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Abstract: The behavior of the combustion gas jet in a Laval nozzle flow is studied by numerical simulations. The Laval nozzle is
installed in an engine and the combustion gas comes out of the engine through the nozzle and then injects into the surrounding
environment. First, the jet injection into the air is simulated and the results are verified by the theoretical solutions of the 1-D isentropic
flow. Then the behavior of the gas jet in a submerged Laval nozzle flow is simulated for various water depths. The stability of the jet
and the jet evolution with a series of expansion waves and compression waves are analyzed, as well as the mechanism of the jet in a
deep water depth. Finally, the numerical results are compared with existing experimental data and it is shown that the characteristics of
the water blockage and the average values of the engine thrust are in good agreement and the unfixed engine in the experiment is the

cause of the differences of the frequency and the amplitude of the oscillation.

Key words: Gas jet, Laval nozzle, water blockage, shock wave

Introduction

The underwater ignition technique is adopted by
many submarine-launched missiles. After the ignition,
the combustion gas injects into the water with a high
velocity to form a submerged gas jet. The presence of
a two-phase interface with a large density difference
makes the jet development much more complicated,
unstable and difficult to predict. Especially under an
over-expanded nozzle flow condition, shock waves
appear to induce an intricate flow system. The interac-
tion between the shock waves and the turbulent fluid
around the nozzle can make the flow unsteady in the
shock wave position and lead to the flow instability.
Meanwhile, such uncertainties can influence the
missile attitude and the missile stability. A better un-
derstanding of the relevant characteristics and the me-
chanisms of the submerged gas jet is imperative for
optimizing the underwater engine design.

The submerged gas jets were classified into two
regimes in previous studies. At low flow rates, the
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bubbling regime is observed, characterized by the
production of bubbles that break near the orifice and
rise with buoyancy or density effects!'). At higher flow
rates, the jetting regime predominates, with the gas
flowing from the orifice continuously™!. Basically
the submerged gas jet studied here is mostly in the
latter regime.

The submerged high-speed gas jets were studied
using experimental and numerical methods. Mori et
al defined a quantitative metric to describe the
bubbling-jetting transition point and found that the
transition occurred when the jet velocity at the orifice
reached sonic. Loth and Faeth"” studied the round
turbulent air jets injecting into still water at various
under-expanded jetting conditions. They measured the
presence of a shock cell structure downstream of the
orifice by using a pilot-probe device. Shi et al.l’!
observed the flow field of the underwater supersonic
gas jets and found that the strong flow oscillation was
related to the shock wave feedback in the gas phase.
Weiland and Vlachos!”! performed direct measure-
ments of the interfacial behavior of the water-sub-
merged gas jets with Mach numbers ranging from
subsonic to supersonic ranges using high-speed digital
photograph and shadowgraph. A new method was
proposed to determine the jet penetration distance. It
was found that the gas jet turns to be stable when the
Mach number reaches 1.8. Zhou and Yu'™ experimen-
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tally studied the expansion process and interaction
process of combustion-gas jets in the liquid under
different injection pressures and nozzle diameters by
means of a high-speed camera system and indicated
that the gas-curtain is formed by the turbulent mixing
process. Xue et al.”’ also adopted the high-speed
digital camera system to investigate the expansion pro-
cesses of the Taylor cavities formed by combustion-
gas jets and the mixing characteristics of gasliquid and
discussed the relevant influence factors on jet ex-
pansions. Roumbas et al.'” investigated the scalar
transport in the near field of two square coaxial air jet
flow and analyzed the flow structures by using
different sensors to record the velocity and tempera-
ture information. It is worth noting that the experimen-
tal technique of PIV can be applied to study the jets
flow with lower Reynolds numbers, but are still
unable to deal with high-speed jets problems!' ',
Besides these experimental studies, some nume-
rical simulations also carried out. Loth and Faeth"
used an on-fluid model and a locally-homogeneous-
flow approximation to treat the multiphase effects.
They applied the adapted jet exit conditions to handle
the complicated gas flows. In the numerical research
of the multiphase flow field of the underwater launch,
Lu et al.l'"set up a two-fluid model to calculate the
multiphase flow. They assumedthat the water flow was
potential and the gas flow was quasi-1D and inviscid.
An isobaric bubble model was adopted to simplify the
jet flow ejected into water through a nozzle and the
time-stepping algorithm was used to calculate the
gas-water flow coupled with the missile’s motion. On
the basis of Lu’s work, Zhong et al."* improved the
bubble model and introduced the compressible Navier-
Stokes equations to simulate the coupled flow. He et
al.l" employed the Level Set method to identify the
interface between the gas jet and the surrounding
water. Gan et al."® adopted a mixture model and the
Navier-Stocks equation to simulate the multiphase
flow field of the underwater ignition. Cheng and Liul""
developed a coupling algorithm for water flows and
gas flow in exhausted gas bubble of missile launched
underwater and described the bubble evolution in
detail. Vuorinen et al."™ carried out LES to study the
effect of nozzle pressure ratios on the characteristics of
highly underexpanded jets and visualized the transient
stages and revealed the shock speeds and duration of
the transient stages. Schmitt et al.''”) investigated the
supersonic methane injection in an engine and
exhibtied the flow field evolution, mixture formation
and combustion process in detail. Ghaseml et al.””!
used LES to investigate the compressible subsonic
turbulent jets starting from a smooth contraction
nozzle and visualize the evolution of the vertical
structures. Instead of gas jet, Peng et al.”'! nume-
rically studied high-speed submerged water jet issuing
from a sheathed shard-edge orifice nozzle and ob-

