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Abstract - In this paper an effort is made to apply the principles of laser sustained plasma in jet propulsion. We have also tried to
explore the potential of their use in the replacement of conventional jet propulsion systems and have tried to use the principles of laser
induced plasma to produce viable thrust by irradiating the compressed air molecules by a high intensity pulsed laser. The temperature of
the irradiated molecules of air increases, and consequently the air tends to undergo expansion. This expansion of air is done at the nozzles
to produce viable thrust to drive the engine. One of the advantage of this propulsion system is that it doesn’t require any significant
changes in the design that is used in petroleum based jet propulsion systems.Furthermore, a theoretical analysis and comparison of the
proposed propulsion system and the conventional systems is done in this paper and results obtained in the calculations are included. We
have also included a design of the setup to be used in order to conduct a more precise and scientific experiment to study to performance
of the proposed technique.

1. Introduction

Plasma (from Ancient Greek, meaning "mouldable substance™) is a state of matter in which an ionised gaseous
substance becomes highly electrically conductive to the point that long-range electric and magnetic fields dominate the
behaviour of the matter. It is one of the four fundamental states of matter.

A plasma is referred to as being "hot" if it is nearly fully ionised, or "cold" if only a small fraction (for example 1%) of
the gas molecules are ionised, but other definitions of the terms "hot plasma" and "cold plasma" are common. Plasmas
utilized in "plasma technology" ("technological plasmas") are usually cold plasmas in the sense that only a small fraction of
the gas molecules are ionised. Plasma created by the radiation from focused laser beams was first observed with the advent
of “large pulsed” Q-switched ruby laser.The plasmas that are formed by the spontaneous breakdown of the gas at the focus
of the lens are sustained only for the duration of the incident laser pulses. However with the advent of continuous, high power
carbon dioxide lasers, it became possible to sustain a plasma in a steady state condition near the focus of a laser beam.

The laser sustained plasma shares many characteristics with other gas discharges, however it is sustained through
absorption of power from an optical beam by the inverse bremsstrahlung process. Since the optical frequency of the
sustaining beam is greater than the plasma frequency the beam is capable of propagating well into the interior of the plasma
where it is absorbed at high frequency near the focus. This is in contrast to the plasma sustained by high frequency electrical
fields (microwave and electrode less discharge) that operate at frequencies below the plasma frequency and sustain the
plasma through absorption within a thin layer near the plasma surface. This fundamental difference in the power absorption
mechanism makes it possible to generate steady state plasma having maximum temperature of 10000 K or more in a small
volume near the focus of the lens, far away from any confining structure.

This ability to sustain a plasma within a small, isolated volume at relatively high pressure and temperature has suggested
a number of potential applications for the laser sustained plasma.

Fig. 1: Similar model but using hydrogen as a fuel.
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The frequency of optical fields,( 28 THz for the 10.6 micrometer carbon dioxide laser) used for the LSP is greater than the
plasma frequency.[1]

2. Literature Review
2.1. Laser Propulsion: Early Historical Background

The idea to send a beam of light to a distant location and use its energy or its momentum has been around since antiquity,
long before the laser was invented. Archimedes’s mirrors reflecting sunlight and focusing it onto the Roman fleet of
Commander Marcellus off the coast of Syracuse in 214 BC is the best-known example. True story or mere myth, the
interesting point is that this story has persisted over more than 2000 years, demonstrating the attractiveness of such a
capability. The first more-seriously-documented approaches to the application of directed light beams are found in the
publications of the astronautic visionaries of the 20th century. In the years 1923 and 1924, the Russian pioneers Fridrikh
Tsander and Konstantin Tsiolkovsky and, independently, the German Hermann Oberth mentioned the idea of propulsion by
light pressure, leading to the concept of light, or solar, sail. However, the Russian work was virtually unknown to the West
until the 1930s, when rocket technology had developed through the independent efforts of Oberth in Germany and Goddard
in the United States.[2]

2.2. Characteristics of the GE J79 Engine

The General Electric J79 is an axial-flow turbojet engine built for use in a variety of fighter and bomber aircraft and a
supersonic cruise missile, the J79 was produced by General Electric Aircraft Engines in the United States and under licence
by several other companies. First flight using this engine was in 1955, 20 may.[3]
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Fig. 2: The schematic diagram of the General Electric J79 showing the arrangement of internal parts [4].

Some of the aircraft in which this powerplant is used are Conveyer B-58 Hustler, Lockheed F-104 Star fighter, North
American A-5 Vigilante. In 1959, the gas generator of the J79 was developed as a stationary 10MW-class(13000bhp) free-
turbine turboshaft engine for naval power generation, and industrial use called LM1500. Its first application was in the
research of hydrofoil USS plainview.

