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5, 1.5 kW, axial flow, carbon dioxide laser was used to create the LSP in a
uzrtz flow channel, The convection flowfield surrounding the plasma was con-
;

A

0

t

3

[oN b
1

oot

volume flow throush the test chamber, and the optical geometry was determined
tle oscillator outrut mode of the laser and the focal length of the lens, Digital
rincma in a selected narrow wavelength interval were obtained using a CID digi-
VICC: disital imase processing computer that were calibrated for absolute
images were then Abel inverted to give a spatial plasma emission ccelTicient
the spatial disiribution of the plasma temrerature. These measured
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15? \'temperature fields were then used to calculate the laser power absorption

in the plasma and the power lost from the plasma through optically thin

:ﬁq emission. More than one hundred sets of dato were obtained for argon
:Qk. plasmas at nominal pressures from 1.5 to 3 atmospheres and incident
e flow velocities from @.4 to 4.8 m/s. . __

H!

‘!'a

?45 Detailed examination of the complex interactions of the various
‘P) energy absorption and loss mechanisms was aided by the development of
AR a computer model for the LSP. The computer model is based on a laminar
iﬁﬁ Navier-Stokes description of the flow ond a geometric ray trace
:éz: description of the laser beam propagaotion through the optics and the
%' plasma. It was found that the LSP was stable in the presence of

'Jﬂg significant convective flow environments, and that the plasma radiation

and fractional power absorption could be controlled by appropriate

r‘i combinotions of pressure, optical geometry and flow.
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FINAL REPORT

Objective

The principal objective of this research was to determine the effects
of a forced convection flow environment on the stability, fractional power
absorption, flow structure and mixing in a laser sustained plasma (LSP).

Approach

Detailed experimental measurements of the plasma temperature field
were obtained which could then be used to analyze the spatially resolved
energy and momentum balance within the LSP. The detailed spatial anolysis
was creatly aided by the development of a new computational model for the
Lsp [1].

The plasma absorption mechanism, inverse bremsstrahlung, is
applicable at all potential laser wavelengths, but the UTSI experiments
utilized a 1.5 kW carbon dioxide laser to take advantage of the long run
times, good beam quality, and ease of operotion. Argon was used os the
plasma medium since it is easily sustained with moderate laser power and
provides for a relatively large range of pressures and flow rates for the
available laser power. Experimental results can be extrapolated to other v
gases and laser wavelengths through the known relationships between
wavelength and absorption coefficient for inverse bremsstrahlung.

The temperature field in the plasma was measured using narrow wave-
length bandpass images of the plasmo emission acquired with o VICOM digital
image processing computer and a CID video camera. The entire measurement
system was calibrated using direct substitution of an absolute radiance
standard lamp. The resulting images were converted to emission coefficient
values within the plasma through the use of o new transform method of Abel
inversion [2] thot was developed to treat the large quantities of data
accurately and efficiently. The emission coefficients were then related to
the plasma temperature using the assumption of local thermodynamic
equilibrium and the known relationships between plasma continuum emission
coefficients and the plasma temperature and pressure. The overall experi-
mental configuration is shown in Figure 1, ond these techniques were
described in detail in several publications [3.4,5].

The spatially resolved absorption of power from the laser beom and the
power lost from the plasma through emission was calculated using the measured
temperature fields. The input power distribution of the laser beaom incident
on the lens was described by o series of rays, each carrying a prescribed
fraction of the laser power. These rays were then traced through the optical
elements (lens and window) and then through the measured plasma temperature
field. At each computotional step through the plasma, a new ray direction was
calculated based on the temperature dependent index of refraction of the plasma.
Then, the power absorbed by the plasma from the loser becm, the attenuation of
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ﬁ&, the beom and the power radiated from the plasmu were all calculated for thct
;&E spatial volume based on the local temperature. Using this technique, both the
h global and spatially resolved energy balance of the plasma could be obtained.
Results from this analysis of the experimentaol doto were published in
p
3"v References [3.,4,5]. A major result of this work was the determination that
ﬁ' the LSP was stable in the presence of substantial flow, and an understanding
;:ﬂ of the degree to which the optical geometry controlled the behavior of the LSP.
]5m
BN In order to better understand the effects of the optics on the operation
‘ of the LSP, a Fourier optics method was developed to study the optical
) p Y
_¢=5 intensity near focus that results from a combination of lens aberration and
.l’s diffraction. This new technique was implemented on the VICOM image processing
3: N computer where the large number of Fourier transforms could be computed
s& $ efficiently, and the results of the calculations could be disployed as images
:ég for ease of interpretation. The details of this new technique have been
published in References [3,4]. It was found that the combined effects of
< oting spherical aberration and diffraction greatly altered the distribution of
A g
D] optical intensity in the focal volume, when compared with simple paraxial ray
“?;j analysis, for the unstable oscillator annular team used in the experiments.
e
55; The analytical models that were available for comparison with the
i detoiled experimental results were limited. The models were either one-

dimensioncl or had used simplifying aossumptions for the temperature dependent
plasma properties or the rodial components of the flow. A new model was
developed for the LSP baosed on the laminar Navier-Stokes equations to describe
the flow, and a geometric ray trace through the optics to describe the propaga-
. tion of the laser beom through the plasma. A computer code was developed using
the SIMPLE olgorithm to solve the equations. The comouter model was verified

N

-y using the detoiled experimental data, and was found to give good predictions of

) g g P

{? plasma temperature, position within the focal volume, response to flow changes
o and global values of the power absorption and radiation when the plasma

'\p pressure was greater than 2 atmospheres. Having verified the computer model

" using the experimental dota for argon plasmas, the code was modified to obtain
predictions for plasmas sustained in hydrogen, the propellant of interest for

f " high specific impulse rockets. The development of the computer model, the veri-
}5 fication using the measured data and the calculations for hydrogen have been
o published in References [1,6,7].