served the periodically shedding of cavitation clouds.

1. Numerical simulation methodology

1.1 Problem statement

In this paper, the gas jet behaviors in the under-
water Laval nozzle flow are numerically studied. In
view of the fact that the jet experiment in a pressure
water tank is usually conducted under a high Froude
number condition and with a short duration of ignition,
the gravity effect can be neglected and an
axisymmetric model is used to simulate the flow field.
The entire test facility consists of the nozzle, the
engine and the pressure water tank. The combustion
gas comes out of the engine through a Laval nozzle
and then injects into the surrounding environment. At
first, a board is placed in the divergent section to
isolate the inside gas from the outside water. When
the pressure difference between the gas and the water
reaches a certain value, the board is removed. The
Laval nozzle is established horizontally inside a fixed
engine. The computational domain is shown in Fig.1.

Tank

Engine Axis

Nozzle

Fig.1 Diagram of the computational domain

1.2 Governing equations

The combustion gas jet injection is a complex
transient multiphase process. It involves a complicated
interaction between the combustion gas and the sur-
rounding enviroment. The mixture model is adopted
to solve the two phase flow field and the volume
fraction is used to describe the distribution of the com-
bustion gas and the ambient media(air/water). The
RNG k-& turbulent model is taken to simulate the
turbulence effect.

The compressible Navier-Stokes equations can
be written as:
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where p and g are the density and the viscosity

of the mixture, F; is the body force, g and /

represent the gas and the ambient media, respectively.
Keﬁ is the effective conductivity (K +K,), where

K, is the turbulent thermal conductivity, defined

t
according to the turbulence model being used. The
first term on the right-hand side of the energy Eq.(3)
represents the energy transfer due to the conduction.
Sy includes any other volumetric heat sources. The

density and the viscosity of the mixture are defined as:
p=a,p,+a,p o)

where « is the volume fraction of the phase, and
satisfies a, +o, =1.
The state equations for the gas and the ambient

media and the volume fraction equation are as
follows:

p=—=, k=g (6a)

pr=p, k=1 (6b)
where the liquid density p, is assumed being
constant.
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The RNG k-¢& model is used to describe the

turbulent flow, which contains the turbulent kinetic
equationand dissipation rate equation:
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where G, and G, represent the generations of the

turbulence kinetic energy due to the mean velocity
gradients and the buoyancy, respectively. Y,
represents the contribution of the fluctuating dilatation
in the compressible turbulence to the overall
dissipation rate. C,,, C,, and C,, are constants.

o, and o, are the turbulent Prandtl numbers for

k and &, respectively. The turbulent viscosity £

is computed by combining £ and & as follows

k2
H, = pC, . (10)

1.3 Boundary conditions
Assume that the gas inside the nozzle is quies-
cent with P=1atm and 7 =300K at the outset.

The Laval nozzle is put in 10 m, 20 m and 30 m water
depth, respectively. The expansion ratio of the
divergent section is 9.

