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Abstract. The gaseous jet of the solid rocket motor running under water is influenced by both
gravity and buoyancy, which will have a significant influence on the flow field structure and thrust
of the motor, especially in the initial period when vehicles are launching horizontally. The work
in this paper consists of three parts: firstly, to understand the mechanism of the thrust oscillation
characteristics and the jet structure of a solid rocket motor running under water, as affected by
gravity and buoyancy, a 3-d numerical simulation using the volume of fluid (VOF) model was
established. Compared with those results neglecting gravity and buoyancy, conclusions were
obtained that the jet structure, considering gravity and buoyancy, are more consistent with the
experimental results. Secondly, the principle of momentum was used to analyze the flow field
structure and the thrust oscillating characteristics in the initial period of operation. Finally, after
analyzing the density gradient along the axis of the motor, results indicated that the length of jets
under the influence of gravity and buoyancy varies linearly and the slope of the line is related to
the working conditions. Comparing the trajectories under different conditions, a common theme
emerged. The laws of thermodynamics are also used to simulate the jets as gas-water-vapor, three-
phase, systems. The effect of phase transitions on the structure of jets and the characteristics of
their thrust form the key conclusions.

Keywords: underwater solid rocket motor, horizontal jet, gravity and buoyancy, oscillation
characteristics.

Nomenclature

¢ Physical quantities such as density, viscosity, etc.
w Subscript indicates of water

g Subscript indicates of gas

Sh Energy equation sources

kess Effective thermal conductivity (k.rr = k¢ + k)
k¢ Turbulent heat transfer rate

v Kinematic viscosity

Vi Eddy viscosity

Ji Gravity acceleration

p Density of fluid

FT Surface tension

o Surface tension coefficient
K Surface contact angle
n Surface tension method

1. Introduction
Solid rocket motors used in the propulsion systems of high-speed vehicles travelling in deep
water require mobility and flexibility, which is conducive to long-term operations [1].

S. Garimella [2] worked with an Experimentally Validated Model for Two-Phase Pressure Drop.
Tang [3] et al. compared the results of a spherical bubble model and that of the CFD method, and
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they found that this model can effectively reflect the characteristics of the thrust of the motor after
ignition, as well as its advantages such as simplicity and rapidity of calculation. Wang [4] et al.
adopted a VOF two-phase flow model and a dynamic mesh model to simulate the complicated
flow structure of gaseous jets underwater, the results illustrated the vortex motion and the
phenomenon of the compression, and expansion, waves. Zhu [5, 6] et al. also adopted the VOF
model to get numerical results from a simulation of isothermal high-speed hot gaseous jets, and it
was revealed that the changes in some flow parameters, such as the pressure and Mach number in
the bubble, were important. Ni [7] studied the deformation mechanism of bubbles and the vortex
behind the bubbles under the influence of buoyancy. He found the rising velocity of the balanced
bubble and discussed the relationship between circulation inside the bubble and the vortex behind
the bubbles. Feng and Leal [8] studied the different trajectories of different bubbles under the
influence of gravity and buoyancy. Bewsbury [9] et al. studied the relationship between large
bubbles and the floating velocity in a non-Newtonian fluid. In most research, the trajectories of
small bubbles are linear, while that of the large bubbles tends to zig-zag because of the innate
instability. Other much larger bubbles undergo spiral motion [10]. Wu and Gharib [11] studied
the moving trajectories of spherical and ellipsoidal bubbles underwater. They concluded that when
the equivalent diameter of the bubbles reaches lcm, ellipsoidal bubbles move spirally while
spherical bubbles move in zig-zags. Saffman [12] found that bubbles with a radius of less than 1
mm rise in water in a zig-zag motion, but bigger bubbles exhibit both spirally and zig-zag
trajectories. According to Feng and Leal’s [13] research, when Re = 600, the trajectory of a single
bubble is a zig-zag accompanied by vortex shedding. Under the same experimental conditions,
Yoshida and Manasseh [14] pointed out that the trajectories of bubbles are spiral and no vortex
shedding occurs. Shew and Pinton [15] find that the trajectories in a polymer liquid are obvious
at the beginning, and the separating of trajectories of increasing numbers of bubbles is slower than
in water. Dewsbury [16] et al. studied the terminal velocity of bubbles in a non-Newtonian fluid.
Tsuge and Hibine [17] found that the trajectories of spherical and ellipsoidal bubbles are the same
in a flow of high Reynolds number.

