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SECTION I

SUMMARY

An experimental program was conducted using & small-scale, arce-augmented
gas-dynamic laser (CDL) with the objective of obtaining comprehensive data
for evaluating theoretical predictions of optical gain for such devices over a
wide range of potential operating conditions., An existing combustion-driven
GDL facility was augmented with a 530 kW arc-jet heater to provide stagnation
temperatures unattainable by the combustion of ordinary liquid and gascous
reactants in an attempt to simulate conditions estimated for the combustion of
solid propellants. The unmodified combustion-driven GDL facility had pre-
viously been employed for making extensive gain measurements eand performance
evaluations for conventional GDL configurations and had been well-characterized
during these earlier test programs. Under the present program, stagnation teme
peratures higher than those reached in ordinary gas-dynamic lasers were obtained
and measurements were made to indicate that an acceptable level of temperature
homegeneity had been achieved to permit the theoretical determination of the
plenum gas composition. This information was in turn used to access the im-
portance of the water-gas equilibrium which, for the conditions considered,
dictates that excess carbon monoxide would result in significent concentra-
tions of hydrogen and concommitent reduction in water concenmtrefsion. In addi-
tion, limited gain measurements were made.

During the course of this program, a number of experimental difficultics

were encountered which limited the scope of the gain measurements and, thereby,




partially compromised the overall program objective. Included among the diffie

culties were restrictions in test time due to the effort expended to muke the

cquipment operational over che extended range ol conditions, operationsl diffie
culties resulting from arc-current transients which caused excessive are elece
troi: crosion during starting, problems resulting rrom th: condcnsation of
clictrode muterisl in the noz:zle throat and possible uncertaintics in the noze
zle throat arca. The variances found in the guin truces were considerubly
larger than anticipated and much greater than hud been recorded during pure

coumbustion=driven GDL guin measurements. Part of this varisbility resulted

from operational problems with the arc heater and instabilities in the probe
laser. For example, the gain data obtained might be suspect because of the
pocsibility that erroded copper metal might huve contaminated the gases. Howe
ever, since most of the erosion noted ocerred during ctarting current transients,
rclatively little copper vapor was present during the part of test when the

gaein was measured, Furthermore, post run inspections gave qualitative cvia=

dence of the presence of copper in and upstream of the nozzle throat and also
within the combustor; no evidence of copper deposits downstream of the nozzle
throat wasz found. The difficulty with electrode lifetime was traced to shorte-

comings in the arc power supply and attempts to rectify the situation dwring

the course of the program were not totally satisfactory.




SECTION II

THTRODUCTION

In conventional gas-dynamic laser (GDL) configuruticns, gaseous reactants
aure combusted in the appropriate proportions to generate an optimum active me-
diuwn. It ic clear that the performance of cuch lasers would be improved if
higher stagnation temperature could be achieved. One possible means to obtain
increased stagnation temperature is the use of solid propellant fuels. Such
use would also be cignificant in the development of minimum weight, compact
devices, which would have long shelf iife.

To aid in the development of the appropriate solid propellants, informa-
tion is required n the magnitude of the optical gain which can be achieved
with veriousz hypothetical formulations. Since the combustion of solid pro-
pellants tends to generate significant concentrations of carbon monoxide, as
well as high stagnation temperatures, little data are available on the anti-
cipated gain as indicated in references 1-9. The magnitude of the gain can
be estimated using various theoretical models, but these models have received
relatively little experimental validation at the conditions corresponding to
those anticipated from the burning of solid propellants. Therefore, the ob-
Jective of the program described herein was to perform & series of comprehen=
sive gain measurements ir. o small-scale, arc-jct augmented GDL using gas com=
positions at tempere‘ures representative of those that might be achieved by the

burning of solid propellants so that the performance potential of such systems

might be established and the predictions of various theoretical models validated.