The surfaces of the engine and the nozzle are set
as the wall and mathematically defined as follows:

u./' =u,, T/' - Tw H _k(a_Tj =4q, (1 1)
’

on )

where the subscripts f and w represent the fluid

and the wall, respectively.

The evolution of the combustion gas in the com-
bustor is obtained from experiment!'®. Therefore, the
input for the nozzle inlet is:

p=p@), T=T(), o,=0 (12)

where p(t) and T =T(¢) are the total pressure and

the total temperature of the combustor, which are
shown in Fig.2

The boundary condition for the water field is
described as

P= Pum T 18N (13)

where p, is the atmosphere pressure, g is the
acceleration of gravity, and % is the water depth.

1.4 Numerical methods
The finite volume method is adopted to solve the
governing equations. The coupling of the velocity and
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Fig.2 Boundary conditions for the nozzle inlet

pressure terms in the momentum equation is resolved
by the well-known SIMPLE algorithm. The second
upwind scheme is chosen for the equations of the
momentum, the energy, the turbulent kinetic energy
and the dissipation energy. The QUICK scheme is
used to discretize the volume fraction. All numerical
simulations are implemented by the CFD commercial
solver FLUENT.

2. Results and discussions

2.1 Validation of the numerical method

The gas jet injection into the air is simulated in
this section. Since the 1-D mathematical equations for
such problem are well solved and have theoretical
solutions, the numerical results are then compared
with these theoretical solutions to wvalidate the
numerical method. The board in the divergent section
is removed when the pressure difference between its
two sides reaches 2.8 MPa. The Mach number
distribution of the entire flow field is shown in Fig.3.
For a better visualization of the axisymmetric issue,
the contour lines of the upper part are presented in the
lower part. At first, the ambient backpressure is small,
the combustion jet is under an under-expanded
condition and the supersonic combustion gas gene-
rates a series of expansion waves. The jet velocity
increases and the pressure decreases in the expansion

stage. Then, when the value of the gas pressure
becomes lower than the ambient pressure, the jet starts
to compress and to form a series of compression
waves. The jet velocity decreases and the pressure
increases in the compression stage. The jet generates
an oblique shock wave in the vicinity of the strong
compression wave region. As the jet pressure keeps
increasing and becomes higher than the ambient
pressure once again, the expansion waves re-form and
then the compression waves. Due to the gas viscosity,
the energy exchange between the gas jet and the
surrounding air consumes the jet energy. Along the
centerline direction, the jet diffusion region enlarges
and the jet core region reduces, the jet velocity
decreases and the expansion and compression wave
structures get weakened.
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Fig.3 (Color online) Mach number distribution

In the theorctical model, the flow inside the
nozzle is assumed to be a steady quasi-1D isentropic
flow. As long as the nozzle inlet conditions are
stabilized, the jet reaches a steady state. Neglecting
the viscosity of the combustion gas, according to the
isentropic flow theory of the perfect gas, the 1-D
equations can be written as:

(r+D/[2(y-1)]
|:[ 2 j(l—’_}/_l ezj:|
Ae 7/+1

4 M (14
y/(r=1)

5=(1+7T_1ij (15)

F=(pV;+P)A, (16)

where [ is the thrust force of the nozzle, p,, P

V,, A, are the density, the pressure, the velocity and
the cross section area at the nozzle exit, respectively,
P, is the total pressure of the combustor and 4, is
the nozzle throat area.