In previous research about hypersonic gaseous jets, the models widely used are one-
dimensional or axisymmetric. Although a few studies adopted three-dimensional models, such
research is merely a qualitative validation without considering the specificity of the model. Hence,
it cannot precisely describe the appearance of the bubble with gravity and buoyancy effects in an
underwater gaseous jet. The solid rocket motor working underwater is moving with the body
vehicles, so the axis of the motor is not always the same direction with gravity and buoyancy,
which will keep an angle sometimes. This paper studies the motor injected horizontally
underwater with the influence of gravity and buoyancy. The flow structures, thrust oscillation
characteristics, the length of the jets, and their trajectories are presented. These results offer
guiding significance to engineering practice.

2. Fundamental equations

In this research, the gas is considered to be an ideal compressible gas, and the water is an
incompressible fluid. The shape of the bubbles is influenced by inertial forces, surface tension,
and buoyancy. Phase transitions are ignored in the model. The VOF multi-phase flow model is
adopted to simulate the interface between gas and water.

2.1. Governing equations
The high-temperature and high-pressure gas is regarded as the control fluid. Hence, the
governing equations based on the VOF model involving mass conservation equation, momentum

conservation equation, energy conservation equation and volume transfer equation are presented
as follows [18]:
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where, ¢y, is a physical property of the mixture, ¢,,, = ¢pga, + (/)W(l - ag), the volumes of the
phases satisfy a,, + a5 = 1.
The density of the two phases is as follows:

Pr = {RT’ ' @)
const, k=w.

The Froude number in the gaseous jets is O (10%). The body force in the momentum
conservation Eq. (2) cannot be neglected. The energy Ej, is as follows:

2

P U
he——+-, k=g,
Ee=""5 "7 g (8)
hk! k=w.

2.2. Gravity equation

The average velocity and pressure in the multi-phase model is described through the Reynolds
averaged N-S equations [19]:

o1
o, ©)
L
1 ST
Fi = gi +EFL B (10)
_ \%
FST = (m?(p, (11)

where, FT is calculated through the continuous surface tension equation.
3. Model

To overcome the influence of the boundary conditions on the main flow in the jet
cross-sectional area, the total length of the 3-d computational domain of the model is 500 times
the nozzle inlet diameter, and the width is 330 times the diameter of the outlet nozzle. The grid of
the horizontal jet is shown in Fig. 1, where mesh refinement is applied to the wall, throat, and core
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of the jets. The boundary in the four horizontal directions is the wall, while the pressure outlet
forms the upper and lower boundary, as does the pressure inlet in the engine intake. The direction
of action of gravity is perpendicular to the direction of the outlet pressure, at 9.81 m/s?.

a) Model and grid b) The section of the vertical plane
Fig. 1. 3-d model and grid

The computational mesh is generated by mapping a structured mesh with 1,558,400 cells. Ideal
air is used as a high-pressure gas, the water is regarded as incompressible, and the vapor is
regarded as ideal. The Prandtl number of gas is 0.712, and that of water is 5.43. The thermal
conductivities of gas and water are 0.025 W/m-K and 0.6 W/m-K respectively. The specific heat
of the gas is 1.4. The time step used during computation is At = 10 s. The total pressure of the
free outlet boundary is the ambient pressure, which is calculated according to the depth of water,
and the temperature is 300 K. The field wall boundary is under a stationary wall condition, no-slip
and adiabatic rules pertain. The whole flow field is symmetrical. The initial condition of the nozzle
is gaseous, while the outer field is water. These two parts are relatively static. The total pressure
at the nozzle inlet is the initial pressure of the combustion chamber p;yitiq;. The initial pressure of
the water is that of the depth of water considered as p,,gh + p,, where h is the depth of water, p;
is the atmospheric pressure (0.101 MPa). Upon starting the calculation, these two fields connect
immediately. In this paper, the governing equations are discretized using the finite volume method,
and the SIMPLE scheme is utilized. Considering the difficulty in ensuring the accuracy of
gas-liquid two phase simulation, the two-order upwind scheme is used for interpolation.

