inflow flux on
supercavity shape and drag characteristics of cavitators.

2.2 Establishment of numerical model

A numerical model of supercavitation flow involves
continuity equations, momentum equations, and turbulence
equations. The flow regime of a natural cavitation flow field
can be regarded as a homogeneous flow problem and can be
solved by using the mixture multiphase model (Yu et al.,
2012). The Schnerr—Sauer cavitation model is applied to
describe mass transfer between vapor and liquid.
Furthermore, the scale wall function is adopted to simulate

the flow regime near walls given its reliability in terms of
predicting the friction force of the wetted part.

2.2.1 Governing equations

The homogenous mixture model has been used widely for
representing natural cavitating flows, and to maintain the
integrity of the content, the mathematical model, including
the associated governing equations, and turbulence and
cavitation model formulations, is presented in this section.
The governing continuity equation of a homogeneous
mixture multiphase flow is as follows:
2 (p, )+ ()0 e)
ot

The governing momentum equation of a homogeneous
mixture multiphase flow is as follows:

R, ﬁ(pmuu) +V-(p,uu)=-Vp+V -[ym (Vu +Vu' )J 2

ot
The volume fraction of the vapor phase is as follows:
V-(a,pu)=R,—R, 3)

In Egs. (1)~(3), u is velocity vector of the mixture phase;
P, p, a, and u denote pressure, density, volume fraction, and
viscosity, respectively; subscripts m and v represent the
mixture phase and the vapor phase, respectively; R, and R,
are the evaporation rate of liquid water and the condensation
rate of vapor, separately.

The density and viscosity of the mixture phase are given
as follows:

pu=a.p,+(1-a,)p )
= +(1-a ), ©
According to the Schnerr-Sauer cavitation model
(Schnerr and Sauer, 2001), the evaporation rate R, and the
condensation rate R, can be determined as follows:
For the condition p<p,,R,is

R=PLD 4 (1-g) |22 =P) ©
pm RB 3 pl
For the condition p> p,, R, is
R =223 (1) 227 2s) ()
Pu Ry 3 p
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where p; is the internal pressure of a supercavity, which is
slightly higher than the saturation vapor pressure p, due to
the effect of turbulence; Rj is radius of the bubbles, and it is

defined as follows:
1

3a, ’
Ry :|:4nnb(l—av)} ®

where 7, is the number of bubbles in unit volume of liquid
and it is set to 1x10" m ™.

By neglecting the effect of gravity, buoyancy, and
compressibility, the realizable k-epsilon turbulence model
(Shih et al., 1994) can be simplified as follows:

o(p ku.
6(pmk)+ (pohuy) o o+ Ok +G—pe, (9)
ot 6x/. ax/ o, )Ox;

J

a(pn16)+6(pmguj):i 7 +& 6_8 +
ot ox; ox; "o, )ox, (10)

&

2
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where C, =max[0.43,n7/n+5] and n=Sk/&; G is the

generation of turbulent kinetic energy owing to the mean
velocity gradient; C, is a constant equaling 1.9; g,=1.0 and
o~=1.2 are the turbulent Prandtl numbers of k£ and ¢,
respectively; and u, denotes the eddy viscosity.

The scale wall function is a near-wall treating method,
which is improved by setting a limiter to y to achieve a
higher stability and precision in the simulation of complex
flow regime (Launder and Spalding, 1974), and can be
expressed as follows:

U'= l1n(Ey")
K

1/47.1/2
U* EUPC# kp
t,/p 11)
. C1/4k1/2 + .
R BT I SN
/’lm

y =max(y’, ),y <11

where U is dimensionless velocity, y  is dimensionless
distance from the wall, x is Von Karman constant equaling
0.418 7, E is an empirical constant equaling 9.793, U,
denotes mean velocity of the wall-adjacent cell centroid, &,
represents turbulence kinetic energy of the wall-adjacent
cell centroid, y* means distance from the wall-adjacent cell
centroid to the wall, x4, is dynamic viscosity of the mixture

fluid, and y; =11.225 is the limiter to prevent the

deterioration of numerical results in the y <11 region.
Regarding HSSVs using water ramjets as thrusters, as
shown in Fig. 1, both the hull and the ramjet are enveloped
by the supercavity, except the cavitator and the control
plane. Considering the emphasis on practical situations in
this study, we regard the supercavity as a standard revolving
body by neglecting the slight asymmetry induced by gravity
and lateral force. Supercavitation flow around the cavitator

can be simplified to a two-dimensional problem and
simulated using Fluent 17.0 Solver.

