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1. Introduction

The interaction between the plasma jet and medium has been applied in the field as
aerospace and armament. In order to meet the requirement of the spacecraft’s orbital
adjustment, gravitation compensate, position maintenance, orbital maneuver and the
attitude control, many kinds of micro propulsion system, such as: micro electrical
propulsion, micro cold air propulsion, micro laser propulsion, pulse plasma propulsion
(Robert, 2003) and so on have been studied in many countries. The operation principle of the
pulse plasma propulsion is as follows: the electric arc plasma forms by loading the electric
energy at two ends of the capillary. The capillary plasmas with high temperature and
pressure are then produced as the capillary wall can be burned by the electric arc. The
plasma ejects out through the nozzle and pushes the chamber moving forward. In modern
hypervelocity launching technique, the liquid propellant electrothermal-chemical
technology (LPETC) is one of the effective one and develops well. The LPETC propulsion
technology is a new propulsion technique to ignite the propellant by the high pressure and
high temperature pulse plasma jet produced by capillary discharge. Accordingly,
performance of the plasma jet and the interaction between the plasma jet and the medium
(Nusca et al., 2001) is one of the key problems in plasma propulsion and the electrothermal-
chemical launching technique. Lots of works have been done according the related field by
many scholars. Taylor M ] studied the free expansion processes of the plasma in the
atmosphere as the discharge energy is 30K]J (Taylor, 2001). The distributions of parameters
as the temperature and pressure have been got. The free expansion characteristics of the
plasma jet have been studied by Kim ] U et al. as the discharge energy is 3.1K]J(Kim & Suk,
2002). The temperature and density distribution of plasma and the shock wave structure of
the incompletion expansion jet have been got. The effects of discharge pulse length on the
characteristics of plasma jet impacting the plate as the discharge energy is 3KJ has been
studied by Lang-Mann Chang et al.(Chang, Harward, 2007). Guo H B et al. studied the
discharge characteristics in the capillary (Guo, Liu, et al., 2007). Zhang Q et al. studied the
expansion characteristics of the plasma jet in atmosphere as the discharge energy is less than
100] (Zhang et al., 2009). Wilsion D E et al. proposed the plasma jet axisymmetry unstable
model (Wilsion & Kim, 1999). The plasma jet is treated as over expansion supersonic speed
instantaneous jet and the development of expansion wave and Mach disc have been
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simulated. The interaction between the plasma jet and liquid has been studied by Kuo K K
et al. by high speed camera and pulse X-ray imaging technology (Kuo et al., 1990). The
expansion processes of Taylor cavity formed as the plasma jets into the liquid and the
intensity distribution law of plasma have been got. Arensburg A studied the continuous
expansion processes of the plasma jet in water by shadow imaging technology (Arensburg,
1993). The jet speeds, the mass flowrate entrainment by the liquid at two phase interface are
studied quantitatively. The droplets” formation process due to the liquid entrainment was
also studied. Zhou Y H studied the interaction characteristics between the plasma jet and the
liquid medium in the cylinder inspection chamber(Zhou et al., 2003). Yu Y G et al. studied
the interaction between the plasma jet and the liquid medium both in cylinder and the
stepped-wall inspection chamber (Yu et al., 2009). The effects of the boundary shape on the
expansion characteristics of plasma jet have been studied.

In this paper, the expansion characteristics of plasma jet in atmosphere and the interaction
properties between the plasma jet and the liquid medium on the small discharge energy
condition have been studied. The effects of the discharge voltage, nozzle diameter and the
multilevel steps boundary shape of the stepped-wall chamber on the expansion
characteristics of Taylor cavity caused by plasma jet have been mainly discussed. Two-
dimensional axisymmetry mathematic model of the interaction between plasma jet and the
liquid medium has been proposed based on the experiment. The expansion processes of
plasma jet on the unsteady state condition have be simulated. The distribution performances
of the pressure, velocity and temperature in flow field have been got.

2. Experiment apparatus of plasma jet generator

The simulated experiment apparatus are composed of plasma generator, pulse power source
and so on as shown in figure 1. The plasma generator is made up of polythene capillary,
electrodes, metal detonating cord, the metal sealed film on the cathode, the insulator and the
metal shell outside the capillary and so on. The pulse power supply is composed of the
pulse forming network (PFN) whose energy is stored by capacitor as shown in figure 2.
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1- nozzle; 2- joining; 3- exploding wire; 4- steel shell; 5- anode; 6- polyethylene capillary; 7- insulator;
8- copper film

Fig. 1. Schema of the experiment apparatus
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1-autotransformer; 2-isolating transformer; 3-AC voltmeter; 4-step-up transformer; 5-DC voltmeter; 6-
capacitor bank; 7-plasma generator; 8-discharge switch; 9-discharge trigger; 10-damping resistor; 11-
charging ammeter; 12-current-limting resistor; 13-rectifier stack

Fig. 2. Pulse-forming network setup

The capillary as the load of the discharge loop is connected to the pulse power supply. There
is a hole in the cathode. The polythene pipe is ablated by the high power discharge. The
plasma forms and flows into the nozzle through the hole in the cathode. The anode is
connected to the high voltage output of the pulse power source and keeps sealed. The
cathode connects earth by the body of the apparatus. The output intensity of the plasma is
adjusted by changing the capacitors’ discharge voltage and the discharge loop’s parameters.
The cathode of the plasma generator is sealed by the metal film before the experiment. The
jet is started until the pressure in the capillary increasing to a threshold value in case of
discharge is terminated as the electric arc is break-off too early. The diameter of the nozzle
and the thickness of the film can be changed according the need of the experiment.

