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Abstract: Liquid propellants are fast becoming attractive for pulsed plasma thrusters due to their high
efficiency and low contamination issues. However, the complete plasma interaction and acceleration
processes are still not very clear. Present paper develops a multi-layer numerical model for liquid
propellant PPTs. The model proposes a possible acceleration mechanism for liquid fed pulsed plasma4

thrusters and accurately predicts the propellant utilization capabilities and estimations for the fraction
of propellant gas that is completely ionized and accelerated to high exit velocities. Validation of the
numerical model and the assumptions on which the model is based on is achieved by comparing the
experimental results from two different liquid-fed thrusters developed at the University of Tokyo.8

Results show 50% of liquid propellant injected is completely ionized and accelerated to high exit
velocities (> 50Km/s), whereas, neutral gas contribute to only 7% of the total specific impulse and
accelerated to low exit velocity (< 4Km/s). The model shows an accuracy up-to 92%. Optimization
methods are briefly discussed to ensure efficient propellant utilization and performance. The model12

acts as a tool to understand the background physics and to optimize the performance for liquid-fed
PPTs.

Keywords: Electric propulsion, space propulsion systems, pulsed plasma thruster, liquid propellant,
numerical modeling, ionized gas16

1. Introduction

Pulsed plasma thrusters (PPTs) came into existence more than five decades ago. PPTs were one of
the first electric propulsion systems to be ever flown due it’s low cost and relative simplicity. The low
power requirements, simple design, robustness and high specific impulse (> 1000s) are some of the20

key factors making PPTs attractive and viable propulsion system for small spacecrafts [1]. PPTs utilize
the electromagnetic force and gas-dynamic pressure interactions to accelerate ionized and neutral gas
by a controlled pulse discharge [1][2]. The ionized gas could be created by the decomposition of a solid
polymer propellant (typically polytetrafluoroethylene (PTFE)) or more recently using liquid-propellant24

[3] [4].
However, in spite the relative simplicity and low cost of ablative PPTs, there are two key issues

with the performance of these thrusters-
1) Ablative PPTs tend to have a very low efficiency (typically < 10%) [1][5]. Poor propellant28

utilization is the key factor identified for this low efficiency [6]. Only a small fraction of the ablated
mass is actually ionized due to the high temperature of the discharge arc and accelerated to high exit
velocities due to electromagnetic and gas-dynamic thrust interactions. Whereas, a significant portion of
mass ablated remains neutral and accelerated to a relatively low exit velocity due to thermal velocities32

buildup [5]. Additionally, significant mass is lost after the main pulse discharge due to the process of
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late time ablation and post-pulse macro-particle production [7]. Experimentally, propellant losses and
post pulse particle production was observed in various experiments [1][5]. For LES-6 PPT, propellant
measurements were made using the Faraday cup and charge accumulation on the cup showed only36

10% of the total mass shot was ionized and accelerated to a high velocity of 42.5Km/s, whereas the
mean velocity measured from the thrust stand measurements was 3.2Km/s [8]. This suggests that the
neutral mass has relatively very low exit speed when compared to the lighter ionized mass. Similar
velocity distribution was observed for the Russian MIPD-3 thrusters [9].40

2) Another problem with Teflon fed PPTs is the contamination that is caused by the exhaust [1].
Teflon is composed of Carbon and Florine. Florine potentially damages the solar arrays, whereas,
Teflon bar and the electrodes would undergo carbonization, this significantly decreases the lifetime of
ablative PPTs and results in undesirable secondary arc discharges in the thruster [10]. Overcoming the44

shortcomings of Teflon-fed PPTs requires an alternative propellant which is capable of providing a
proper controlled propellant utilization without creating contamination problems.

Liquid-fed PPTs are an attractive solution to the problems of low efficiency and contamination.
First, it is observed the plasma mass ejected per discharge and the total mass shot per discharge48

for ablative PPTs both scale with the discharge energy [1][11], therefore, it is not possible to ensure
complete ionization of propellant in case of ablative pulsed plasma thrusters where the mass shot
per discharge is uncontrollable. Liquid fed PPTs have an advantage of controlled mass supply. The
injected propellant mass could be controlled [3][12]. Therefore, it is possible to operate liquid fed52

PPTs at energy levels which ensures complete ionization and plasma formation for the given injected
mass. Second, the contamination risks associated with liquid propellant PPTs is relatively lower. water
is one of the most attractive liquid propellant for pulsed plasma thrusters due to its relatively low
contamination risk.56

Fig. 1 depicts the working principal of liquid propellant PPT developed at the University of
Tokyo [3]. The intermittent injector supplies liquid (water for this case) between the inter-electrode
region. Mechanical valves are used to inject the liquid into the thrust chamber. Water is vaporised
into gas, a main discharge is initiated between the parallel electrodes using a spark plug trigger. The60

discharge converts water and vapor into conducting plasma, which is then accelerated by interaction
of electromagnetic and gas-dynamic thrust components. Experimental results shows water-fed PPTs
predominantly operates in electromagnetic mode [3].