Based on a disk cavitator having a diameter of 48 mm,
models with inlet areas accounting for 12% and 18% of the
cavitator area called model A and model B, respectively,
were generated. Then, water inflow flux of 0, 2, 4, 6, 8, and
10 L/s were obtained in turn by adjusting the outlet area of
the conduit to investigate the influence of water inflow flux.

2.2.2 Meshing method

Supercavitation flow is sensitive to disturbances in
pressure and velocity due to severe turbulence and phase
change. Herein, a limited computational domain was used to
simulate an infinite flow field. According to extant research
(Huang et al., 2015), the computational domain in this study
can be distributed as follows: the diameter should be at least
32x larger than the maximum diameter of the theoretical
supercavitaty, and the length should be 3x times longer than
the theoretical supercavitaty length.

To simulate the supercavitaty more accurately, boundary
layer grids were added near the wall and optimized
according to the criterion that the value of y~ should be
30-100, which is the basic requirement of the k-epsilon
turbulence model in terms of y". A sufficient number of
refining grids were meshed in the zone of phase-change and
the near the gas phase—liquid phase interface to ensure that a
clear supercavity is formed.

Based on the principle used for simplifying the flow field
and the strategy for partitioning the computational domain
mentioned above, we built a two-dimensional axisymmetric
geometry model of the supercavitation flow field under a
water inflow flux range of 0-10L/s and meshed the
structured grid for models A and model B. Finally, 105 000
cells were partitioned for each model, and the distribution of
grids near the cavitator is shown in Fig. 2.

Fig.2 Grids near cavitators

2.2.3 Boundary conditions

In the inertial frame, the reference was attached to the
cavitator, and the inlet speed of the calculation domain was
set to 100 m/s. Moreover, by setting the outlet pressure of
calculation domain to 123 540 Pa, the cavitation number
becomes 0.024, which is equal to that of the HSSV
mentioned in an extant reference (Li et al., 2014a). To
simulate the flow of water into the combustor, the pressure
of the water outlet near the cavitator was set to 2.5 MPa,
which was slightly higher than the actual pressure in the
combustor (Huang et al., 2010). Slipping wall without shear
force was used as the boundary condition of the outer ring
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of the calculation domain to weaken the influence of
boundaries on the flow field. Additionally, the Schnerr-
Sauer cavitation model was used to describe mass transfer
between gas and liquid to simulate the generation and
development of supercavity. The distribution and the
boundary conditions of the computational domain are
shown in Fig. 3.

Slipping wall Theoretical
outline of supercavity
Water outet p,=2.5 MPa /

Disk cavitator 7"

L
Pressure of oulet

Velocity of inlet

Slipping wall

v,=100m/s P.,.=123540Pa

Fig. 3 Structure of computational domain and boundary
conditions

2.3 Empirical formulas

The principle of independent expansion of the cross
cavity section, which was proposed in the 1960s by
Logvinovich and has been improved continuously and
verified over the past half century, is the theoretical basis for
forecasting supercavity shape and cavitator drag. According
to the principle, each cross section of a supercavity expands
along the plane perpendicular to the trajectory of the
cavitator center. The expansion law of a certain cavity
section is determined only by the motion velocity, cavitator
drag at the time when the cavitator passes the section, and
differential pressure between far-field and inside of the
cavity, and it does not depend of the movement of the
cavitator before or after (Vasin, 2001).