The research program was divided into two phases. Phase I entailed the
design and fabrication of an arc-combustor-nozzle assembly, its installaticn
in United's "mini-rocket" GDL test facility, (refercnce 9), eand & comprehensive
evaluation of the suitability ¢f the facility for meking reliable gain meacurc=-
mentse This avaluation included the following:

a. Determination of the temperature homogeneity upstream of the nozzle;

b. Measurement of pressure fluctuations in the combustion chamber;

¢. Determination of the capability of the facility to achieve the de=

1 sired rua conditicns (c.f. Phase II);

; d. Determination of the experimental procedures and equipment required

to achieve the desired run conditions;

e. Assessment of the reliability of tre equipment, especially the arc

heater;

f+ Performance of an error analysis to estimate the error associated
with each critical run parameter, (i.e., stagnation temperature;
stagnation presrure; mole fraction of COp, Ny, H.20 and CO; distance
] downstream of the GDL nozzle; and optical gein).

Phase II of this program required the measurement or calculation of se=

lected parameters at specific sets of run conditions. These parameters included:
a. Optical gain, using & single frequency 002 probe laser;
b. Combustion chamber temperature, using high-temyerature thermocouple
probes;
¢. Combustion chamber pressure, using & pressure transducer;

d. Gas compositicn, using a computer program available at UARL with

R e e —



valuzs of individusl gus flow rates, ctagnation temperature, ard

stagnation pressure ac input data.




SECTION III

FACILITY DESCRIPTION

l. MINI-ROCKET TEST FACILITY

The reaction vessel which houses the are-combustor-nozzle acssenbly is a
vacuum=tight stainless steel cylinder (twelve inches internal diameter) with
gas and water feed-throughs in end and side flanges, (see figure 1). The arc-
combustor-nozzle assembly, not visible in figure 1, is installed in the rear.
The downstream end of the vessel is connected through appropriate piping and
valves to a vacuum sphere having a volume of 4800 cubic feet. The vacuum-
tight test facility protects laboratory personnel from exposure to carbon
monoxide in the event of leaks in the test assembly, and the use of the large
vacuwn sphere permits runs, which were generally of the order of thirty seconds,
to be made without incrcasing the pressure in the facility more than 10 to 12
torr.

Arc operation, cooling water flows, and gas flows were controlled from
wall-mounted control panels located a short distance from the reaction vessel,
(see figure 2). Appropriate safety devices against system over-pressurization,
over=-temperature, etec., were built into the control system.

A schematic of an individual gas delivery line is shown in figure 3. There
are five such lines - two for nitrogen and one each for hydrogen, oxygen (or
nitrous oxide), and carbon monoxide. The gas is supplied from high pressure ©

cylinders joined by a manifold and located outside an exterior wall of the room.

The outlet of the manifold has a single manual shut-off valve through which the
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gas is delivered to a precsure regulator and taen through an on-off solenoid
valv: to the test arca. A manual bleed valve is also provided outside the
building test area to permit ready depressurization of the lines. Ingside the
building the gus puacoces In turn through a second on-off solenoid vulve, a flow
regulating manual valve, & suituble choked oririce, and finully a smal. check
valve before entering the test apparatus located within the evacuated reaction
vessel. The hot guses exiting from the apparatus pass over water cooled copper
coils located within the reaction vessel and the cooled gases exhaust through t

appropriate plping and vulving into the large vacuum sphere again located oute

side the building. Pressure gauges located ir the control panel indicate the
gac supply pressure and the controlled pressure preceding the choked orifiec,
The pressure within the combustor ic monitored by & pressure transducer and
the vacuun within the reaction vessel is monitored with a gauge.

The flow of guses to the test assembly is controlled in all casec by
choked orifices. These orifices are calibrated with nitrogen and, from these
data, the flow with other gases is calculated. A cross-check of the calcula=-
tion procedure is usually made with argon gas. The manufacturer's quoted pur=
ity for each of the gases used in the present program is: CO, 99.3%; N,» 99. T%;
0p, 99.6%; and Hy 99.9%.