2.3. The Laser-Induced Breakdown Process

From electrical engineering, it is known that for sufficiently high electric field strengths in an insulating medium (e.g.
air or glass) a breakdown can occur. This means that there is a kind of spark, and the medium becomes electrically
conducting. The mechanism behind this effect is based on the acceleration of free electrons to high energies so that collisions
with other atoms or molecules can lead to secondary free carriers. This starts an avalanche process, during which appreciable
densities of free carriers can be built up within a short time. A plasma is formed, which can have a significant electrical
conductivity. The plasma can be maintained by further current flow, which generates additional free carriers.[5]

Breakdown in air and in other transparent media can also be initiated by intense light, i.e. by electromagnetic waves
with frequencies of hundreds of terahertz. The high optical intensities required can be reached in pulses as generated e.g. in
a Q-switched laser (with nanosecond durations) or in amode-locked laserand amplified in a regenerative
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amplifier (for pulse durations of picoseconds or femtoseconds). The intensity required for optical breakdown depends on
the pulse duration. For example, for 1-ps pulses an optical intensity of =2 x 10 W/cm? is required for breakdown in air at
normal pressure.

Interestingly, laser induced breakdown is possible at lower intensity levels if the air pressure is increased.

2.4. Physical Mechanisms

The detailed mechanisms behind breakdown with optical pulses are different from those for static electric fields, and
also depend on the pulse duration. Particularly for femtosecond pulses, multiphoton ionization can efficiently generate free
carriers in the initial phase of the pulse, followed by strong absorption by the generated plasma, which leads to further heating
and ionization. For long pulses, multiphoton ionization is less important, and the breakdown starts primarily from the few
carriers which are already present before the pulse. The random occurrence of such carriers makes optical breakdown less
deterministic in the regime of longer pulses, whereas the breakdown threshold can be very well defined for femtosecond
pulses.

3. Working Principle

The incoming laser beam is focussed into the combustion chamber where it sustains a plasma at temperature
approximately 16000 to 20000 K in contrast to a normal combustion chamber the high temperature plasma occupies only a
small fraction of the chamber volume and comes in contact with the incoming compressed air( having compression ratio
from 50:1 to 130:1) to produce a flow having bulk temperature approximately 1198K for an ambient air temperature of 300K
that can be expanded through nozzle to produce thrust. A detailed overview of the working of the proposed engine is as
follows.The air is admitted into the engine through the inlet as is the case in any ordinary turbojet or turbofan engine. After
this the air is compressed until the compression ratio reaches about 50:1 to 130:1 depending upon the altitude at which the
aircraft is flying.
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Fig. 3: Laser focusing in a region in space[6].

The above two steps are common to any ordinary engine but in the LSP based engine, the compressed air flows into a
chamber in which a laser is housed, the focal point of the laser is along the axis of the engine and is well behind the turbine.
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Fig. 3: The above diagram shows a time evolutin of laser induced plasma in fuel spray. We are not using any fuel in our model, but
the diagram is similar and can provide some insight [7].

The laser then produces a sustained plasma at its focus, the incoming air which comes in contact with the plasma is the
heated and the bulk temperature is raised significantly, to calculate the bulk temperature, in addition to using principles of
forced convection, (based on the fact that the plasma has a higher density) the steady flow energy equation can also be used.
The heated and the intermediately pressurised air then passes through the turbine transferring some of its kinetic energy to
the turbine, remaining air flows to the nozzle and by expanding at the nozzle produces the necessary thrust to propel the
aircraft. However, due to the high temperature of the LSP a substantial portion of the absorbed power will be radiated from
the plasma and absorbed by the chamber walls, consequently some of the energy radiated by the plasma is wasted, hence it
needs to be ensures that the material used in the body of the engine has low thermal conductivity and a high melting point.It
needs to be ensured that sufficient mixing of the inlet air and the high temperature plasma region near and at the LSP takes
place to produce bulk temperature required for expansion at the nozzle inlet as well as for running the turbine.

It is quite conspicuous that the success of this model is dependent on two factors.

1. Being able to sustain plasma in a forced convective flow.

2. Being able to produce a uniform temperature distribution at the turbine.

Furthermore, the properties of nitrogen/ air plasma need to be studied [8].