4. Results and discussion
4.1. Basic flow structure

When the pressure of the combustion chamber, with a certain nozzle, increases, the jets will
change from subsonic floating flow to supersonic flow: the structure of the floating flow is shown
in Appendix A. This paper is focused on supersonic flow structures and the characteristics of
thrust, so the jets referred to all exhibit supersonic flow. The basic jet structure considers the
influence of gravity and buoyancy. The characteristics of the structure involving initial section,
transition section, and main section are presented. During the initial period, when the jets and
bubbles first formed, the jets became hypersonic upon the exhausting of hot gas. Three parts are
thus formed: in the initial section, the jet is mainly controlled by the initial momentum, and this
section is the region starting at the blending of the jet boundary but not yet developing to the entire
flow field. Here the axial speed is equal to the velocity at the exit in the jets. The transition section
is a blended region with a gas jet and liquid water, and in this region, with the effect of the damping
of initial momentum, and the huge inertial forces, there are intense energy exchanges between gas
and water, as well the internal gas. The main section is the section where the damping of initial
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momentum is often at a rate u,,~ 10"!. Meanwhile, the damping rate is axisymmetric. In addition,
in this region, since the initial momentum has decreased, buoyancy played a full role in the gas jet
physics, and any gas bubbles float upwards. The simulation results are consistent with that of the
experiment in [20] and the free jet theory propounded in [21].

4.2. Typical processes

Comparing different jet structure results neglecting, and considering, the effects of gravity and
buoyancy, we reached our key conclusions. The structure with no gravity and buoyancy is the
same as that from an axisymmetrical model in 2, which thus validates the model. However, when
considering the influence of gravity and buoyancy, the jet structure is different. This phenomenon
is mainly caused by the limitation of the gas jet when running underwater. The forces on the
surface of the jet are inhomogeneous. In the initial section of the jet, the momentum of the gas is
large and the jets are narrow so that the gravity and buoyancy can be ignored; however, with the
development of the jets, the volume of bubbles increases, so the influence of gravity and buoyancy
cannot be ignored. Moreover, the momentum of the gas decreases so that the gravity and buoyancy
dominate. The bubbles move upward. The simulation of four typical procedures namely:
expansion, bulging, necking/breaking, and back-attack is shown in Figs. 2 and 3. The process is
consistent with the experimental results in [22] (as [23]).

005 0.2 035 05 065 0.8 095 005 02 0.35 05 065 0.8 095 | (0.05 0.2 035 05 065 0.8 095 0.05 0.2 0.35 05 065 0.8 0.95

t=79ms t=84ms t=86ms t=88ms
a) Expansion b) Bulge ¢) Necking/breaking d) Back-attack
Fig. 2. Results with gravity and buoyancy
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a) Expansion b) Bulge ¢) Necking/breaking d) Back-attack

Fig. 3. Results without gravity and buoyancy
4.3. Initial perturbation analysis

The distributions of pressure in the wall of the motor and plane Z = 0 show that there is a
small perturbation of the pressure, so the bubble changes slightly. As is known, the deeper the
water, the greater the pressure. Hence, the reason for this phenomenon is the high density medium
(the water) changes the direction of motion as the momentum of the gas is small in the initial
period. The specific explanation is as follows: in the initial period, the momentum of the gas is
small, so the buoyancy of the gas is large, which results in the movement of gas. The pressure of
the section and the wall of the motor in this period are shown at (0.005 s, 0.006 s). Then, with the
increasing of momentum of the gas, the high-speed flow will rebound due to the inertial resistance
of the water. The direction of the flow will turn downwards (0.007 s, 0.008 s). At last, with the
development of gas bubbles, the momentum of the gas downstream reduces, which results in the
floating of the bubble in an upwards direction induced by buoyancy (0.009 s, 0.010 s). Under the
same grid and boundary conditions, the flow field without gravity and buoyancy does not manifest
any disturbance phenomena. So it is considered that the disturbance process is caused by the
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gravity and buoyancy.