2. FRC HEATER OPERATION

The arc heater used in the test program was a Model =250 heater made by
Linde. The power supply was made by American Rectifier, New York.

To ignite the N=250 arc heater, nitrogen flow was initiated and then a

potential was applied between the anode and cathode. A one-eighth inch diameter

10
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carbon rod at cathode potential was passed from behind through a port in the
cathodc into the space between the electrodes drawing the arc from the anode
and af’fixing it to the cathode as the rod was withdrawn once again through the
port in the cathode, (see figure 4). The gas-actuated starter is shown in
figure 5.

In a normal run-sturting sequence, the cooling water to the arc was turned
on, the magnetic coil was energized, full nitrogen flow (appropriately divided
between arc and combustor with regard to heat and gas composition requirements)
was established, the potential was applied between electrodes and the starter
mechenism was actuated. Upon arc ignition the fuel and oxidant gases were fed

ine The run shute-down was in the reverse order.

1l
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SECTION IV &

EXPERIMENTAL WOKK

e

1. PHAGE I
&, Derign of the Arc-Combustor=Noz:zle Ascembly

(1) General Considerations

= T Y P, 22

The desired operating conditions which the assembly was designed to achieve
are listed in Table I. As indicated in Table I a wide range of gas compositions
were established for the small=scale gas dynamic laser operating at a stagnation
prescure of 40 atm and at a number of stagnation temperatures. In figure 6 is
shown & plot of the stagnation temperatures as a function of CO2 and Hy0 concen-

trations which result from the combustion of CO and H2 with either O2 or NQO.

R

With CO and O2 as the principal reactants, approximately 80 kw must be added to
the gas stream to achieve some of the desired stagnation temperatures. If rea- )
sonable heat losses are considered, then the addition of approximately 200 to

LOO kw of thermal power is required to achieve the desired stagnation temperatures.

.

Furthermore, the temperature uniformity within the combustor is exceedingly im=

oo o -

portant in providing meaningful comparisons between theory and experiment. The

comparison of theory with experiment also requires that a reasonably shock free

gas flow be generated downstream of the nozzle throat to the last port at which
gain measurements are made.

The existing UARL mini-rocket GDL was not capable of achieving the desired
operating goals, and therefore, was modified at the start of this program. The

existing copper combustor had been tested to approximately 35 atm, at which

pressure leaks developed because the copper design did not have the requisite

structural strength. Also, the proposed test conditions required larger gas

14




TABLE I

RUN CONDITIONS

(o]

GROUP RUN T (k) xco,, X0 % 0

1 1500 2 0 p)

1 2 1500 2 30 p)
3 1500 2 60 5
b4 1520 5 0 Other Conditions
5
6 = 60

L3 .O3cm

Lo atm
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flow rates than had nreviously been employed, which necessitated roplacement

of the gas supply linec. Gaseous fucl was considered as the only fuel choice
which would allow all of the different conditions to be achicved. Oince cone
siderabl: experience had been obtained in using choked orifices for controlling
the gas flows in performing other GDI tests, this samc technique, which can
readily control gas flows to t 2 percent, was closen for the present study.

Jome: of the carly GUL two-dimensional copper noz:zle contours were dcsiyned

with UARL computer programs to provide shocke!/ree flow. These same computer
prograns Were used in the present prograrn.
(2) Arc<Combustors=Nozzle Design

The modifications which were made to the existing facility to provide the

vide ranges of running conditions included a 200-400 kv thermal heat source

and & norzle=combustor design capable of operating at 40 atm while providing
uniform gas flowe. The following factcrs were taken into consideration in
chooring the thermal heat source: 1) capebility of generating the required
enthalpy ut the desired temperatures 2) potentiasl of varying the enthalpy
during a run 3) operation with varying amounts of N, and L) general flexibility.
The required enthalpy can be generated by either an arc or a pebble bed heater.
(As a result of combustor and nozzle heat losses, exit gas temperatures con-
siderably in excess of 1200°K are required). However, only by using an arc