4. Mathematical Analysis

For the mathematical analysis it is assumed that if the proposed engine can heat the incoming air to the temperatures
that are reached in the conventional engines at the nozzles then the rate of expansion of the air at the nozzle of the proposed
engine will be equal to the rate of expansion of the air at the nozzles of conventional engines, then assuming that the flow
rate is the same for the proposed engine and the conventional jets the thrust produced will also be the same. Note that the
geometry of the nozzle of both the engines is assumed to be identical. For the success of the proposed model it is important
that the calculated bulk temperature is sufficiently high so as to accelerate the air to optimum velocities that are needed to
produce thrust. The mathematical analysis for the same involves a control volume analysis of the combustion chamber to
calculate the temperature at every section of the control volume in addition to calculating the bulk temperature.

Consider a control volume as shown in the figure which in our case is the combustion chamber. Let the flow of the air
considered be a steady flow.Note that this mathematical analysis only provides general equations the can be used to calculate
temperatures and pressures at different sections of the control volume.Applying the Energy Equation for steady flow, and
Assuming that the work done is zero, furthermore assuming that the mass flow rate remains the same, [9]

We get that,
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Consider that Z, — Z; = 0 then,

0Q 0m V2 ;2
E‘E[A“((? 2 ))] ©

If Q represents the total heat produced, then,
Q = Qair + Qwaus 4)

Where (J ;- represents the fraction of the heat from the plasma that is used to heat the air and (J,,,51;s represents the heat

that is absorbed by the walls of the chamber,
And,

_ Qair
) ®)

(04

&t represents the fraction of the heat that is used in raising the temperature of the air and hence is equal to the ratio of the
heat absorbed by the air to the total heat supplied by the plasma.

Then we get,
aQair _ am vzz vlz
w+ (3 -5 ) (6)
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Multiply both sides by a—t
T

_— V2 1,2
Ouwr = | [0 +{ (5 ~5) (7)
But (;;, can be written as,
Qair = (CAT)air (8)
Then for unit mass flow rate,
v,2 2

This expression provides us a rough estimate to calculate the temperature at any considered section but to get a more
precise value of the temperature a control volume analysis must be carried out.

Divide the control volume into infinite small cylindrical elements and assume that the pressure remains constant within
each of these cylindrical elements.
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Fig. 4: Plasma generated at the axis of the cylinder[1].

It is assumed that before the air reaches the plasma all of the temperature change is brought about due to the compression
from the compressors. Therefore in this analysis we only consider the elements after or downstream of the introduction

of the plasma.
2 2
[Ah] + <(% -3 ))] (10)

For strip 1
T, is the temperature of the air after it interacts with the plasma and T is the temperature before interaction. Therefore T,
is the temperature of the air that is achieved due to compression from the compressor. Hence during experimental analysis
the value of Ty is known.

[ATCp]l =Qa

For strip 2
B V32 1,2
[ATc,l, = a||[AR], + (7 -2 ) w
B V32 1,2
It is also considered that the enthalpy of the air within each individual strips also changes along with the velocity.
V32 1,2
[Ty = Tallepls = || [y = ol + ( (2 -2 @)
For strip 3
B 1,2 32
[ATc,ls = a||[AR]; + <? -2 ) w0
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V2 g2
[Ty = Ts][cpls = @ [[h4 —hs] + ((? ) ))] (15)

Repeating the same analysis for all the strips, We get a general formula,

2 2
[hn+1—-h1]+-((”@;1 —= ))]‘ (16)

This equation helps in a more precise calculation of the temperature of any particular section of the control volume.

n

[Ths1 — Tl][cp]3 + z Tn[cpn_1 - Cpn] =
i=0

5. Calculation for the Bulk Temperature
It is known that for a static homogeneous fluid system,

1
=7 (17)

Where | is the total enthalpy,

and C is the heat capacity.

However, the fluid system that we are dealing with is not a static homogeneous system hence this equation does not
apply to the system as a whole however it does apply to each individual point of the system when considered separately.[10]

Assuming the pressure changes to be negligible in the local elements of fluid flow i.e. the pressure within each individual
element of the control volume is constant.

Let the local velocity of the flow be ii.

And the local temperature be T .

This temperature is a function of the special coordinates as there exists a temperature profile in the system.
The mass flow rate in through any section is,

For two dimensional system,
m;, = pudxdy (19)
The enthalpy is,
puc,TdA (20)
And the heat capacity is,
puc,dA 21)
Then the bulk temperature is,
TdA
. _JpueyTdA (22)
J pucy,dA
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_ JuTdA

T ="Taa (23)
_ JuTdA
b="Ta (24)

This is the theoretical method to find the bulk temperature. However, this definition in Eq. (24) also makes it difficult
to be measured in an experiment accurately. But an approximation can be done using the method suggested in the Fig. 4
below. Each white dot is the place where actual temperature and local velocity measurements are made while the flow
persists. Such local values are approximated to represent the temperature for a control volume of the fluid region that
surrounds those points (In Fig. 4, represented by the rectangles formed by the grid). An area weighted summation of all such
temperature values should give an answer that is close to the RHS of Eq. (24). The fineness or coarseness of the grid in Fig.
4 determines the accuracy of the bulk temperature measurement.
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Fig. 5: Experimental determination of bulk temperature in a steady channel flow, forced convection situation taken [11].