This physical phenomenon in the simulation is consistent with movement of gas in the initial
period of jets in [24]. Jet gas appeared to swing with the joint effect of the inertia of the higher
density of water and associated buoyancy. With the change in momentum of the gas jet, the gas
generates a corresponding reflection phenomenon, and the gas jet is reflected in the inertia of the
continuous water, while the momentum of the gas jet decreases. When the momentum of the gas
is reduced to a certain extent, the gas bubble began to rise perpendicularly under the effect of
buoyancy.

4.4. Characteristics of underwater thrust oscillation

The typical process of pressure change induced by gravity and buoyancy appearing for the
fifth time is presented: the pressure on the wall without gravity and buoyancy effects is concentric
in its distribution, while that with gravity and buoyancy oscillates vertically. This is because the
axis of the jets will turn upwards under the effects of gravity and buoyancy. In the period of
expansion and bulging, because of the effects of gravity and buoyancy, the distribution of pressure
on the wall is inhomogeneous (0.61 s to 0.63 s); however, during the necking/breaking stage, since
the flow of gas is blocked, the momentum of the gas decreases, which leads to the changes in the
pressure distribution (0.70 s). With the increase of momentum of the gas flow, the distribution of
pressure on the wall changes again. Comparing the pressure distribution on the wall of the motor,
it can be found that the changes to the pressure distribution are the same in the four typical
processes. This phenomenon reveals that changes in the pressure are caused by gravity and
buoyancy.

It was found that the gas jet under the effect of gravity and buoyancy is considerably different.
The path of jets with no gravity and buoyancy acting is linear. The process of the knocking of the
back-attack gas is shown as 1-4 in Fig. 4. The gas back-attack arrives at the wall almost
simultaneously, so the impact of the gas pressure distribution on the wall is substantially
symmetrical. However, when considering gravity and buoyancy effects, the path of the gas jet is
shown as 1’ to 4’ in Fig. 4. As shown in the process, the plane of back-attack gas and the wall of
the motor form a unique angle. So the arrival time of the gas is not the same, which will induce a
torque effect on the motor as shown in Fig. 4.

—— With Buoyancy
0257| — Without Bouyancy

Height/m

IR
4320

0.1 L .

01 0 01 0.2 03 04 05 06 07
Position/m

Fig. 4. Processes in underwater jets showing five typical pulses
and the wall pressure distribution

4.5. The effect of working conditions on initial jet range

The interaction of gas and water in the jets with gravity and buoyancy is complicated. Under
the effects of gravity and buoyancy, the trajectory of a bubble is no longer horizontal and it will
deflect upwards. In previous studies, the length of a jet is defined as the distance along the
centreline of the nozzle from the outlet to where the maximum gradient of intensity occurs [25],
as shown in Fig. 5.
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The length of jets in different working conditions is shown in Fig. 5. The data are linear, which
is consistent with the conclusion in [24]. The figure shows that, with the change of parameters of
different conditions, the slope of the fitted line changes monotonically. Therefore, it can be
concluded that the length of the jets underwater is related to the working parameters. The
numerical simulation in this paper is consistent with the experimental data.

[

Point of the sharpest gradient of brightness
Fig. 5. Definition of jet length

The rate of increase of the length of horizontal jets occurs as follows:

(1) The deeper the water, the smaller the rate of increase in jet length, as shown in Fig. 6 (a).
This is because the greater the depth of water, the larger the resistance of the external aqueous
medium requiring to be overcome in the initial conditions or when the jet engine is otherwise in a
similar state;
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Fig. 6. The jet length under different working conditions
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(2) The larger the total pressure on the combustion chamber, the greater the rate of increase in
jet length, as shown in Fig. 6(b). This is because, when the initial conditions in the external
environment are the same, the greater the combustion chamber pressure, the easier the gas jet can
overcome the resistance imposed by the external aqueous medium;