can the heater exhaust gas temperature be readily varied during the course of
a run. This form of operation is necessary to minimine the number of required
runc and yet achieve the desired operating temperatures. Furthermore, the arc

iz more readily adaptable to operation on the varying amounts of N, required

2




in going from one tect point to another. In summary, an arc has more flexi-
bility for this particular program because it can generate the required enthal-
pies and be readily incorporated into the test apparatus. The arc uses a power
supply which cen be remotely located. The arc itself has & small volume occu=
pying less than 0.5 cu. ft. of space. In addition, commercial arc units have
been operated at pressures well in excess of L0 atm and have delivered the
requisite amount of ga: enthalpy at temperaturec in excess of those required.
Gince an arc wac chosen as the thermal source, the combustor was designed
to mate with the arc in such 4 manner as to provide a relatively uniform gas
temperature at the nozzle throat. To achieve this goal the combustor wrs de-
signed to have a volume which would provide a relatively large gas residence
time. However, the larger the residence time the greater the heat loss; a
residepce time of approximately 30 m sec was chosen based on previous exper=-
ience with other types of combustors. The gas emanating from the arc was in-
Jected parallel to the nozzle throat in order to dissipate the hot gas plume
~manating from the arc. The dissipation of the vortex-stabiliz=d arc gas plume
was further enhanced by injecting the reactant gases with a swirl that was op=-
posite to that of the arc heated diluent. Stainless steel was chosen as the
material of canstruction because of its structural properties. Since, in
general, the run duration was intended to be less than 30 sec the combustor
was orly cooled externally so that it could be cooled between successive runs.
The nozzle ~ontour was determined by utilizing the available UARL compu=-
ter programs. Since the nozzle was to be tested with a variety of gas compo=-

sitions which corresponded to gas mixtures having slightly differing heat




cupacity ratios, the contour was calculated for conditions correcponding to

the averege gas composition of the test matrix listed in Table I. Because the
combustor was mude of stainless steel it was thought thut the nozzle should be
made of & méterial that had & similar coefficient of expansion to minimize the
potential leakage at the combustor-nozzle interface. Furthermore, steady-
stete calculations indicated that copper might not have the requisite struc-
tural strength. However, subsequently it was learw.:d that copper would be
acceptable especially for the short run times under consideration. The nowvle
was febricated of stainless stecl which resulted in an unenticipated diffi-
culty, namely the nozzle throat changed dimensions during the course of & teste
The stagnation temperature uniformity and magnitude upstream of the nozzle
throat was to be measured with three equally spaced thermocouples located withe=
in the nozzle but just upstream of the nozzle throat.
(3) Construction of Arc-Combustor«Nozzle Assembly

A diagram of the arc-combustor-nozzle assembly is shown in figure k., The
cylindrical stainless steel combustor is 3.56 inches ID and 5.75 inches long.
The internal dimensions of the stainless steel nozzle are 4.000 & 0.005 inches
in width and seventeen inches in length. The nozzle is three inches thick where
it joins the combustor (bolted using a copper gasket) and reduces to one and
one-quarter inches in thickness shortly downstream of the throat area. The
cylindrical arc heater is & Linde arc, Model N-250, which is eleven inches in
diameter at the sealing flange and thirteen inches long. Nitrogen is introduced

into the arc assembly through four separate nozzles at location (A) so that a

swirling flow is set up within the arc. The nitrors n is heated by an arc set




up between & hollow ancde and & hollow cathode when the unit is energized. The
hot nitrogen plume flows out the hollow cathodz toward the combustion chember.
At the entrance of the combustion chamber the hot nitrogen is met by a counter-
swirling flow of fuel (CO and H2) and oxidizer (o2 or NQO) introduced through
separate ports at location (B). Combustion begins immediately, is completed
within the combustor, and the gaseous product mixture (COE’ H0, Ny, excess co)
then enters the nozzle. The nozzle is mede in two halves as shown in figure
7. The internal throat width is four inches end the threat height is 0.12
inches but the height can be adjusted by appropriate selection of chim mater-
jals between halves. Ports are provided at five, ten, and twenty=-five cm downe-
stream of the throat for gain measurements. ©he contour of the nozzle was de=-
termined through use of computer programs at UARL which include both nonviscous
and viscous effects so as to produce shock-free supersonic gas flow. Critical
parts of the arc heater, combustor, and nozzle are weter cooled. A photograph
of the assembly in preparation for installation in the test rig is shown in
figure 8.