Fig. 3. Decomposition schema of the stepped-wall chamber

An inspection chamber is set up at the exit of the nozzle in order to study the interaction
characteristics between the plasma jet and liquid medium visible. The inspection chamber is
a cylinder liquid container and the 4 levels stepped-wall chamber is inserted into it, as
shown in figure 3. There are inspection window at two opposite sides of the chamber near
the nozzle and the window is sealed by chemical method. In order to eliminate the effects of
the gravity, the experiment apparatus is placed upright and the plasma is injected upward.
In addition, the top end of the chamber is open-end to the atmosphere in case of the window
is broken by the over high pressure forming through the expansion of plasma jet. The high
speed camera system is used to record the interaction processes between the plasma jet and
the liquid medium. And the pressure in the capillary is measured by the pressure sensor.
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3. Experiment results of the plasma jet expansion in atmosphere

Figure 4 shows the typical pictures of the sequence expansion processes of the plasma jet in
the atmosphere as the discharge voltage is 2500V and the diameter of the nozzle is 4mm.

Oms 0.33ms 0.99ms 1.65ms 2.31ms 2.97ms 4.29ms 4.95ms 6.27ms 6.93ms

Fig. 4. Sequence processes of the plasma jet in the atmosphere

As shown in the figure, the plasma jet expands both along the axial and radial direction and
the axial velocity is larger than the radial one. During the expansion of the plasma jet, the
shape of the jet head changes from similar ellipsoid to taper and the jet shape is longer and
thinner gradually. As shown in figure, as t=2.97-6.93ms, there is intensity turbulence
dissipation phenomena as the plasma jet interacts with the atmosphere. At the beginning,
the jet head is drape and the turbulence is strengthened and the turbulent mixture region
grows as the development of the jet. The brightness of the plasma jet reflects the
temperature. During the plasma jet’s expansion processes, the brightness of the plasma jet
increases and then decay. The jet head is brighter. It indicates that at the initial of the jet, the
temperature decreases after increases as the going of the time. And the jet head has a higher
temperature.

3.1 Effects of the discharge voltage on the expansion process of plasma jet
Figure 5 shows the sequence expansion processes of the plasma jet in the atmosphere as the

discharge voltage is 2100V, 2500V and 3000V respectively and the nozzle diameter is 4mm.
As shown in the figure, the expansion shape is similar at different voltages while the jet
intensity is different. The larger is the discharge voltage, the larger is the jet intensity and the
jet head’s turbulence dissipation is greater. As the discharge voltage increases from 2100V to
2500V, the expansion is strengthened both in the axial and radial direction and the jet is
brighter. But there is tiny effect of the voltage on the jet axial expansion as the discharge
voltage changes from 2500V to 3000V, while the effect on the radial expansion is obvious. As
the discharge voltage is 3000V, the radial expansion velocity is larger at initial and the
turbulence dissipation is intensity in the later period. At the time after t=2.64ms, the mixture
region of the plasma and the atmosphere is thick and the boundary is fade. The lightness of
the plasma is brightest as the discharge voltage is 3000V as shown in the figure.
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Oms 0.66ms 1.32ms 1.98ms 2.64ms 3.3ms 3.96ms 4.62ms
a) U.=2100V

Oms 0.66ms 1.32ms 1.98ms 2.64ms 3.3ms 3.96ms 4.62ms
b) U.=2500V

Oms 0. 66ms 1.328 1.98ms 2.64ms 3.3ms 3.96ms 4.62ms
c) U, =3000V

Fig. 5. Sequence expansion processes of the plasma jet in the atmosphere at different
discharge voltages

The axial and radial expansion displacement of plasma jet can be got from the sequence
expansion pictures. And according to the relationship between the expansion displacement
and the time, the rules of the expansion velocity changing with time can be handled out.
Figure 6 shows the axial (x) and radial (r) expansion displacement changing with the time at
different discharge voltages. Figure 7 shows the axial (v,) and radial (v,) expansion

velocity changing with time at different discharge voltages.

www.intechopen.com



418 Numerical Simulations - Examples and Applications in Computational Fluid Dynamics

800 100
—o— Uc=2100V —0— Uc=2100V

—e— Uc=2500V —— Uc=2500V
6004 —a— Uec=3000V —d— e=3000V

700 1

80 1

5000 -
500 60

£ 400 g
= ]