(3) The larger the expansion rate of the nozzle, the greater the rate of increase of the jet engine
power (see Fig. 6(c)). This is because, under the same initial conditions, the larger the expansion
ratio of the engine, the bigger the total momentum of the jet, which will increase the ability to
overcome the resistance imposed by the external aqueous medium;

4684
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(4) The higher the combustion temperature, the greater the rate of increase of the jet engine
power, as shown in Fig. 6(d). This is because, at a high temperature, the mass flow rate of the jets
will decrease and the instantaneous momentum of the jet will increase. So the ability to overcome
the resistance of the external aqueous medium will improve (see Fig. 6(d) tag A).

4.6. The effect of working conditions on jet buoyancy

The floating trajectories of bubble in horizontal jets at 0.1 s under different working conditions
are shown in Fig. 7. The figure shows that, with increasing working depth, the floating height of
the bubble decreases, as shown in Fig. 7(a). The larger the total pressure on the engine, the smaller
the floating height of bubbles, as shown in Fig. 7(b). The larger the expansion ratio, the smaller
the floating height of bubble, as shown in Fig. 7(c). The higher the temperature, the smaller the
floating height of the bubble, as shown in Fig. 7(d). The reason for this phenomenon is described
as follows: when the total pressure and temperature of the combustion chamber are constant, the
working conditions of the motor are more onerous, the inertial resistance of the water is greater
and the rate of momentum damping of the gas is faster. Thus the length of the jets is smaller and
their floating height is smaller. When the working depth and temperature of the combustion
chamber are constant, the greater the total pressure on the combustion chamber increases, the
larger the momentum of the gas, which resulted in an increased jet length. The floating depth is
small because the buoyancy is small. When the temperature increases, the velocity of the gas flow
increases and the flux decreases so that the jet length increases. The depth of floating is small
because the volume of the bubble is small so the effective area on which the buoyancy acts is
small. When the nozzle expansion ratio of the motor is increased, the gas flow rate and momentum
increases, the length of jets in the axial direction of motor increases and the depth of floating
decreases.

.
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Fig. 7. Comparison of simulation, and experimental, results

From Fig. 7, it can be seen that the flow field of the underwater jet is divided into three sections
(A, B, and C): Al to A4 shows the initial section in which the momentum of the jet flow is large
so that the deflection is small; B1 to B4 is the transition section. Under the influence of the
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refraction at the air-water interface, the jets appear to undulate, and C1 to C4 represents the main
section, influenced by the effect of buoyancy and thus soaring to the top.

Fig. 8 shows the distribution of volume of gas in different sections of the horizontal jets as
they flow away from the exit of the underwater motor. It is shown that the gas injected from the
nozzle shows an upward trend under the influence of buoyancy. At the same time, the gas takes
on an arcuate path due to the inertia of the water. Finally, the gas mingles with the incoming flow
and buoyancy plays a dominant role. The change in the gas matches the floating curve.

Fig. 8. Distribution of volume of gas in different sections
of a horizontal jet flowing away from the exit of the underwater motor

4.7. Underwater jets and their phase transitions

Only the interaction between gas and water is considered in the simulation of gas-water
two-phase flow, but heat and mass exchange are ignored. In fact, as long as the gas is mixed with
water, there are complicated processes for blending both heat and mass. Gas is cooled by water,
and the water vapor, when reached its evaporating point, and vice versa. The state of the water is
mainly determined by the local pressure and temperature. Here, the standard principle of
vaporization and condensation of water is used for simulation. After comparing the local
temperature and pressure, the state of each local cell is decided. During heat transfer, the enthalpy
transferred is a function of the local temperature gradient, and hence, the phase transition is
quantified.