The sonic velocity and the Mach number at the
nozzle exit are defined as:

P V
ae = }/_e s Me =— (17)
Pe a,



Substituting them into Eq.(16), we obtain
F=(yM2+DPA, (18)

According to the geometric profile of the nozzle
and the properties of the combustion gas, the cal-
culating parameter can be determined as:

4
— =9, 7=108, R =9.5MPa (19)

t

With the given parameters, the theoretical results
can be obtained as follows:

M,=29, P=1.89x10°Pa, F=23x10°N (20)

The numerical results at the center of the nozzle
exit are:

M! =285, P'=2.09%10°Pa, F'=226x10°N
(21

It can be seen that the numerical and theoretical
results are in good agreement. The minor differences
should come from the inviscid and 1-D flow assump-
tion in the theoretical derivation. Such results to some
extent verify the reliability and the validity of the
numerical simulation method.

2.2 Submerged gas jet behaviors

The gas jet behaviors in the submerged Laval
nozzle flow are simulated. The water is still and its
depth varies from 10 m, 30 m to 50 m. The board in
the divergent section is removed when the pressure
difference between its two sides reaches 2.8 MPa. For
eachwater depth, the removal time is 0.018 s, 0.024 s
and 0.021 s, respectively. Figures 4-6 exhibit the
evolutions of the gas jet for the water depth of 10 m,
30 m and 50 m, respectively. In all cases, the develop-
ment of the jets at the initial state are almost identical.
Because of the inertia of the surrounding still water,
the combustion gas cannot exhaust smoothly. The
nozzle is temporarily blocked by the water and the
pressure inside the nozzle increases rapidly, which is
called the “water blockage”. Then the high pressure
pushes the water to move and the combustion gas
gradually bursts through the surrounding water and
begins to develop downstream. During the jet develop-
ment, the moment and energy exchanges between the
combustion gas and the surrounding water make the
jet patterns different in different water depths. In the
10 m water depth case, the jet is relatively stable. In
the 30 m water depth case, the gas-water interface gets
fluctuant. In the 50 m water depth case, the jet
becomes very unstable and one sees jet necking and

1039

the gas near the nozzle exit starts to expand and move
backward to the nozzle exit.

=R ED
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(d) 0.030s

(2) 0.100s

(h) 0200s

Fig.4 (Color online) Gas jet evolution in the case of 10 m water
depth

Comparing the pressure variations over time
among various water depths, it can be seen that the
effect of the water blockage becomes stronger and the
pressure leakage duration gets longer as the water
depth increases, and in deeper water cases, the
pressure near the nozzle exit leads to a high frequency
oscillation and the instability of the jet.

Figure 7 shows the Mach number variation along
the axis over time. In the 10 m water depth case, the
jet near the nozzle exit is in a slightly over-expanded
state, and one sees a series of expansion waves and
weak compression waves. As the water depth in-
creases to 30 m and 50 m, the jet near the nozzle is in
a strongly over-expanded state and from the compres-
sion waves, shock waves are formed. The strengths of
the shock waves increase with the water depth. It can
be seen that the shock wave position varies with time
around the nozzle exit in the 30 m and 50 m water
depth cases. Therefore, the physical variables change
dramatically in these areas.

Figure 8 describes the velocity vector evolution
in the 50 m water depth case. The combustion gas jet
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Fig.5 (Color online) Gas jet evolution in the case of 30 m water
depth
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Fig.6 (Color online) Gas jet evolution in the case of 50 m water
depth
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Fig.7 Mach number variations along the axis over time

sees necking, back-attack and shock wave fluctuation.
In deep water depth cases, the ambient backpressure is
larger than the combustion gas pressure at the nozzle
exit. When the shock wave leaves the nozzle, the
pressure at the first compression wave front is smaller
than the ambient backpressure. In the jet mixing zone,
the energy exchange between the combustion gas and
the still water reduces the axial velocity of the jet
outer layer rapidly. The pressure difference drives the
formation of necking in the jet front, with the loss of
the supersonic jet area, the decrease of the jet velocity,
and the increase of the pressure and the shock wave
moves backward to the nozzle. As the combustion gas
keeps exhausting, the jet develops downstream. Due to
the blockage of the necking, the jet also expands both
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Fig.8 Velocity vector variation during the process of shock-
wave moving backward in 50 m water depth

in the radial and inverted directions and strikes the
nozzle bottom, which is called the back-attack. When
the shock wave keeps moving backward, the necking
segment goes into the expansion wave area, the jet
pressure decreases and the shock wave moves down-
stream again. As the ambient backpressure gets higher,
the necking driven force grows stronger, the extent of
the jet compression becomes greater and the shock
wave moves further in the backward direction. In the
50 m water depth case, the jet may shrink and break
down. However, in the 30 m water depth case,
because of the relatively small low pressure domain
and the large axial jet velocity, the jet necking is not
significant and the jet is much more stable.