The efficiency of the technigque can be calculated as follows,
The input heat can be calculated from the rating of the laser used,

o Qar

From eq. (5) Q

Here (¥ is the fraction of the incident heat that is actually absorbed by the air, the variable ¢ is also a denotation of the
efficiency of the engine because it tells us, about the fraction of the energy that is absorbed by the air, out of the total energy
supplied by the laser. However & does not give us the complete picture of the efficiency, as out of the energy absorbed by

the air a fraction is used to heat the air and the rest is rejected. Let the heat rejected be Q‘T And the heat incident on or
absorbed by the air is,

aQ = Quir (25)

Then the efficiency of the engine becomes,
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a (26)

This is the required efficiency of the engine.

6. Experimental Setup For The Calculation Of Incident,Transmitted Energy And Bulk
Temperature

The Figure 6 below depicts the experimental setup that can be used to measure the incident energy and the transmitted
energy. A one hole air injector can be set on a constant volume vessel, which will have four optical windows. The air is
injected vertically downward into the vessel, A compressor can be used to compress the air. Laser induced plasma can be
generated in the injected air by focussing a nano-second Q-switched Nd-YAG laser. The laser incident energy can be
controlled by a half wavelength plate and a polarising beam splitter and the laser beam can be focussed by a convex lens
with a suitable focal length.The incident energy and transmitted energy can be measured by energy meters, the transmitted
energy can be used to estimate the energy loss caused due to attenuation and scattering. The state of plasma produced can be
visualised by a ultra high speed colour camera.The injection pressure can be changed to observe the effects of the flow
velocity on the properties and the diameter of the plasma. Ambient pressure can be kept constant during the
experiment.Furthermore the constant volume vessel can have temperature measuring devices and pressure sensors at
different sections of the vessel to calculate the temperature of the exhaust at different sections.
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Fig. 6: Diagram edited from a similar paper [7], depicting the experimental setup in our case.

7. Results and Disscusion

The results obtained in the calculations are giving below. These results depict a comparative analysis between an engine
based on our propulsion system and a conventional jet engine.[4]

The engine that we have used for this comparison is the “General Electric’s J79".

Using the derived equations, the temperature just upstream of the turbine can be calculated for our propulsion
system.Here, we assume that the nozzle and turbine contour and geometry of both the engines considered for the comparison
are identical, therefore if the obtained value of temperature just upstream of the turbine is the same for both the engines, we
get that the thrust produced after the expansion at the nozzle will also be the same for both the engines. Further choosing the
right power rating for the laser can ensure that the air is heated to the right temperature, but in order to do so, the amount of
enthalpy increase to be produced by the laser needs to be calculated. The Value of the enthalpy increase can be calculated
by the equation,[12]

(CAT) air — a

(i) @
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where the specific heat is at constant pressure.
Assuming the value of e =1, and inlet velocity of air in the compressor to be 167.64 m/s, as is the general value depicted

by the following curve.
200p 2400p 2000
175k 2100 1600 b § /\ * ... Afterburnin
150k 1800k 1200f $% . .Mn‘m
R operation
125f 1500k 1000} / 71 s

100 1200 8008 . / 2
N
* L

\ic

H
N\
<.

(
Temperature ( F) f
Velocity (ft/sec) _

Fig. 7: Plot of engine flow parameters over the length of a turbojet[13].

From the collected data the turbine inlet temperature for the GE J79 is about, 871.1111°C.

The calculated enthalpy increase to be produced by the laser used is about, 1061.94206 KJ/Kg.

Hence to conclude, we can say that this propulsion system has the potential to replace the GE J79 class engines by using
a laser that can impart  1061.94206 KJ/Kg increase in the enthalpy of the air.

8. Conclusion

A propulsion system in which the combustion chamber is replaced by a laser chamber that uses laser induced plasma as
an energy source to produce thrust is proposed.

Furthermore, an experimental setup that could be used to evaluate the properties, advantages and possible shortcomings
of using laser induced plasma as a source of energy was proposed.Further, a control volume analysis of the chamber is
conducted and a general equation derived to calculate the temperature at different parts of the engine. Finally, the proposed
propulsion system was compared to a conventional turbojet engine namely, the GE J79 and the value of enthalpy rise required
for the engine to produce approximately equal thrust to the GE J79 was calculated using a basic variant derived from the
standard energy equation.
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