Figure 1. Operation of liquid propellant PPT[12]

However, to completely understand the propellant utilization and interactions in liquid-fed PPTs64

and to further improve .
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Several numerical models have been proposed in the past to predict the performance of pulsed
plasma thrusters. Theoretical models range from low order one-dimensional models [2] [13] to
advanced MHD modelings [14][15]. One-dimensional electro-mechanical models combine the68

discharge circuit impedance with the dynamical laws to provide plasma acceleration details. However,
conventional slug and snowplow models assume complete ionization of propellant gas and leads to an
significant error in predicting the performance of PPTs. In fact the conventional slug models produce
an error up-to 70% in predicting the performance for LES-6 PPT [16]. Slug and snowplow models72

have been modified to give greater accuracy by accounting for effects of post-pulse macro particle
production and gas-dynamic thrust developments [17]. However, the complications with the model
has also increased and does not provide a clear plasma interaction behavior. Moreover, the model
is not applicable for liquid propellant PPTs. Mass ablation model is also proposed to calculate the76

mass ablated per discharge [11]. However, the model doesn’t incorporate the mass produced after the
primary pulse (post-pulse mass), this post pulse mass could be significant in ablative pulsed plasma
thrusters as observed from various experimental results. MHD modelings have also undergone major
advancements to account for the late-time ablation and post pulse macro particle production mass80

[11] [18][19]. Numerical calculations were also performed for ablation controlled discharges and were
applied to the plasma calculations for a Micro-PPT [20][21]. The MHD modelings however, increase
the complexity and makes it difficult to implement. Numerical model for water-fed PPTs exist [22].
The model however, is not very accurate and leads to over-prediction of performance parameters for84

the thruster. The primary reason for this is the assumption the model makes is similar to MHD models,
i.e. it presumes complete ionization of the propellant gas.

Present paper makes an attempt to explain the plasma and neutral gas mass flow in injector
based liquid-fed PPTs using mathematical modeling and develops a dynamical model for the same.88

The mathematical model is implemented in MATLAB/SIMULINK environment. The assumptions
on which the model is based on is then validated by comparing the simulation results with the
experimental data and observations. Lastly, brief optimization methods are discussed to improve the
performance for liquid-fed PPTs.92

2. Mathematical model

A MATLAB/SIMULINK implementable model is developed in this section. The mathematical
model is described in three parts- 1) Equivalent Circuit modeling, 2) Propellant flow and mass
modeling, 3) Dynamical modeling.96

2.1. Equivalent Circuit modeling

The complete propellant acceleration processes is assumed to be described using an equivalent
series inductance-capacitance-resistance (L-C-R) model. It is pretty difficult to obtain the time varying
inductance and plasma resistance for equivalent circuitry for PPTs. Therefore, we incorporate constant100

element model for the present mathematical modeling.
Therefore, the discharge current (I(t)) and discharge voltage (V(t)) could be obtained by solving

the differential equation,

Lo
d2Q
dt2 + Ro

dQ
dt

+
Q
C

= 0,

dQ
dt t=0

= 0 and Q(0) = CVo,
(1)

The discharge current (I(t) and discharge voltage (V(t)) are given by,104

I(t) = −dQ
dt

and V(t) =
Q(t)

C
(2)
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where Q(t), Lo, Ro, C, Vo are respectively, the charge on the capacitor, total circuit inductance,
total circuit resistance, circuit capacitance and initial discharge voltage. The circuit resistance and
inductance are obtained from the experimental discharge waveforms. Differential equation 1 is solved
using the experimentally determined impedances to calculate the charge on the capacitor at a given108

time. The discharge current and voltage are obtained from equation 2, which are then used as an input
for the sub-models discussed below.