Figure 9 shows the pressure variation on the axis
in the shock wave front in the 30 m and 50 m water
depth cases. The pressure is scaled by the ambient
pressure. It can be seen that during the process of the
shock wave moving backward, the pressure in the
shock wave front increases and during the process of
moving downstream, the pressure decreases.

Figure 10 compares the experimental and nume-
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Fig.9 Pressure variation on the axis in the shock wave front

rical results of the engine thrust in the 10 m, 30 m and
50 m water depth cases. The scaled engine experiment
is carried out in a pressure water tank. The thrust
includes the forces acting on both the nozzle and the
engine casing. Shortly after the removal of the board,
the engine is impacted by a strong instantaneous thrust
from the high pressure gas because of the water
blockage. Then with the jet development, the necking
and the back-attack happen and the engine thrust
begins to oscillate.

The comparison results show that the water
blockage happens in both the experiment and the
numerical simulation and their characteristics are
consistent and the average values of the engine thrusts
are in good agreement though their amplitudes and
frequencies see some differences. The frequencies in
the experiment are smaller. The amplitudes of the
oscillations decrease as the water depth increases in
the experiment. In the numerical simulation, the
engine thrust becomes more unstable in deeper water
depth, and with the increase of the energy generating
by the shock wave oscillation, the forces acting on the
engine sometimes become negative, which means that
it is a pull force, which is worth noting.

In the experiment, springs are installed for the
dynamometry and the engine can move in the axial
direction. But in the numerical simulation, the engine is
fixed. In the experiment, when the board is removed,
the instantaneous thrust makes the engine move in the
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Fig.10 Comparison of the engine thrusts in experiment and
numerical simulation

acting force direction and balances out some forces.
Therefore, the numerical results are larger than the
experimental results at the initial stage when the high
pressure gas starts to exhaust.

The low frequency oscillation in the experiment
may come from the inherent frequency of the test
device and its dynamics response to the instantaneous
thrust. The additional mass of the underwater test
device causes the decay of the oscillation amplitude.
In a shallower depth, the ambient pressure is smaller
and the jet region is larger. Therefore, more water is
driven to move and the inertia force is larger. The
tested amplitude of the thrust is larger, as shown in
Fig.10.

The experimental results show that a high fre-

quency oscillation gradually appears besides the low
frequency oscillation. The high frequency increases
with the water depth. Such phenomena are consistent
with the characteristics of the oscillation in the
numerical results due to the jet instability. The unfixed
engine in the experiment will affect the accuracy of
the dynamometry and partly influence the jet develop-
ment.

3. Conclusions

The characteristics of the submerged gas jets
injected in the Laval nozzle flow are studied in this
paper. The comparison between the numerical results
and the theoretical solutions of the gas jet injected into
the air verifies the reliability and the validity of the
numerical simulation method. The submerged jet
evolutions in the 10 m, 30 m and 50 m water depths
are obtained, respectively.

The stability of the jet is analyzed. In the 10 m
water depth, the jet near the nozzle exit is in a slightly
over-expanded state and the jet is relatively stable.
However, in the 30 m and 50 m water depths, the jets
near the nozzle exit are in a strongly over-expanded
state and the jet interfaces get fluctuant, especially in
the 50 m water depth, the jet sees necking and back-
attack.

The water blockage happens in both the experi-
ment and the numerical simulation and their character-
istics are consistent. Meanwhile, the average values of
the engine thrusts are in good agreement though their
amplitudes and frequencies see some differences
because of the unfixed engine in the experiment. The
engine thrust becomes more unstable in deeper water
depth. It is noteworthy that the forces acting on the
engine sometimes become a pull force.
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