b. Sheke down tests of Assembly in Mini-rocket Facility

(1) Facility Problems

Considereble difficulty was encountered at the beginning of the shakedown
tests in isolating problems in the power supply which led to secondary prob-
lems within the arc heater. The problems were ultimately resolved to an
acceptable degree in conjunction with the power supply manufacturer to enable
dependable running of the arc and allov an evaluation of the capability for

achieving specified run conditicns. This wae acromplished principally by
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operating the power supply without output shorzing rclays and by rewiring and
roplucing critical power tupply components with parts having higher voltage
breekdowvn characteristics. /Ao u consequence of some ldiosyncracies in the
power supply, the method of igniting the arc had to be modified to incorporute

certain essential procedures. The details of the arc cperation are presented

in Appendix I.
(2) Temperature lomogeneity

Three thermocouples were located in the rorzle just upstream of the throat.

Their positions are indicated In figure L, Some initiel :ploratory runs vere
made using shielded chromel-alumel thermocouples (steel sheath) which confirmed
that temperatures in excess of 1500°K were being achieved. However, these
thermocouples burmed out at temperatures much above this value. These tests
were followed by runs using commercially purchased tungstcn/tungstcn - 26 per=

cent rhenium thermocouples, both shielded in tantalum and unshielded. These

thermocouples lasted only one or two runs when fuel and oxidizer were added,
but indicated that design temperatures up to 2000°K were being obtained.

A set of thermocouples having longer lifetimes were made at UARL from

platinum/platinum = 13 percent rhodium using & configuration as shown in figure

9. These huu & fairly long life time at temperatures up to about 1600°K. These
thermocouple configurations were carefully pressure-checked before installation

since any pinhole that allowed leakage of hot gases through the thermocouple

almost irmediately caused disintegration of the epoxy seal on top and catas-

trophic failure of the thermocouple. If the thermocouple was pressure tight

to 900 pcig at room temperature, no difficulty was ever experienced during actual
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running. The thermocouple fixture was tested with the platinum/platinum alloy

wire because it was more readily availeble than higher melting point materials.
Murthermore, the pletinum thermocouples were useful in checking the higher
melting point thermocoupi.es torlTOOOK; the temperature limit of the platinum
thermocouples. By replacing the platinum/platinum rhodium wire with iridium/
jridium - 40 percent rhodium wire in the same suructure it was found possible
to repcatably measure temperatures up to 2100“K. Tui: last thermocouple be=
ceme the standard tool for measuring temperatures.

A characteristic temperature profile during a run is shown in figue 10.
When the arc was ignited (N2 only) the tempersture immediately rose and leveled
off. When the fuel and oxidizer were added, the combustion raised the tempera=
ture to & higher plateau. By controlling the distribution of nitrogen between
the arc and combustor, and by regulating the power output of the arc, fine
control of the final temperature was possible.