300 - 40

200

20 1
100 -
T T T T T
0 I 2 3 4 5 0 I 2 3 4 5

t(ms) t(ms)
a) x-t b) r-t

Fig. 6. The expansion displacement distribution of the plasma jet
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Fig. 7. The expansion velocity distribution of the plasma jet

As shown in figure 6(a), the axial displacement of the plasma increases obviously as the
voltage changes from 2100V to 2500V. In the discharge voltage region of 2500V to 3000V, the
axial displacement change is small but the radial displacement has a great change. As the
discharge voltage is 3000V, the radial expansion velocity of the plasma jet is greater at the
initial expansion, and the turbulence dissipation is higher, the decay of the axial and radial
expansion velocity is greater too. The axial and radial expansion displacement as the voltage
is 3000V may be less than that as the discharge voltage is 2500V in the last for the higher
dissipation. The axial and radial velocity is decaying as the time goes on and the change
curve is fluctuation. The relationships between the axial and radial expansion displacement
with the discharge voltage are not monotony. The velocity also does not change with the
discharge voltage monotonously.
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3.2 Effects of the nozzle diameter on the expansion process of plasma jet

The nozzles with diameter (do) of 1.5mm and 2mm are adopted to study the effect of the
nozzle diameter on the expansion characteristics of the plasma and the discharge voltage is
3000V. Figure 8 shows the axial displacement of the plasma jet changes with the time at
different nozzle diameters.

3004 —9— d=1.5mm /./.
0

—o— d=2mm

200 4

x(mm)

100 1

t(ms)

Fig. 8. Changing of the axial expansion displacement of the plasma jet with time at different
nozzle diameters

As t=0~0.5ms, the difference is small between the two curves as can be seen from the figure.
And in the stage of t=0.5~3ms, the bigger is the nozzle diameter, the greater is the axial
displacement.

4. Experiment results of the plasma jet expansion in liquid

The multilevel stepped-wall simulated inspection chamber are adopted to study the
interaction properties between the plasma jet and the simulated liquid medium at the cold
experiment condition based on the work of Kuo K K(Kuo et al., 1990); Kim H J (Kim &
Hong, 1995); Rott M (Rott & Artelt, 2005) and so on. The expansion characteristics of Taylor
cavity formed by the plasma jet on different conditions can be observed. Some references
about the combustion stability of the bulk-loaded liquid propellant controlled by the plasma
ignition as can be given in the stepped-wall chamber.

4.1 Effects of the boundary shape on the expansion process of plasma jet

The first stage of the stepped-wall chamber is 14mm in diameter, and 30mm in length. The
later three stages are all 30mm in length, and each stage’s diameter is 6mm larger than its
former one. Cylindrical chamber is 26mm in diameter, and 107mm in length. The chamber is
full of water, and the plasma is ejected upward. The capacity of the capacitors is 45uf, the
charging voltage is 2500V, and the nozzle diameter is 2.5mm.

The sequential pictures of plasma jet expansion in water in stepped-wall chamber are
illustrated in figure 9.

As can be seen in these pictures, a small, bulb like, bright bubble appears near the nozzle when
plasma starts to jet out from nozzle, and the bubble expands downstream further with the
plasma and forms the Taylor cavity. These pictures also show that in the expansion processes
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of Taylor cavity, the plasma with high temperature and high luminance illuminates the liquid
around Taylor cavity. At the time t=1ms, we can see some black dots obviously at the jet head,
because the metal plasma produced by metal initiation wire is cooled down into opaque solid
particles as the contact with the liquid. And after t=2ms, dark, smog like region appears at the
frontal area of the jet. It can be explained as: when the plasma jets into the liquid, Kelvin-
Helmholtz instabilities occur due to the dispatch of velocities at the gas-liquid interface, and
the results of plasma jet entrainment to water leads to the liquid break-up, temperature
reducing, finally the dark, smog like region forms. Starts from the time t=2ms, there have
already been dark dots at the core of the bubble. This phenomenon demonstrates that the
cavity can also entrain the surrounding liquid. The analytical results indicate that there is
strong heat transfer and mass transfer at the gas-liquid interface.

t=2.5ms t=3ms t=3.5ms t=4ms t=4.5ms
Fig. 9. Sequence pictures of plasma jet expansion in stepped-wall chamber

The chamber used in this experiment is stepped-wall chamber, so the radial expansion of
Taylor cavity is restricted by the boundary, and the axial velocity is much greater than the
radial velocity, as it is shown in figure 9. But in the traditional cylindrical chamber, the
radial disturbance should be decreased obviously. So we carried out experiment in
cylindrical chamber at the same conditions, i.e. the capacity of capacitors is 45 uf, the
charging voltage is 2500V, and the nozzle diameter is 2.5mm. The expansion process of
plasma jet is shown in figure 10.
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t=0ms t=0.5ms t=1ms t=1.5ms t=2ms t=2.5ms