2.2. Plasma flow and mass modeling

Conventional slug and snowplow models assume complete ionization of the propellant gas [2]112

[13]. Therefore, only one layer of plasma sheet exists in these models. However, to incorporate the
presence of neutral mass including the mass generated by the process of late time evaporation and
post-pulse macro particle production, we presume two different layers exist in the thrust chamber.
First layer is the plasma sheet layer and the second layer is the neutral mass layer (including the mass116

generated by the process of late time evaporation).

Figure 2. Plasma and neutral mass A) Emission B) Flow for liquid fed PPT

Figure 2. A depicts the emission of two different layers for liquid fed PPT. It is assumed that as
soon as the liquid is injected between the inter electrode region, it is distributed uniformly like a thin
film. An arc discharge heats the propellant. When the heat of the discharge into liquid propellant raises120

above the decomposition temperature (Tdecomp), it causes decomposition of the propellant. This forms
the decomposition layer (depth of which is represented by Xdec). A portion of decomposition layer is
accelerated to high velocity by electromagnetic (FL(t)) and gas-dynamic (Fg(t)) thrust components,
this layer is called electromagnetic layer (depth of which is represented by Xem), this layer forms the124

plasma layer. The remaining layer is composed of the neutral mass (including the mass generated by
late time evaporation) (depth of which is represented by (Xdec − Xem)) and accelerated to low thermal
velocity, this layer is the neutral mass layer.

Figure 2. B represents the proposed flow model for the two layers. In the present model it is128

assumed that the neural mass layer is composed of all the neutral mass produced during and after the
discharge, the mass of the neutral mass layer remains constant (mn) and is presumed to move with a
constant velocity. The plasma mass accumulates mass at rate proportional to the current squared [11].
The force on the plasma sheet is due to the electromagnetic thrust component FL(t) and gas-dynamic132

thrust component Fg(t). Therefore, as the plasma sheet propagates down the thrust chamber it ionizes
the gas and accumulates mass in it.
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The total mass shot per discharge (m(t) could therefore, be given by the sum of the constant
neutral mass sheet (mn) and plasma sheet mass (ms(t)),

m(t) = mn + ms(t) (3)

A quasi-steady flow assumption as proposed by Turchi et al [23] is used to calculate the mass
flow rate and hence the plasma sheet mass near the thin liquid film for liquid-fed PPT. The model136

is idealized on the condition that at magnetic pressure greater than the plasma pressure and in the
limits of high magnetic Reynolds number there exists a magneto sonic point in the MHD flow. The
boundary conditions at this point combined with the Alfven critical speed are used to calculate the
mass flow rate of the propellant [11]. For the damped sinusoidal calculated by the L-C-R model,140

the flow is quasi-steady if the successive pulse timing is greater than the transit timing for the PPT
(τpulse >> τtransit). This condition ensures a quasi-steady flow behavior. The mass flow rate and hence
the plasma mass could be hence given by,

dm(t)
dt

=
µoh

w4.404Vcrit
I2(t),

ms(t) =
µoh

w4.404Vcrit

∫ t

0
I2(τ)dτ

(4)

where I(t) is the discharge current, h and w are respectively, thruster height and width. Vcrit is the
Alfven critical speed, the expression of which is given by,

Vcrit =

√
2

eVion
m

(5)

where Vion and m are respectively, the ionization potential and molar mass of the propellant. It could144

be observed from equation 4 that the mass of the plasma sheet is proportional to the integral of the
current squared which is in turn proportional to the discharge energy, therefore, it could be concluded
that it is possible to operate the liquid propellant in complete electromagnetic mode by ensuring
complete ionization of the propellant. Comparison between the material properties for Teflon and148

Water is shown in Table 1 [24].

Table 1. Material property for Water and Teflon

Material mass (amu) 1st Ionization
Potential (eV)

2nd

Ionization
Potential (eV)

Heat of
vaporisation
(J/Kg)

Heat
Capacity
(J/KgK)

Water 18.02 40.8 75.9 2.4 ∗ 106 4179
Teflon 100 92.2 280.9 2.1 ∗ 106 1250

Unfortunately, at present there is no accurate numerical model which can precisely predict the
neutral mass generated during the discharge processes, therefore, the neutral gas mass layer (mn) is
calculated using the values of the total mass supplied (determined experimentally) and the plasma152

sheet mass.