)

R The principal accomplishments of this research were:

.

,: o Detailed experimental measurements of plasma temperature

‘ij for plasmas sustained in a forced convection flow.

:L:{

h \: o Development of new transform techniques for the oaccurote

5 and efficient Abel inversion of large quantities of data.

“{: o Development of new Fourier optical methods to calculate

*ﬁ the intensity near focus for combined lens oberrotion and

) g diffraction.

0... '\

L]

':':’o

o Development of a comprehensive computer model to predict
the characteristics of laser sustained plasmas.
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AN Some important conclusions can be drawn from this research regard-

Rty ing the loser sustoined plasmo ond its suitability for an odvonced
propulsion system. It was found that the LSP could operate in a highly

;.' stable manner over a wide range of pressure and flow conditions. It was

g found that the fractional power absorption of the laser beam and the

: 3* radiation losses from the plasma could be controlled using a combination

3

:E of laser power, optical geometry, pressure aond flow. Computer caolculaotions

' indicate that for laser powers greater than o few tens of kilowatts, the
absorption of the laser beam by a hydrogen plosma approaches 180%, and

W that the radiaction losses from the plasma could be used efficiently 1n a

bﬂ, regenerative cycle to provide a specific impulse in excess of 1500 scc.

~: There do not appear to be any "fatal flaws" in the concept for using the

'“ laser sustained plasma as a means to absorb energy from a laser beom and

W heat a suitable propellant gas, and further studies regarding the use of
beamed laser power for propulsion are warranted.

. \J

: There remain some questions that deserve further study. In particular,

B the characteristics of plasmas sustained with Gaussian profile beams, and

. Y the characteristics of plasmas sustained with lasers having different

»Q} wavelengths and pulsed power formats, such as the free electron lasers.
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;V Interactions

-0"

There was a close ond continuing role as advisor and consultant between
Drs. Keefer aond Peters with the Loser Propulsion project at NASA Marshall
Space Flight Center. This interaction involves the diagnostics, ignition,
and dato cnalysis for experiments in loser sustained hydrogen plasmas and
experimental design and preliminary experimentation on water vapor absorp-
ti1on in carbon dioxide laser beams. The project director at NASA/MSFC was
Or. T. Dwayne McCay.
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" The following papars have been presented at national meetings:
oY
¢~ 1. Keefer, D., Peters. C., and Crowder, H., "A Reexamination of the Laser
bﬁ Supported Combustion," AIAA Thermophysics Conference, Montreal, Canada, 1in
3
June 1983
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2. Keefer, D., Crowder, H. and Peters, C., "Laser Sustained Argon Plasmas
in o Forced Convection Flow," AIAA 23rd Aerospace Sciences Meting, Reno,
Nevada, January 1985.

3. Keefer, D., Welle, R. and Peters, C., "Power Absorption Processes in
Laser-Sustained Argon Plasmas,” AIAA18th Fluid Dynamics and Plasmadynamics
and Laser Conference, Cincinnati, Ohio, July 1985.

4. Welle, R. P. and Keefer, D. R., "Imagining of Continuum Emission for
Diagnostics of Laser Sustained Plasmas," lst International Laser Science
sonference, Dallas, Texas, November 1985.

5. Welle, R., Keefer, D. and Peters, C., "Energy Conversion Efficiency in
High-Flow Laser-Sustained Argon Plasmas,™ AIAA/ASME 4th Fluid Mechaonics,
Plasma Dynamics and Lasers Conference, Atlanta, Georgia, May 1986.

6. Jeng, S. M., Keefer, D. R., Welle, R., and Peters, C., "Numerical Study
of Laser-Sustained Argon Plasmas in a Forced Convective Flow," AIAA/ASME

4th Fluid Mechanics, Plasma Dynamics and Lasers Conference, Atlanta, Georgia,
May 1986.

7. Jeng, S. M. and Keefer, D. R., "Numerical Study of Laser-Sustained
Hydrogen Plasmas ina Forced Convective Flow," AIAA/ASME/SAE/ASEE 22nd Joint
Propulsion Conference, Huntsville, Alabama, June 1986.

8. Smith, L. Montgomery and Keefer, Dennis R., "The Fourier Optical Analysis
of Aberrations in Focused Laser Beams," Spie's 38th Annual International
Technical Symposium, San Diego, California, Aug. 1986.

Inventions

None

Additional Statement

It has become clear that a modification to the chomber must be made
in order to separate the transmitted beam power from thermal radiation
and convective heating of the gas in order to accurately determine the
froctional power absorption of the plasma. This will involve the design
and fabrication of o special mirror to close the end of the chamber.
Additionally, it oppeaors that the advent of thermoplastic imaging devices
make it practical to develop a holographic, real-time interferometer to
determine the density of the flowfield in the lower temperature portions
of the plasma. We propose that we be ollowed to undertake the development
of this advanced plasma diognostic technique with AFOSR support through
either an expansion of the current contract or initiaotion of a separate
contract.
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