Fig. 10. Expansion process of plasma jet in cylindrical chamber

As it is shown in figure 9 and figure 10, the plasma jet is axisymmetric on the whole,
somewhat similar to the expansion process of muzzle wave. The initial expansion velocity at
the time when the Taylor cavity is formed is larger, and decreased gradually as the Taylor
cavity expanding downward. At the same time, the size of Taylor cavity and the expansion
velocity is varied with the difference of chamber structure. By comparing these two sets of
pictures, we can see that most plasma energy has been exhausted before it reaches the first
step (30mm in length). The water in stepped-wall chamber is less than that in cylindrical
chamber, the momentum of plasma jet is small, so the axial velocity of plasma jet in stepped-
wall chamber is greater than that in cylindrical chamber. The plasma jet is interrupted in
stepped-wall chamber, but in cylindrical chamber it is not. It is because the boundary of
stepped-wall chamber can enhance the radial disturbance to plasma jet. The axial expansion
velocity of Taylor cavity can be deduced from the frontal locations of the cavity recorded in
the pictures and the corresponding time. Axial velocities of Taylor cavity due to the
consecutive expansion of plasma jet in different chambers are compared in figure 11.

40
—— stepped-wall chamber
—@— cylindrical chamber
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Fig. 11. Comparison of axial velocities of Taylor cavity in two different chambers

www.intechopen.com



422 Numerical Simulations - Examples and Applications in Computational Fluid Dynamics

4.2 Effects of discharge voltage on the expansion process of plasma jet

t=0ms t=0.5ms t=1ms t=1.5ms t=2ms t=2.5ms
a) Discharging voltage = 2000V

t=Oms t= 05ms t=lms  t=1.5ms t=2ms t=2.5ms
b) Discharging voltage = 2300V

t=Oms  t=0.5ms  t=Ims t=1.5ms t=2ms  t=2.5ms
c) Discharging voltage = 2500V
Fig. 12. The sequential pictures of plasma jet expansion in water under different discharging
voltages
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In order to discuss the effect of discharging energy on the propagation of plasma jet in
stepped-wall chamber, we adjust the discharging voltage to produce plasma jets with
different discharging energy, while keeping the structure of stepped-wall chamber and
capacity of capacitors unchanged (45pf). The discharging voltages in figure 6 are 2000V,
2300V and 2500V respectively. Because the conversion efficiency of the pulse power supply
is 40%, the resulting discharging energy is 36], 48] and 56] separately. The corresponding
propagation processes of plasma jets are illustrated in figure 12(a), 12(b) and 12(c).

The pictures indicate that the lager the discharging energy is the brighter and the bigger the
fireball is. The expansion velocity of Taylor cavity in axial direction is greater than that in
radial direction as the plasma jet moving upward. When plasma jet develops to a certain
degree, a shadow region appears at the jet head, i.e. the luminance is reduced, as the result
of liquid vaporization and temperature reducing. The plasma jet is interrupted earlier, and
its attenuation is faster while the discharging energy is smaller.

40
e A —@— =2000V
=] —&— U=2300V
30 - ’\ —A— U=2500V
251 \\

[ ]
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0 0.5 1.0 1.5 2.0 2.5
t(ms)

Fig. 13. Changing of the expansion velocity of Taylor cavity with time under different
discharging voltages

By measuring the frontal location of Taylor cavity away from the nozzle and its
corresponding time, the axial expansion velocity of Taylor cavity can be calculated. As
shown in figure 13, the plasma jet velocity has a descending tendency on the whole, and the
velocity increases with the increasing of discharging energy at the same time.

5. Mathematical and physical models of the Interaction process of plasma jet
and working medium

5.1 Physical model

According to the constrained expansion character of the plasma jet in stepped-wall chamber,

combination with the experimental conditions, the following hypotheses are needed for the

physical processes of the jet expansion:

1. The expanding processes of the plasma jet in atmosphere and liquid are the unsteady
processes of two-dimensional axial symmetry.

2. Treat the plasma mixture as the ideal gas and without consideration of the chemical
reaction between plasma and liquid.

3. Neglect the influence of the secondary factor like electromagnetic force, mass force and
the volume force.
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4. The k—& model is used to describe the turbulent mixing effect between plasma and
liquid in the processes of the plasma jet expansion.
5. The radiation is neglected and the plasma is in partial heat balance condition.

5.2 Mathematical model
1. Equation of mass conservation:
The mass conservation equation is as follow:

a_p+6(pu)+6(pv)+ﬁ=0 (1)
ot ox or r

In which x is the axial coordinate, r is the radial coordinate, u is the axial velocity and v is
the radial velocity.