2.3. Dynamical modeling

It is presumed that the thrust on the plasma sheet is due to Lorentz electromagnetic thrust
component and gas-dynamic pressure buildup due to the addition of mass to the plasma sheet. The
two forces contribute to the thrust delivered to the plasma sheet. The net force acting on the plasma
sheet (F(t)) is therefore given by,

F(t) = FL(t) + Fg(t) (6)
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The electromagnetic thrust is calculated using the conventional snowplow model relations [2] [13],
and is proportional to the discharge current and inductance per unit length (L1). The relation is thus
given by,

FL(t) =
1
2

L1 I2(t) (7)

The gas dynamic thrust in vacuum is calculated by assuming that the entire plasma flow is choked
within the discharge channel as suggested by Henrikson [11]. The gas-dynamic thrust component is
thus given by,

Fg(t) =
dm(t)

dt

√
γRTe

C f

Cm
(8)

where γ, R, Te are respectively, ratio of specific heats, molar gas constant and plasma electron

temperature. C f and Cm are thrust coefficients the ratio of which is given by, C f /Cm =
1
γ

√
2(γ + 1).156

The gas dynamic component is proportional to the mass flow rate near the thin liquid film for liquid
fed PPT.

The net force on the plasma sheet could be also expressed in terms of the sheet mass (ms(t)) and
position (Xs(t)) using Newton’s second law,160

F(t) =
d
dt
[ms(t)

dXs(t)
dt

] (9)

equations 4,6,7,8 and 9 are combined to evaluate the net thrust and hence, the position of the plasma
sheet with respect to time given by the differential equation,

d
dt
[ms(t)

dXs(t)
dt

] =
1
2

L1 I2(t) +
µoh

w4.404Vcrit
I2(t)

√
γRTe

C f

Cm
(10)

Solving differential equation 10, the sheet distance (Xs(t)) could be calculated. It could be
observed from equation 10 that the electromagnetic and gas-dynamic thrust components are both
proportional to the discharge current squared. Therefore, the position of the plasma sheet is dependent
on the discharge current and current ringing processes. The mean velocity of the sheet and the impulse
bit delivered by the sheet could be further calculated using the relations,

Vs(t) =
dXs(t)

dt
and Is(t) = ms(t)Vs(t) (11)

The neutral mass in the present model as mentioned is assumed to be of constant mass and moves
with a constant low speed (Vdec).

It is observed from previous experiments that the neutral gas mass moves independent of the
discharge current and current ringing [25], therefore, the assumption of constant velocity profile
and constant mass is pretty reasonable. The velocity of the neutral sheet mass (Vdec) is evaluated by
Mikellides [14] and represents the upper limit to the neutral mass velocity, as the calculations utilized
the equilibrium vapor pressure. the neutral velocity is thus given by,

Vdec =
2
9

B2
o

µ Vcrit
[

RTdec
peq(Tdec)

− 1
ρs
] (12)
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where ρs, R, Bo, Tdec are respectively density of the liquid propellant, specific gas constant, self magnetic
field and decomposition temperature of the propellant. The mean position of the neutral gas sheet
could be given by,

Xdec(t) = [
2
9

B2
o

µ Vcrit
[

RTdec
peq(Tdec)

− 1
ρs
]]t (13)

The impulse bit delivered by the neutral sheet mass (Idec) is given by,

Idec = mnVdec (14)

The impulse bit delivered by the neutral mass is expected to be exceptionally low due to the relative
low speed of the neutral mass when compared to the plasma sheet mass.164

The total Impulse bit thus delivered by the thruster is the combination of the plasma sheet mass
an neutral mass and is given by,

Ibit = mnVdec + ms(t)Vs(t) (15)

The average velocity could be hence evaluated using the expression 15, the mean exit velocity could be
thus given by,

Vexit =
mnVdec + ms(t)Vs(t)

mn + ms(t)
(16)

This completes the description of the mathematical model for the liquid-fed pulsed plasma thruster. In
the next section the model is implemented in MATLAB/SIMULINK environment to test the validity of168

the proposed numerical model.

3. Implementation and discussion of mathematical model

In present section we test the accuracy and assumptions made throughout the model by comparing
the simulation results with two water-fed PPTs developed and tested at the University of Tokyo [3]172

[12][25]. First, we validate the circuit models and dynamical models by computing the simulation
results for a 13.5J energy water-fed thruster [12]. For convenience we term this thruster as LPPT-1.
Second, we validate the mass flow model by comparing the simulation results with the high speed
images for a 7.4J class of thruster [25], for convenience we term this thruster as LPPT-2.176

3.1. Results for LPPT-1

We first validate the equivalent circuit model and dynamical model using LPPT-1. Table 2 shows
the operational parameter for LPPT-1.