The gas produced in the burning process by a solid rocket motor is at a high temperature, so
its interaction with the water will result in a complex process of phase transitions. Fig. 9 shows
the developing structures of gas-water two-phase flow, while Fig. 10 shows the gas-water-vapor
as a three-phase flow. Comparing these simulations it can be seen that the flow structures of jets,
when considering phase transitions, are larger and wider than that without phase transitions. This
is mainly because the phase transitions accelerate the exchange of energy and momentum among
gas, water, and vapor, which is reflected in the expansion of bubble volume. According to the law
of conservation of energy, the decreasing thrust is reasonable as the length of the jets in water, and
the volume of the bubbles increases, whereas the thrust of a motor in a closed launching canister
is increased.

Fig. 11 shows the distribution of the volume of vapor in the flow structure of gaseous jets
running underwater when considering phase transitions: when the motor starts working, there is a
large amount of energy exchange between the gas and the water, which contributes to the
production of vast vapor clouds surrounding the nozzle. With the development of gaseous jets, the
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vapor moves upwards along the gas-water interface under the effect of buoyancy due to its lower
density. Eventually, when the jet is steady, the gas is surrounded by sufficient cold gas and the
vapor floats and gather upwards continuously to the top of bubble until cooling to liquid water.

b b b b
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0
0

%
%
%

9 o2mm Qs Bowm omAN by 0 0zmw 0man oeeDn oaeE: 0 0zmw 0man oeeDn oaeE:

t=50ms t=60ms t=60ms, t=60ms.

Fig. 9. Developing structures of gas-water two-phase flow
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Fig. 10. Developing structures of gas-water-vapor three-phase flow

The experimental installation used in this research is a high-pressure sealed container, which
includes an experimental cabin and a balanced cabin. These two cabins are separated by a dam
board. The test motor and transducer are placed in the experimental cabin. The balanced cabin is
designed to control the pressure through valve and reduce interference to the experiment. The
pressure could be controlled through a valve and gas cylinder to achieve different depths.
Moreover, there is a closed-loop control system between the transducer in the water and the valve
to keep the pressure stable, the detailed experimental process is as follows: fix the test gas
generator with a nozzle on the test stand; connect and debug the measuring circuit; inject water
and adjust the pressure; ignite and record data; open the drain valve; then analyze the data. The
parameters of the experiment are as follows: depth of water: 30 m, total pressure in the gas
generator: 8 MPa, temperature: 3000 K; expansion ratio: 6. The diameter of the nozzle exit is
100 mm.

Fig. 12 shows the development of vapor in the simulation of three-phase jet flow at the onset
of operation of the solid rocket motor. It is shown that at first, after making contact with the water,
the burning gas is encompassed by the generated vapor forming a closed gasbag. With the
exhausting of vast amounts of hot gas, a high-pressure areca grows downstream of the jet.
Thermodynamics dictates the difficulty of vapor formation herein, hence, the gas finally rushes
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out from the layered vapor. Fig. 13 shows the experimental results for three-phase jets [26]: the
milk white gas is vapor, the development of which is consistent with that found in the numerical

studies.
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t=40ms. t=50ms. t=60ms.
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Fig. 11. Distribution of the volume of vapor

Fig. 12. Development of vapor in the simulation of three-phase jet flo

From Fig. 13 (taken by a high-speed camera), it can be found that there is light emitted at the

exit of the nozzle because the temperature of the gas is very high. However, downstream, there is
no such light. This is because the water cools the hot gas, and so after absorbing the heat, the state
of the water may change. In the initial period there is a layer of white vapor on the gas-water
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boundary and as seen in Fig. 13, this vapor surrounds the gas, and changes with the development
of the flow. The simulation results verify this phenomenon. The closed vapor layer is struck by
the hot gas flow. Hence, it can be concluded that the simulation results are consistent with those
obtained experimentally.

Fig. 13. Development of vapor in the simulation of three-phase jet flow (experimental results)

5. Conclusions

The jets considering gravity and buoyancy are more complex than those without gravity and
buoyancy effects.

1) Theory predicts that the bubbles in a jet are different in three parts of the jet, namely the
initial section, the transition section, and the main section. The numerical results in this paper
agree with the experimental phenomena observed.