2. Equation of momentum conservation

Equation of axial momentum conservation:

0 0 0 puv 1 8(rP ) oP
—(pu) +—(puu) +—(puv) + == LA . 2 2
ot (pu) ox (pu) or (puv) r r or ox @)

Equation of radial momentum conservation:

,pov_10(F,) 0P,
r r or ox

£ (p0)+ = (poo)+ = (pou) ®)

ot

For Newtonian fluid, the stress tensor and the strain rate tensor are listed as follows
respectively (u is the dynamic viscosity):

1 . ou

=—p+2u|l e —=divV |, & =—
PXJC p /Ll( XX 3 J XX ax
1 - ov

=—p+2u|l e ——divV |, g, =—
prr p :u( rr 3 ) rr ar

=p, =2uE E. =& _1(%4_8_0)
p xr prx /u xer’/ rx xr 2 ax 67’

3. Equation of energy conservation:

8(pE)+18(rva)+8(puE) =l£{r(\/P +ubP +K8—Tﬂ

ot r or ox ror or (4)
+ ﬁ(v& +uP_+ K'a—Tj
ox ox

in which, T is the temperature and « is the heat transfer coefficient of the fluid.
4. Equation of state:

p=pRT ©)
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5. The basic equations of turbulent flow is as follows:

Zpu)+ = (pruv)+—(pu) =~ +
o L Leoma) ) (o) 6
%(PU)Jf;%(PWU)JF—r(PU):—%Jf X
o 2Lty Zeon)s (o)

5.3 Initial and boundary conditions

The parameters of the computational domian is equal to the ambient at the initial. To the
inlet of the computational domain, i.e, the outlet of the nozzle, the parameters are due to the
experiment: p=p(t), T =T(t)

In the stepped-wall or the cylinder computational domain, there is reverse flow as the jet
compacts to the wall for the effects of chamber structure on the gas expansion. The wall
boundary is the fixed wall. The face of the chamber opposite to the nozzle is the outlet face.
The outlet pressure is set equal with the atmosphere pressure before the plasma expands to
the outlet face.

6. Numerical simulation on expansion performance of plasma jet in
atmosphere

The simulated conditions is the same with the experiment condition as the discharge voltage
is 2500V and the nozzle diameter is 4mm. The expansion processes of plasma jet in
atmosphere are simulated by Fluent software. The distribution characteristics of pressure,
density, temperature and velocity have been got.

Figure 14 shows the distribution contours of pressure(Pa), density(kg/m?3), temperature(K)
and velocity(m/s) at the initial of the plasma jet as t=25ps. As shown in the figure, there is a
Mach disc like pressure peak at the plasma jet head. The pressure, density and temperature
in this region are all larger. While, upward the Mach disc, the pressure, density and
temperature are lower but the velocity is higher.

()

a) Relative static pressure b)Density C) Teerature d) Veocity

Fig. 14. Contours of pressure, density, temperature and velocity at the initial of plasma jet
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a) Relative static pressure

0.2ms

0.2ms 0.5ms
d) Velocity

Fig. 15. Contours of pressure, density, temperature and velocity of the plasma jet
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Figure 15 shows the sequence contours of relative static pressure(Pa), density(kg/m3),
temperature(K) and velocity(m/s) as the plasma jet expands in the atmosphere. The
pressure wave moves forward in a sphere shape as the plasma jet out the nozzle as show in
figure 15(a). The pressure is alternated from high to low in the flow field during the develop
processes and the pressure is fluctuated in space. The pressure fluctuation close to the
nozzle is intense. The pressure of the jet head is high all along. As the time goes on, the
pressure of the flow field is close to the ambient pressure.

As shown in figure 15(b), at t=0.2ms, the plasma is compressed strongly for the great high
pressure at the plasma jet head, and the gas density is relatively high. As the time goes on,
the pressure at the plasma jet head deceases fast and the gas density is close to the ambient
density gradually. As shown in figure 15 (c) the temperature increases at first and decreases
then with the increases of the axial displacement away from the nozzle. The temperature
along the radial direction. As shown in figure 15 (d), the velocity both decreases along the
axial and radial direction.

H00 1

400 A

x(mm)

2004

0 | 2 3 4
t{ms)

Fig. 16. Changing of the axial expansion displacement of plasma jet with time

The axial expansion displacement of plasma jet can be handled out through the sequence
pictures of density. Figure 16 shows the simulated and experiment results of the axial
displacement of plasma jet. They match well with each other as can be seen in the figure.

7. Numerical simulation on expansion performance of plasma jet in liquid

According to the experiment condition, the processes that the plasma jet into the liquid
medium are simulated both in the cylinder and the cylindrical stepped-wall structures to
study the parameters distribution characteristics in the flow field.

7.1 Numerical results of the stepped-wall boundary shape

The simulated conditions are: The capacity of the capacitors is 45pf, the charging voltage is
2300V, and the nozzle diameter is 2.5mm.The first stage of the stepped-wall chamber is
14mm in diameter, and 30mm in length. The later three stages are all 30mm in length, and
every diameter is 6mm larger than its former one. The liquid medium is water.