Table 2. Operation parameter for LPPT-1 [12]

Operation parameter Value
L1 0.88
Capacitor (C) 3µF
Discharge voltage (Vo) 3000V
Total mass supplied per discharge (mT) 2.8µg
Total discharge resistance (RT) 82mΩ
Total inductance (Lt) 84nH

The circuit impedances values are taken from table 1 as an input for the governing differential180

equation for circuit model. The solution of the equation is used to calculate the discharge current for
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LPPT-1. Simulations were performed for both singly and doubly ionized water. However, simulations
for singly ionized water shows good agreement with the experimental results. Therefore, simulation
results for only singly ionized water is presented in the present paper. For singly ionized water,184

Vcrit=21200. Figure 3 depicts the comparison between the experimental results with the simulation
results of the circuit modeling. The discharge current waveform is in close agreement with the
experimental values. The peak current for the experimental setup is close to 14kA, whereas the model
suggests a peak current of 13.4kA.188

Figure 3. Discharge current waveform A) Experimental result, B) Simulation result

Figure 4 A) depicts the sheet mass calculated using the discharge current waveform and equation
4. As mentioned the plasma sheet mass is calculated for singly ionized water. It could be observed
for the 2.8µ g of liquid propellant injected only 1.46µ g of propellant is converted to the plasma sheet.
Therefore, only 50% of the injected propellant forms te plasma mass and the remaining is converted to192

neutral gas mass and accelerated to a relatively low exit velocity. The propellant utilization however, is
still better than the LES-6 and other ablative PPTs where only 10% of propellant is ionized [1]. Figure 4
B) depicts the mass flow rate near the thin liquid film surface. It should be noted that the plasma mass
is the total plasma mass accelerated per discharge and not precisely the mass of the plasma sheet, as196

there might be secondary "crowbar" breakdown due to the over-damped behavior of the discharge
current.

Figure 4. A) Plasma sheet mass variation with time. B) Mass flow rate near the liquid film
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Using the dynamical equations, the model evaluates the mean exit velocity of plasma sheet to be
approximately equal to 49Km/s. This velocity is much greater than the expected velocity for ionized200

water propellant given by the Alfven critical speed calculations (approximately 40Km/s). Simulations
for the mean exit velocity (Vexit) and Impulse bit (Ibit) is shown in Fig. 5. Simulations show an Ibit of
79.2µN − s and Vexit of 28Km/s. It can be observed if the plasma was completely ionized the mean
exit velocity could increase by approximately a factor of two. This would increase specific impulse204

significantly.

Figure 5. Simulation results for LPPT-1 A) Mean exit velocity B) Impulse bit

Table 3 summarizes the comparison between the experimental results and mathematical model
results. It could be seen that the model slightly under-predicts the performance for LPPT-1. The
primary reason behind this is the calculations the model assumed was that the mean exit velocity of208

neutral mass is approximately close to zero. However, there is certain contribution by the neutral
mass to the total impulse bit, this primarily leads to an under-prediction in the numerical values. By
comparing the experimental results with the simulation results the mean exit velocity of the neutral
mass layer is calculated to be 3.6Km/s. Therefore, the charged mass carry about 93% of the total212

impulse bit. Whereas the neutral mass only contribute about 7% of the total impulse bit. The neutral
mass layer therefore, is accelerated to a very low speed. It could be concluded the charged mass
contributes significantly to the total momentum when compared to the decomposed neutral mass.

Table 3. Simulation results and Experimental results for LPPT-1

Parameter Simulation result Experimental result
Discharge Voltage (V) 3000 3000
Capacitor (µF) 3 3
Mean exhaust velocity (Km/s) 27.2 33.3
Charged mass exit velocity (Km/s) 49 −
Charged mass shot (µg) 1.46 −
Neutral mass shot (µg) 1.34 −
Impulse bit (µN − s) 78.2 86.4
Specific Impulse (s) 2800 3400

Impact of the variation in the discharge energy on the total impulse bit was also evaluated for216

a constant mass supply of 2.8µ g and compared using the numerical model. Figure 6 depicts the
comparison between the same. It could be seen that the Impulse bit is proportional to the discharge
energy. Increasing the discharge energy ensures more mass forms the plasma sheet and since the
supplied mass is constant for liquid fed PPT, the impulse bit and efficiency could be increased220

significantly. This lacked in ablative PPTs as the neutral and ionized gas mass both increased with
increasing the discharge energy. Therefore, energy variations in case for ablative PPTs won’t result in