Temperature data from ten runs are shown in Table II. North, center, and
South refer to geographic locations in the nozzle as were signified by N, C,
and S in figure 4. The readings are corrected for both radiation and conduc-
tion effects as described in Appendix B. The magnitude of the errors in these
corrections is estimated at less than 40%K et 2000°K and less than 20°K at
lSOOOK. On the basis of the data in Table II, the variation in the temperature
across the combustor has & maximum value of about 200°K. The values shown in
Table II, representing percentages between 4 and 13, are within the maximum
allowable deviation of 15 percent. A plot showing several run conditions which

were achieved is given in figure 1l. For three of the sets of points presented
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in this figure, it cean be seen that the stagnation temperatures which were

achicved for cach gas composition exceeded those required for Phase IL. For

the fourth point, the arc power setting wes too low to achieve the required
temperature but ample reserve arc power was still available to reach the re-
quired toemperatures.
(3) Pressurc Measurcments
Figure 12 shows a visicorder tracing of the pressure profile during a test

run. (Simultaneous temperature changes are also shown). When the nitrogen

flow into the test assembly is initiated, the pressure rises. This has been
generally referred to as the cold flow pressure. If this pressure was not cone
sistent with that nominally obtained, it was evident that either lcakage or a
blockage was present. With ignition of the arc, the pressure rose sharply and
then continued to climb. When the fuel and oxidizer entered the system the
pressure once more rose sharply until it finally reached & steady state plateau.
On the tracing shown, the pressure was read out on two visicorder channels.

The first shows the pressure between zero and 670 psia, whereas the second
channel is on scale only when the pressure is between 585 (point A) and 670
psia (point B). The greater sensitivity of the latter chammel permits a pre-
cise measurement of the pressure fluctuations at design pressure. At point C
on the tracing the arc current was lowered which served to lower the combustor
pressure to 600 psia wherec it was sustained. At this design condition, the
pressure fluctuation was only plus or minus 6.4 psi as shown. This fluctuation

is somewhat over 2 percent and consequently well within the allowable limitr.
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If the nozzle throat became clogged, this was evident in the observed cold
flow pressure and in this event the obstruction was removed. However, during
the test sequence, it became evident that the nozzle throat was closing down
during each run as the throat became hotter. This was indicated by the very
gradual pressure increase which occurred even after the rapid rise in tempera-
ture to near steady state had occurred. These results indicated that the tem=-
peratures substantislly greater than these predicted b the original desigr
analysis were reached by the metal at the throat while the surrounding bulk
metal was remaining relatively cool. This resulted in an inward expansion of
the metal of the throat and a substantial loss of orifice area. In order to
compensate for shrinkage of the throat height at high tenperatures, the room
temperature throat gap was increased to 0.026 inches using suitable shims.

The gap decreased to an apparent gap of 0.012 inches at running temperatures
in excess of 1300°K bringing nozzle performance into accord with design gas
flow pressure conditions. However, further, more precise, evaluation of the
effects of heat transfer on the equilibrium no:zle throat height is still needed
to provide a higher degree of confidence in the value of the throat height
during test runs. A more detailed discussion of nozzle throat area variations
is presented in Appendix III.

(4) cas Composition

Gas compositions and run conditions required by the program are spec.ified
in the test matrix in Table I. The gas composition in the combustio: chamber
is assumed to be that calculated for thermodynamic equilibrium using a stan-

dard computer program which uses stagnation temperature, stagnation pressure,




and the relative gas flow retes into the eombustor as input data. In this
computational procedure, the equilibrium thermodynamie properties of a recacting
mixture are obtained by applying & successive approximation proecdure to find
the simultaneous solution of the standard equations of chemical equilibrium,
eongervation of (atomie) mass, and eonservation of energy ror specitfied values
of pressure and either temperature, enthalpy or entropy. The usual thermo-
ehemical properties such as temperature and ehemieal composition, and nozzle
flow parameters such as Mach number, velocity, statie temperature, static pressure
and nozzle arca ratio are standard output from this program. Thus by inputting
& temperature and relative ratio of inlet gases which is established experi-
mentally, the final gas composition in the combustion chamber is caleulated.
For a few of the test runs at stoichiometrie eonditions gas samples were teken
and analyzed on a mass spectrometer and gas chromatograph. These analyses in-
dicated that in the cases studied all of the fuel was being fully eombusted.
(5) Error Analysis

Error analysis techniques used in this study apply standard methods of
the type described by Wilson, (reference 10).