1. The pressure distribution

Figure 17 shows the isobars of the plasma jet flow field in stepped-wall chamber, the vertical
ordinate is pressure and the unit is Pa.
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Fig. 17. Isobars of the plasma jet in stepped-wall chamber

As shown in the figure, the isobars are dense and pressure gradient is higher in the front of
the plasma jet. In the initial expansion of the plasma jet, there is round pressure centre in the
front of the plasma jet head. The high pressure zone grows as time goes on. At t=1.5ms, the
shape of the high pressure zone centre becomes cone frustum. At t=2ms, the edge of the
high pressure zone similar to an inverted cone frustum has a radial expansion at the 2nd
step attributed to the radial induced. There is an obviously pressure fluctuation during the
processes of the plasma jet expansion. When jet impinges against the wall at the steps, the
reverse flow occurs, so the low pressure zones can be observed from the figure.

In order to quantitative describe the pressure distribution of the jet flow field, take the
pressure at the centre axis and the section at the position 45mm away from the nozzle into
account. Figure 18 indicates the changes of the pressure through time at different points on
the axis (the direction of jet centre axis is y longitudinal axis, perpendicular to the nozzle is x
transverse axis).
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Fig. 18. Changing of the axial pressure with time

Figure 19 shows the pressure-time curves at the section which is 45mm distance from the
nozzle. Overall, the pressure on axis is increasing as time goes on. At the distance of 70mm
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from the nozzle, the pressure has a stable increase for the further distance from the nozzle.
At y= 45mm, the pressure has a rapid increase as time goes on. When t=0.5ms, p=0.66MPa.
While t=1ms, p=1.29MPa. The pressure gets to the biggest 1.72MPa at t=1.5ms, the high
pressure zone propagates to y=45mm at the same time, then it goes ahead. The pressure at
the surface which is 45mm from the nozzle is decreasing. On the radial direction, at the
section y=45mm, the pressure is increasing before t=1.5ms because of the high pressure zone
propagation. But the closer to the boundary, the smaller the pressure is. After t=1.5ms, the
high pressure zone passes across the section at y=45mm and the boundary pressure has a
rapid decrease. The low pressure zone forms on the boundary.
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Fig. 19. Radial pressure-time curves

2. The velocity distribution
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The isovels distributions of the plasma jet expansion in the liquid are shown in figure 20
(vertical ordinate is velocity, unit: m/s). It can be observed from the figure that the biggest jet
velocity is near the nozzle. The velocity gradient at the interface of gas and liquid is larger, in
addition, the velocity is easy to decrease when the plasma jet expands in the liquid for its light
quality. As shown in the figure that the velocity is very high in the jet centre but it has a sharp
fall near the wall. As the time goes on, the Taylor cavity is expanding along the axial direction.
At t=1.5ms, the head of plasma jet has crossed the first step.

Fig. 20. Isovels of the plasma jet in stepped-wall chamber
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Fig. 21. Partial velocity vector diagrams at the corner of the step and the nozzle

Figure 21(a) shows the velocity vector at the steps. The ring isovels and the negative velocity
can be observed from the figure due to the radial turbulence and the reverse flow attributed
to the impinging of the jet against the wall at steps. At t=2ms, the jet head has propagated to
the 1.5th step. Figure 21(b) shows the partial velocity vector at the nozzle. During the
processes of the plasma jet propagation, ring isovels can be observed near the nozzle
because of the strong turbulence mixture of the gas and liquid, that is the reverse flow
phenomenon, and there are negative velocity can be seen in the isovels.

3. The temperature distribution

Fig.22 shows the isotherm of the plasma jet during the expansion in the stepped-wall
chamber, the vertical ordinate is temperature and the unit is K. As shown in the figure, the
temperature in axial direction is higher than that in the radial direction. The temperature
close to the nozzle is highest, and it reduces to the ordinary temperature in very short
distance along the axis. In radial direction, the temperature also decreases readily near the
nozzle due to the completely mixture of the plasma jet and the liquid. After all, plasma jet in
the liquid attenuates quickly and the heat is easy to diffuse. As the expansion of the jet, the
temperature reduces quickly.
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Fig. 22. Isotherms of plasma jet in the liquid
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In order to describe the temperature distribution of the jet flow field quantitative, take the
value at the centre axis and the section 15mm away from the nozzle into account. Figure 23
indicates the changes of the temperature through time at different points 10mm, 15mm and
25mm away from the nozzle on jet centre axis. Figure 24 shows the temperature-time curve
at the section which is 15mm distance from the nozzle.
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Fig. 23. Changing of axial temperature with time

As shown in the figure, the axial temperature is higher at the position nearer to the nozzle.
At t=0.5ms, the temperature is 2300K at the position 10mm away from the nozzle, 812K at
15mm away from the nozzle and 300K at 25mm away from the nozzle; as time goes on, the
temperature increases gradually at 15mm and 25mm away from the nozzle. At t~1ms, the
temperature gets the largest value and then decreases. And the temperature are 1600K,
1260K and 1100K respectively at the three point (10mm, 15mm and 25mm away from the
nozzle); at the section of 15mm away from the nozzle, the radial temperature decreases
faster, the temperature is lower at the position nearer the boundary, at t=2ms the
temperature is 1260K, 900K and 760K at the radial position of Omm, 3mm and 6mm of the
section 15mm away from the nozzle respectively.
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Fig. 24. Changing of radial temperature with time
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Through the isothermal, the Taylor cavity expansion displacement of plasma jet at different
time can be got. Figure 25 shows the compare of the simulated value with the experimental
results shown in figure 12(b). As shown in the figure, they mach well with each other.
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Fig. 25. Compare of the experiment and the calculated value of the Taylor cavity