Based on Logvinovich’s work (Logvinovich, 1972), the
theoretical maximum radius of the supercavity can be
described as follows:

R,=R.C [ko (12)

2 —
o 2p. 2pv) (13)

PV
_ 1+500 (14)

14+56.20

C,=C,(l+0) (15)
Logvinovich’s  formula (Semenenko, 2001) for

forecasting the slender ratio of a supercavity is as follows:
e 2.077-3.2450
o(l+o)

L, ,=2AR, 17)

where C, denotes the drag coefficient of the disk cavitator;
R, and R, are the theoretical maximum radius of the
supercavity cross section and the diameter of the disk
cavitator, respectively; o represents the cavitation number,

P and p, are the pressure of far-field and the saturated
vapor pressure of water, respectively; v, denotes the

(16)
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velocity of incoming flow; & is the correction factor; C,o
denotes the drag coefficient of the disk cavitator when o = 0,
and it equals 0.827; 1 and L,, denote the slender ratio of the
supercavity and the theoretical length of the entire
supercavity, respectively.

The shape of supercavity is quasi-ellipsoid, which is
symmetrical about the maximum cross section. Moreover,
the outline of the initial cavity is determined only by the
cavitator, and it has no relation with the cavitation number.
The outline of the supercavity generated by the disk
cavitator can be expressed as follows:

where x;=2R,, x,, denotes the length of the half supercavity,
Ry s the radius of the cross section of the supercavity at an
axial position x (mm) away from the cavitator, R; represents
the radius of the cross section of the supercavity at the axial
position x=x;, and R;=1.92R, can be obtained.

3 Results and discussions

Regarding models A and B, the supercavity shape and the
drag coefficients of the disk cavitators under water inflow
flux of 0-10L/s were researched using the numerical
method, as described in this section.

3.1 Model validation

Taking the 48 mm disk cavitator as an example, when the
cavitation number is 0.024, the shape of the supercavity and
the drag coefficient of the disk cavitator can be determined
using the established model and empirical equations.
Furthermore, the accuracy of the established numerical model
is verified by comparing the results of the two methods. The
drag coefficient of the disks cavitator; and the maximum
diameter, length, and shape of the supercavity can be obtained
by the empirical equations and the numerical simulation
method, respectively. A comparison of the drag coefficients,
maximum diameters, and lengths of the supercavities
obtained by two methods is given in Table 1, and a
comparison of the shapes is shown in Fig. 4.

Table 1 Comparison of results obtained with numerical
simulation and empirical formulas

Items Drag Maximum Cavity
coefficient diameter/mm length/mm
Empirical 0.847 294.6 3757
equations
Numerical 0.861 284.9 3648
methods
Relative
errors/% 1.6 33 2.9
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As shown in Table 1, the results of numerical simulation
of the disk cavitator coincide with those of the empirical
equations, and the errors in the drag coefficient, maximum
diameter, and supercavity length are 1.65%, 3.29%, and
2.90%, respectively.

150
100

Result of empirical equation
Of .eResult of numerical method |

Radial position/mm

S x10°
15 20 25 30 35 40

Axial position/mm

0 05 10

Fig. 4 Comparison of supercavity shape obtained using
numerical simulation and empirical formulas

As shown in Fig. 4, the supercavity obtained by
numerical simulations is ellipsoidal similar to the
supercavity obtained using the empirical equations, and the
length and the maximum diameter of the former are slightly
smaller than those of the latter.

By considering Table 1 and Fig. 4 together, we can
conclude that the numerically obtained drag coefficient of
the disk cavitators and the supercavity shape are highly
accurate.

3.2 Influence of water inflow flux on cavitator drag

According to the numerical simulation results, the force
acting on the cavitator with the same water inflow flux was
calculated separately using models A and B. For disk
cavitators, the force acting on the entire cavitator and that
acting on the front face are considered, and the former force
takes into account the force acting on the shrink part of the
intake pipe, while the latter takes into account only the force
acting on the circular disk. The force acting on the front
face of the cavitator generates the lift component when the
cavitator axis and the incoming flow are not in the same
direction. Hence, research on the drag feature of the circular
front faces of cavitators is required to estimate the lift. The
influences of water inflow flux and water inlet size on the
drag characteristics of the cavitator are shown in Fig. 5.

e Model A
0.95 Model B
0.90 o Wholly cavitator
> Front face of cavitator

Drag coefficient

Water inflow flux/(L-s")

Fig. 5 Influences of inflow flux and inlet size on drag
characteristics of cavitator

As can be seen in the figure, the water inflow flux and the
size of water inlets have some influence on the drag
coefficient of the cavitator. With increasing water inflow
flux, the drag coefficient of the entire cavitator decreases
gradually, and the drag coefficient of the front face of the
disk cavitator increases gradually. Although an increase in
the water inlet size will influence the drag coefficient of the
entire cavitator slightly, it leads to a sharp decrease in the
drag coefficient of the front face of the disk cavitator.