2) The four typical processes: expanding, bulging, necking/breaking, and back-attack in jets
with gravity and buoyancy effects are the same as in those analyses neglecting these two forces.
However, the shape of the bubbles under the action of gravity and buoyancy is different, and they
now (obviously) float upwards.

3) The interaction between the jet gas and the water is more complicated. In the initial period,
the jet gas will move towards the low pressure area and the momentum of the jet gas is low. With
increasing momentum, the jet gas will rebound due to the inertial influence of the water. At the
same time, bubbles in the main section will float, which will lead to thrust oscillation in the motor.

4) From distribution of pressure seen on the wall, we know that the pressure reverses over its
height. After completing the four typical processes once, the distribution of water pressure will
change in a manner akin to that of the initial perturbations. The timing/duration of the four typical
processes differs with, and without, the effects of gravity and buoyancy.

5) The torque, in cases with gravity and buoyancy, is larger than that without gravity and
buoyancy. According to the definition of the jet length, we compared jets under different working
conditions and found that the parameters thereof influence the development of the jets.

6) The trajectories of gas jets float upwards under the influence of gravity and buoyancy. The
trajectories, under different working conditions, are as follows: at the same time, the deeper the
working conditions, the smaller the floating height; the larger the total pressure in the motor, the
smaller the floating height; the larger the expansion ratio, the smaller the floating height; and the
higher the temperature, the smaller the floating height.

7) Compared with the jets undergoing phase transitions, it can be concluded that the length of
jets increases, as well the expansion volume of bubbles, while the thrust decreases, which is just
the opposite of what happened in a closed zone (launching canister). An analysis based on the
density of gas shows that the newly formed vapor will move upwards along the gas-water interface,
which forms a closed area of vapor upon operation of the motor. With the exhausting of hot gas
therefrom, the closed vapor area will be broken through some distance downstream.

Acknowledgement

The authors thank the National Natural Science Foundation of China for their support (under
Grant No. 11272055).

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716 4689



2226. RESEARCH INTO THE CHARACTERISTICS OF HORIZONTAL GASEOUS JETS UNDERWATER.
Y UNLONG TANG, SHIPENG LI

References

(1
2]

3]
4]
151
[6]
171
18]
9]
[10]
[11]
[12]
[13]
[14]
[15]

[16]

[17]
(18]

[19]

[20]

[21]
[22]
[23]

[24]

[23]

4690

Qian B. S., Yang B. Applied analysis for solid rocket motor used in the underwater vehicle. Torpedo
Technology, Vol. 12, 2004, p. 21-23.

Garimella S., Killion J. D., Coleman J. W. An experimentally validated model for two-phase
pressure drop in the intermittent flow regime for circular micro channels. Journal of Fluids
Engineering, Vol. 125, 2003, p. 887-894.

Tang J. N., Wang N. F., Wei S. Flow structures of gaseous jets injected into water for underwater
repulsion. Acta Mechanica Sinica, Vol. 27, 2011, p. 461-472.

Wang L. Q., Hao Z. R., Wu D. Z. Numerical simulation of initial flow field of underwater gas jet.
Journal of Engineering Thermophysics, Vol. 30, 2009, p. 1131-1135.

Zhu W. B., Chen H. Computations for exhausted gas bubble of underwater solid rocket motor. Journal
of Solid Rocket Technology, Vol. 32, 2009, p. 486-491.

Zhu W. B., Chen H., Huang S. Numerical study of the process of the evolution of bubble of
high-speed jet underwater. Journal of Propulsion Technology, Vol. 31, 2010, p. 496-502.

Ni M. J. Bubble rising driven by buoyancy with deformation and standing vortex. Journal of
Engineering Thermophysics, Vol. 30, 2009, p. 76-80.

Feng Z. C., Leal L. G. Nonlinear bubble dynamic. Annual Review of Fluid Mechanics, Vol. 29, 1997,
p. 201-243.

Dewsbury K., Karamanev D. G., Margaritis A. Rising solid sphere hydrodynamics at high Reynolds
numbers in non-Newtonian fluids. Chemical Engineering Journal, Vol. 87, 2002, p. 129-133.