7.2 Numerical results of the cylindrical boundary shape

The simulated conditions are as follows: The capacity of the capacitors is 45 ¢ f, the charging
voltage is 2300V, and the nozzle diameter is 2.5mm. The diameter of the cylindrical chamber
is 26mm and its total length is 107mm. The liquid medium is water.

1. The pressure distribution

Figure 26 shows the isobars of the plasma jet in cylinder chamber, the vertical ordinate is
pressure and the unit is Pa. The pressure gradient is higher and the isobars are dense on the
interface of the plasma jet and the liquid. There is a larger high pressure region in a tapered
shape in front of the jet head. It grows and moves forward gradually. The expansion
velocity in axial direction is larger than that in radial direction and the low pressure region
forms at the boundary of the chamber which can be seen in the figure.
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Fig. 26. Isobars of the plasma jet in liquid in cylinder chamber
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Compared with the stepped-wall structure, the isobars distribution are different, especially
the high pressure region’s shape. The high pressure region moves keeping a tapered shape
in the cylindrical chamber. While in the stepped-wall chamber, the high pressure region is in
a cone frustum shape, the high pressure region expands along the radial direction and there
is low pressure region both at the boundary and the steps due to the entrainment of the
stepped-wall shape.

2. The velocity distribution

The isovels distributions of the plasma jet expansion in the liquid in the cylindrical chamber
are shown in figure 27 (vertical ordinate is velocity, unit: m/s).
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Fig. 27. Isovels of the plasma in the liquid in cylinder chamber

In the cylindrical chamber, the isovels are dense near the nozzle and the largest velocity is
on the axis. The reverse flow forms around the largest velocity region. The reverse flow
region grows during the expansion. And there is great disturbance on the gas-liquid
interface.
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Fig. 28. Isotherms of the plasma jet in the liquid in cylinder chamber

Compared with the stepped-wall chamber, the isovels are denser near the axis and the
velocity gradient is bigger on the gas-liquid interface. Due to the radial induction of the
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steps in the stepped-wall chamber, the jet momentum diffuses along the radial direction of
steps. The isovels’ gradient of the jet head is lower at the steps.

3. The temperature distribution

Figure 28 shows the isotherms of the plasma jet during the expansion in the stepped-wall
chamber, the vertical ordinate is temperature and the unit is K. As can be seen in the figure,
in the cylindrical chamber, the axial expansion of the jet is obvious and the radial expansion
is slower relatively. There is a tapered isothermal region at the head of the jet and it moves
forward. The temperature at the nozzle is highest and it reduces quickly along the axial
direction. Compared with the stepped-wall chamber, the temperature decreases more easily
along the axial direction in the cylinder chamber.

According to the isotherm, the expansion displacement of the Taylor cavity can be acquired.
Figure 29 shows the comparisons between the numerical simulation results and the
experimental results. They coincide well with each other.
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Fig. 29. Compare of the experiment and the calculated value of the Taylor cavity’s
displacement

7.3 Numerical results of different discharge voltages

According the experimental condition as show in figure 12, the stepped-wall structure is: the
nozzle diameter is 2.5mm, the capacity of the capacitor group is 45 ¢ F, and the discharge
voltage is 2000V, 2300V and 2500V respectively. And the discharge jet energy is 36], 48] and
56] respectively taking the conversion efficiency of the pulse electrical source is about 40%
into account. At these conditions, the effects of different discharge voltage on the plasma jet
are simulated.

1. The pressure distribution

Figure 30 shows the isobars of the plasma jet on different discharge voltage, the vertical
ordinate is pressure and the unit is Pa. As shown in the figure, the larger is the discharge
voltage, the earlier the pressure centre of the jet head forms in a cone frustum shape, and the
pressure value at the centre is larger. The discharge voltage in figure 30 (a) is the least and
there is no obvious pressure centre in 2ms. In figure 30 (b), there is a cone frustum pressure
centre at t=1.5ms and the high pressure value is 1.80MPa. While in figure 30 (c), the cone
frustum pressure centre forms as t=1ms and the high pressure value is 2.05MPa. Otherwise, in
figure 30 (c), due to the radial expansion, the cone frustum pressure centre is stretched, there
are two small pressure centres at the 2nd step and move according the boundary of step.
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Fig. 30. Isobars of the plasma jet at different discharge voltages
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2. The velocity distribution
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Fig. 31. Isovels of the plasma jet at different discharge voltages
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Fig. 32. Isotherms of the plasma jet at different discharge voltages
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Figure 31 shows the isovels of the plasma jet, the vertical ordinate is velocity and the unit is
m/s. As shown in the figure, the larger is the discharge voltage, the expansion of the region
which has the biggest jet velocity is faster. At t=1.5ms, the biggest velocity region expand to
15mm away from the nozzle in figure 31(a), 30mm away from the nozzle in figure 31 (b) and
about 35mm away from the nozzle in figure 31 (c). The larger is the discharge voltage, the
isovels are denser near the jet core, the velocity gradient is larger on the gas-liquid interface,
the bottom reverse flow region forms earlier and attenuation is also faster. In figure 31(c),
there are no obvious reverse flow isovels at t=2ms.