3.3 Influence of water inflow flux on supercavity shape

According to the results of the numerical simulations,
supercavity shapes with different water inflow fluxes in
models A and B were computed to research the influence of
water inflow flux on supercavity shape. Taking model A as
an example, a comparison of the supercavity outlines for
different water inflow fluxes is shown in Fig. 6.

g
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5 Model A, flow rate is OL/s
Z 0f e Model A, flow rate is 4L/s
_8. _soh ———— Model A, flow rate is 8L/s
<
2 -100 3
=4 B
-150 - x10°
0 05 1.0 1.5 20 25 30 35 40

Axial position/mm

Fig. 6 Influence of water inflow flux on supercavity shape

As shown in Fig. 6, water inflow flux has a significant
influence on supercavity shape, and with increasing water
inflow flux, the length, and the maximum diameter of the
supercavity decrease.

A comparison of maximum diameters of supercavitaties
obtained by numerical simulations and those calculated by
Eq. (12) for different water inflow fluxes in models A and B
is shown in Fig. 7.

310
— $— Numerical results of model A
— ©— Empirical results of model A
300 —b— Numerical results of model B
—o— Empirical results of model B

290

280

270

Maximum dimeter supercavity/ mm

Water inflow flux/(L-s™)
Fig. 7 Influence of water inflow flux on supercavity size

As shown in Fig. 7, for models A and B, the influence
law of water inflow flux on the maximum diameters of
supercavitaties obtained by numerical simulations is
essentially the same as that obtained using the empirical
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equations—the result of numerical simulation is 3.3% smaller.

With increasing water inflow flux, the maximum diameter
of the supercavitaty in models A and B decreases, and the
maximum diameter of the supercavitaty obtained using
model A is larger than that of the supercavitaty obtained
using model B for the same water inflow flux.

A comparison of the slender ratio of supercavitaties
obtained using models A and B under different water inflow
fluxes is shown in Fig. 8.

As can be seen in the figure, water inflow flux has no
influence on the supercavity slender ratio of models A and
model B. As the water inlet and the water inflow flux
change, the supercavity slender ratio obtained by numerical
simulation is 12.9+0.1, and this value fits well with 12.75,
the supercavitaty slender ratio calculated using the empirical
method. Thus, when plenty of water flows into the water
ramjet from the cavitator, the slender ratio of the generated
supercavity is related only to the cavitation number and the
cavitator shape.
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Fig. 8 [Influence of water inflow flux on supercavity

slender ratio

4 Conclusions

In this study, a numerical method was applied to a natural
supercavitation flow field, and the method was validated by
comparing the obtained results with those obtained using
empirical equations. Then, the influence law of water inlet
size and water inflow flux on cavitator drag characteristics
and supercavity shape were investigated. The following
conclusions were drawn.

1) Compared with the calculation result of the empirical
equations, the supercavity length obtained from the
numerical simulation is 2.9% shorter, maximum
supercavitaty diameter is 3.3% smaller, and drag is 1.6%
higher.

2) Water inlet size has a considerable influence on
cavitator drag coefficient and supercavity shape. When the
water inflow flux was kept constant and the water inlet area
was increased, the drag coefficient of the entire cavitator
decreased slightly, drag coefficients of the front faces of the
disk cavitator diminished sharply, maximum supercavitaty
diameter decreased slightly, and supercavity slender ratio
was not affected.
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3) The water inflow flux of ramjets has a significant
influence on cavitator drag characteristics and supercavity
shape. With an increase in the water inflow flux in the range
of 0-10 L/s, the total cavitator drag coefficient decreased
sharply, and the drag coefficient of the front face of disk
cavitator increased gradually, maximum supercavitaty
diameter decreased gradually, and slender ratio of the
supercavitaties remained nearly constant.

The results presented herein can be used to optimize the
outline and the cavitation flow pattern design of HSSVs.
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