Shew W. L., Poncet S., Pinton J. F. Viscoelastic effects on the dynamics of a rising bubble. Journal
of Statistical Mechanics Theory and Experiment, Vol. 1, 2006, p. 01009-01024.

Wu M. M., Gharib M. Experimental studies on the shape and path of small air bubbles rising in clean
water. Physics of Fluids, Vol. 14, 2002, p. 49-52.

Saffman P. G. On the rise of small air bubbles in water. Journal of Fluid Mechanics, Vol. 1, 1956,
p. 249-279.

Feng Z. C., Lea L. G. Nonlinear bubble dynamic. Annual Review of Fluid Mechanics. Vol. 29, 2010,
p. 201-249.

Yoshida S., Manasseh R. Trajectories of rising bubbles. The 16th Japanese Multiphase Flow
Symposium, Hokkaido, Japan, 1997.

Shew W. L., Pinton J. F. Dynamical model of bubble path instability. Physical Review Letters,
Vol. 97, 2006, p. 144508.

Dewsbury K., Karamanev D. G., Margaritis A. Hydrodynamic characteristics of free rise of light
solid particles and gas bubbles in non-Newtonian liquids. Chemical Engineering Science, Vol. 54,
1999, p. 4825-4830.

Tsuge H., Hibino S. The motion of single gas bubbles rising in various liquids. Proceedings of the
Fujihara Memorial Faculty of Engineering Keio University, Vol. 35, 1971, p. 65-71.

Gan X. S, Jia Y. J., Lu C. J., et al. Research on numerical simulation of combustion gas jet under
water. Journal of Solid Rocket Technology, Vol. 32, 2009, p. 23-26.

Liu J. T., Qin S. J., Miao T. C., et al. Three-dimensional numerical simulation of air exhausted from
submerged nozzles. International Symposium of Cavitation and Multiphase Flow, Vol. 72, 2015,
p. 042038.

Shi H. H., Wang J., Chen S., et al. Experimental study on flow characteristics at the initial injection
stage of underwater supersonic gas jets. Journal of University of Science and Technology of China,
Vol. 44,2014, p. 233-237.

Guo Q., Shi H. H., Wang C., et al. Study on gas-liquid complex flow induced by submerged
supersonic GA jets. Journal of Engineering Thermophysics, Vol. 33,2012, p. 809-802.

Wang C., Wang J. F., Shi H. H. Numerical simulation and experiments on submerged supersonic gas
jets. CIESC Journal, Vol. 65, 2014, p. 4293-4300.

Tang Y. L., Li S. P., Liu Z., et al. Study on the initial characteristics of the underwater rocket in the
horizontal jet. Act Physica Sinica, Vol. 23, 2015, p. 185-197.

Shi H. H., Wang J. F., Chen S., et al. Experimental study on flow characteristics at the initial injection
stage of underwater supersonic gas jets. Journal of University of Science and Technology of China,
Vol. 44,2014, p. 233-237.

Someya S., Uchida M., Li Y. R, et al. Entrained droplets in underexpanded gas jet in water. Journal
of Visualization, Vol. 14, 2011, p. 225-236.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716



2226. RESEARCH INTO THE CHARACTERISTICS OF HORIZONTAL GASEOUS JETS UNDERWATER.
Y UNLONG TANG, SHIPENG L1

[26] Zhang X. Y., Tang Y. L., Tang J. N., et al. Impact of phase transitions on the flow structure of
gaseous jets injected into water. 51st AIAA/SAE/ASEE Joint Propulsion Conference, Orlando,
Florida, 2015.

Tang Yunlong received Ph.D. degree in School of Aerospace Engineering from Beijing
Institute of Technology, Beijing, P. R. China, in 2016. His research interests include
multiphase flow and fluid dynamics. He established the computational models and got the
simulation results in this work.

Li Shipeng received Ph.D. degree in mechatronical engineering from Beijing Institute of
Technology, Beijing, P. R. China. Now he is Associate Professor in BIT. His research
interests include combustion, fluid dynamics and underwater propulsion. He applied for
the funding of this research and gave essential guidance during the research.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716 4691




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