3. The temperature distribution

Figure 32 shows the isotherms of the plasma jet at different discharge voltages, the vertical
voltage is temperature and the unit is K. As shows in the figure, the larger is the discharge
voltage, the higher is the temperature at the nozzle and the temperature increases faster, the
high temperature region in figure 32(c) is more obvious; the larger is the discharge voltage,
the slower is the heat dissipation of the jet.

Take the temperature change at the position 20mm away from the nozzle for example to
illustrate the effect of the discharge on the temperature. At t=1.5ms, in figure 32(a), the
temperature is 970K, the temperature is 1530K in figure 32 (b) at the same time which is 1.6
times to the value in figure 32 (a), and the temperature is 3320K in figure 32(c) at t=1.5ms
which is 3.3 times to the value in figure 32 (a).

8. Conclusions

The experiment and the theoretical study of the expansion characteristics of the plasma jet
both in atmosphere and the bulk-loaded liquid medium are mainly discussed in this
chapter. The expansion processes of the plasma jet are recorded by the high speed camera
system, and the effects of the discharge energy and the chamber structures on the plasma jet
expansion processes are analysesed. Two-dimensional axial symmetry model of the
interaction between the plasma jet and the liquid medium are proposed based on the
experiment and the simulations are conducted. The change characteristics of pressure,
temperature and velocity in the jet flowfield are got. According to the experiment and the
simulation results, the following conclusions can be got:

1. During the expansion of the plasma jet in atmosphere, the shape of jet head changes
from ellipsoid to taper as the going of the expansion. The brightness of the jet enhances
at first then decays. The jet head is brightest. The axial and the radial expansion velocity
both have a fluctuation and the axial velocity is larger than the radial one. The later
peak is lower than the former one which can be seen from the distribution of the axial
velocity changing with time.

2. As soon as the plasma eject into the atmosphere, there is a sphericity pressure wave at
the nozzle exit. As the going of the expansion, the pressure wave moves and attenuates
quickly. The pressure alternates from high to low at the initial expansion stage.

3. There is intense turbulence dissipation during the expansion of the plasma jet in
atmosphere. The jet head is in drape shape at first and the turbulence is strengthened as
the gonging of the expansion, the turbulence mixture region grows. The larger is the
discharge voltage, the greater is the plasma jet initial expansion velocity, and the
reverse flow entrainment and dissipation are more intense. While the relationship
between the axial displacement of the plasma jet and the discharge voltage is not
monotony and there is a critical discharge voltage.
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4.  As the plasma jet into the liquid, the initial expansion velocity of the Taylor cavity is
higher. As the Taylor cavity moves downwards, the velocity decreases and the axial
velocity is larger than the radial one. The lightness of the jet head decays as the jet
develops to some stage which is caused by the water vapor and the temperature
decreases. There is intense heat and mass transfer between the plasma and liquid on the
Taylor cavity surface.

5. The structure of the inspection chamber affects the shape and expansion velocity of
Taylor cavity. The radial disturbance of the boundary structure to the plasma jet in
stepped-wall chamber is higher than that in the cylinder chamber. There is subsection
phenomenon during the plasma expansion and the lower is the plasma jet energy, the
earlier is the subsection shows which cannot be seen in the cylinder structure.

6. The high pressure region of plasma jet head moves keeping the taper shape in the
cylinder chamber; while in stepped-wall chamber, the high pressure is in cone frustum
shape at initial, and the high pressure expands along the radial due to the radial
entrainment of the steps, there are two small pressure center and moves towards the
steps. The larger is the discharge voltage, the higher is the kinetic pressure at the jet axis
and the pressure gradient is bigger.

7. The isovels are dense near the nozzle and the jet core, the velocity gradient is larger on
the interface. The further away from the nozzle, the smaller is the velocity. The velocity
at the axis is highest. There is reverse flow near the jet core which has the biggest
velocity and the reverse flow region grows as time goes on. There is also reverse flow at
the step corner in the stepped-wall structure, and the minus velocity occurs.

8. In cylinder chamber, the isotherms of plasma jet head moves keeping in taper shape
while in blunt body shape in the stepped-wall chamber. The axial temperature is higher
than the radial one. The temperature decreases rapidly as the going of the jet. The larger
is the discharge voltage, the higher is the temperature near the nozzle and the
temperature at the axis increases faster.
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