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 December 2017                   doi:10.20944/preprints201712.0140.v1

Peer-reviewed version available at Aerospace 2018, 5, 13; doi:10.3390/aerospace5010013

http://dx.doi.org/10.20944/preprints201712.0140.v1
http://dx.doi.org/10.3390/aerospace5010013


10 of 15

significant performance improvements, however, liquid-fed PPTs have an potential advantage due to
the controlled mass supply.224

Figure 6. Total impulse bit Vs Discharge energy A) Simulation result B) Experimental result [12]

3.2. Results for LPPT-2

A second class of liquid pulsed plasma thruster operating at energy level of 7.4J [26] is studied in
present analysis. Circuit parameters from the experimental study are used to evaluate the discharge
current waveform. Figure 7 depicts the comparison between the experimental results with the228

simulation results. There is an under-prediction of the discharge current in the simulation results.
Experimental plot shows a peak discharge current of 13kA whereas the experimental plot shows an
discharge current close to 11kA. The reason for the under-prediction might be due to the constant
element assumption made for the circuit modeling.232

Figure 7. Discharge current for LPPT-2 A) Experimental result B) Simulation result

The discharge current evaluated using simulations is used in the plasma and mass flow modeling.
The plasma mass shot per discharge is plotted as shown in figure 8. It could be observed that the
total plasma mass accelerated per discharge is close to 1.2µ − g. The total mass shot for LPPT-2 is
3µg. Therefore, for LPPT-2 there exists a great fraction of mass which is in the neutral mass layer and236

accelerated to a low exit velocity.
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Figure 8. Simulation for plasma mass as a function of time for LPPT-2

The experimental results for LPPT-2 [26] reveals that the plasma velocity is between 33Km/s to
43Km/s. Whereas, the average exit velocity is close to 17Km/s, this observation confirms the presence
of slow moving neutral particles in the discharge chamber for LPPT-2. Although, the mass of the240

plasma and neutral mass is not mentioned in the experimental result data [26], using the plasma
and average velocities values and the total mass supplied we can calculate the mean plasma mass.
Using the above values, the average plasma mass shot per discharge was calculated to be close to
1.1µ g. This is in good agreement with the numerical simulation as shown in figure 8. Although, from244

the experimental emission spectrography a neutral mass layer wasn’t observed as proposed in the
numerical model developed in this paper, but the experimental values do validate the presence of
dense neutral mass in the thruster due to mismatch in the values for mean plasma exit velocity and
total mean velocity.248

Figure 9 depicts the comparison between the simulation results for plasma mass shot during the
first current cycle with the experimental high speed photographs for plasma emission. It could be
observed that at about t = 1µ − s the plasma layer is completely exhausted out of the thrust chamber.
The mass of the plasma mass at this first current cycle is close to 0.7µ − g. Comparing this value252

with the total plasma mass shot (1.2µ − g), it could be concluded that the plasma generated after the
secondary breakdown is of much lesser mass. This is also validated by the experimental observations
for LPPT-2. It could also be concluded from the experimental photographs that the plasma sheet is
not uniform as assumed in the present numerical model. However, the model is pretty accurate in256

calculating the mass distribution between the plasma and neutral layer.
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Figure 9. Comparison of the numerical simulation for plasma mass with the high speed photographs
[26]

4. Optimization suggestions for liquid fed PPTs

Based on the numerical models and it’s comparison with the experimental results for liquid fed
PPTs, it could be concluded that even though the supplied propellant per discharge is controllable,260

yet, there are significant inefficiency in propellant utilization. Present section discusses some of the
optimization control strategies which could be used to improve the performance and efficiency of
liquid-fed PPTs.

4.1. Discharge Energy variation264

Unlike ablative PPTs, increasing the discharge energy for injector based liquid fed PPTs will not
increase the supplied mass for acceleration. Therefore, irrespective of the energy levels in which the
thruster is operated in, total supplied mass is constant. However, the plasm mass shot scales with
the discharge energy, therefore, it is possible to operate the thruster at energy levels where the total268

supplied propellant mass is exactly equal to the mass of the plasma sheet.
It is evident from Fig. 6, that the impulse bit varies linearly with the discharge energy, therefore,

it is possible to operate liquid propellants PPTs in electromagnetic mode of operation by controlling
the discharge energy for the thruster. Table 4 compares the variation in discharge energy with the272

performance of water-fed PPTs with constant thruster geometry and circuit parameters. For a discharge
energy of 20J, specific impulse upto 4100s can be achieved with an thrust efficiency of 13%. This
measurement is also validated by the experimental results [3].

Table 4. Discharge energy variation effects on performance of LPPT-1

Discharge Energy (J) Charged mass shot (µg) Mean Exit velocity (Km/s) Impulse bit (µN − s) Specific impulse (s)
1.5 0.16 3 8 306
6 0.6 12 35 1224
13.5 1.4 27.2 78.2 2800
21.6 2.2 41 120 4183
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4.2. Variation in supplied ablation mass276

The primary advantage for using liquid fed PPTs is supplied ablation mass is controllable using
fast grating injectors. The primary requirement to increase the performance for PPTs is that the
supplied ablation mass should be less than or equal to the propellant mass ionized by the arc discharge
to prevent process of late time evaporation. Referring to ablation model assumption as shown in280

Fig. 2, it can be said Xem is approximately equal to Xdec. This boundary condition effectively ensures
complete ionization of ablation mass supplied. Therefore, increasing the ablation mass supplied
without changing the discharge energy will effectively lead to greater fraction of propellant mass
which is not completely ionized. Table 5 investigates the variation in supplied ablation mass on the284

performance. The discharge energy for simulations is fixed at 13.5J.

Table 5. Comparison of different supplied ablation mass

Supplied mass (µg) Ibit (µN − s) Exit Velocity (Km/s) Isp (s)
2.0 78 39 3974
2.8 78.2 27.2 2800
6.8 82 12 1224
9.0 83 8.5 868

It can be observed from numerical simulation that variation in supplied mass has no significant
impact on Impulse bit delivered. However, the mean exit velocity decreases significantly with
increasing the supplied mass. This trend is expected as the decomposition mass layer depth Xdec288

increases significantly with increasing the mass supplied with no change in the electromagnetic mass
layer Xem as the discharge energy and aspect ratio remains constant. Since decomposition mass
layer has low impact on thrust and impulse bit it effectively leads to poor propellant utilization and
decreases the specific impulse.292

Therefore, it can be concluded to improve the propellant utilization capability for water-fed PPTs,
mass supplied through injector should be precisely equal to the mass of gas that could be ionized for
the given discharge energy.

4.3. Circuit parameters296

The discharge current has a significant role on the plasma mass shot and hence propellant
utilization. For LPPT-1 and LPPT-2 discussed in the present analysis, the discharge current waveform
is over-damped. Therefore, there are secondary "crowbar" breakdown, this effectively leads to the
generation of a second plasma layer and the energy transfer efficiency for first plasma layer degrades.300

For a critically damped waveform, there would be existence of single plasma sheet mass and much
efficient energy conversion. Therefore, critically damped waveform is preferable to improve the
propellant utilization and much efficient energy conversion to optimize the performance for liquid-fed
PPTs.304

5. Conclusion

A mathematical model for plasma acceleration and performance was developed for liquid-fed
PPTs in present paper. The model is validated by comparing the experimental results for two different
class of thrusters. It could be concluded that:308

1) Comparing experimental results for water propellant PPTs with numerical simulation it is
concluded that the model is very accurate in calculating and predicting the performance for the thruster.
The models showed an accuracy up-to 92 percent. Therefore, based on the model assumption it could
be said that similar to ablative PPTs, there are two different mass layers for liquid-fed PPTs. The plasma312

sheet layer is accelerated to high velocity by electromagnetic and gas-dynamic interactions, whereas
the neutral mass layer moves with a relatively low velocity and independent of the discharge circuitry.
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2) An optimum balance could be achieved between the supplied propellant mass, discharge
energy and Impulse bit. From analysis it is shown that even though the supplied propellant mass is316

controllable, yet only a fraction of supplied mass forms the plasma sheet. This effectively degrades the
propellant utilization capability for liquid-fed PPT.

To summarize, liquid-fed PPT have an enormous capability to achieve much higher performance
and efficiency than they are presently capable of. Present mathematical model can act as a tool for320

researchers to better understand the underlying plasma and neutral mass acceleration processes which
could effectively lead to much efficient design of liquid-fed PPTs in future.
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