The gain, g, is ealeulated from the ratio of the experimentally measured
intensity, I, of the probe laser beam when it is passed through the nozzle
effluent while running to the intensity, IO, when not running. This calcula=

tion is wade from the equation

i

I Wy w—




where L is the optical path length. The small signal gain, 8q? is calculated

from the equation
g =g,/(L+1/1) (2)

where Is is the saturation parameter. Since I, ‘n the present experimental
work 1is about % watt/sq cm and IS is in the order of 1000 watts/sq em, g is
essentially equal to go and the experimentally measured gains are essentially
the small signal gain values.

Individual errors that affect an overall measurement can be combined to
assess the cumulative error in that measurement using the following expression

oY _[ 8 four \2 [8%:)?] 2
Pl () (3] .

1

Applied to the gain equation,

g = In(I/1,)/L (%)

A )

this becomes

For L =10.0 cm % 0.025
+
I =15.0 ¥ 0.030

I =140 To0.03

(where I and I ere measured in the seme units)

2 . g T
Ag _ ) 0.025 1 1{0.030 0.030
i {( 10 ) ¥ (ln 15/1&) ( 15 ) + ( 1L ) } = 4.33% 6)

~~

re—



and for L = 10.0 cm & 0.025
7 hwaseh w Eiokoes
| o +
I, =153 *0.03
LE - 27,8%
g

A surmary of the error analyses for representative conditions for this
program is shown in figure 13. From this figure it can be secen that the per-
centage of error is a strong function of the ragnitude of the small signal gain,
as was evident from the above examples, having a value of about 10 percent at
a cmall cignul gain of 0.4 percent cm™ and rising rapidly at smaller &bsolute
gain levels.

The error in measurcd stagnation temperaturc from thermocouple conduction
and radiation erfects was discussed in a preceding section. Temperaturc in-
homogeneity, generally about 5 percent but varying to 13 percent, is within the
maximun allowable deviation of 15 percent. The stagnation pressure is measured
with a transducer (Data Sensors, Santa Monica, California) and is accurate to
approximately 1 percent. The composition of the gascous products is determined
in part by the accuracy with which thc fuel and oxidizer flow rates are measured.
In general, these gas flows are measurcd to an accuracy of 1 to 2 percent of
the individual reading depending upon actual operating conditions. The rela=
tive gas flow rates to achieve a particular gas composition arc selected from
equilibrium data processed to at least four significant figures via the com=
puter program previously described. Errors introduced by this portion of the
calculation are negligible compared to the 1 percent accuracy which is a=-

chieved in measuring the gas flow rates in the laboratory. Tests have con-
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nistently shown that the fuel hurns completely in the combustor, i.e., below
the detection limitations of the mauss spectrometer and gas chromatograph, less
than 0,05 percent unburncd CO and H2 at stoichiometric conditions. Thus the
overall error in the estimated mass fractions of the individual constituents
in the combuction chamber is less than 3 percent assuming that the gases are
uniformly mixed within the combustor. On line ges =nalysis acrosc the nozzle
exit plane is required to substantiate the degree of mixing. However, because
of the long gas residence time within the combustor relatively uniform ges
mixing is anticipated. The results of the equilibrium calculations for the
conditions listed in Table I are given in Appendix IV.
(6) Equipment Reliability

The three items which required frequent servicing were: 1) the arc
heater electrodes which deteriorated rapidly under the system operating con-
ditions, (see figures 1% and 15); 2) the nozzle throat (chiefly due to clogging),
(cef. figure 16); and 3) the thermocouples which periodically failed. The first
two items required substantial maintenance time after a relatively few runse.
The first also involves the expense of new electrodes which were destroyed
primarily by the current spikes generated by the arc power supply. The third
requires continuous inspection, repair, and replacement. Nome of these probe-
lems with equipment reliability impair the ability to obtain reliable data, but
serve rather to slow down the rate at which data can be collected. In addition,
some uncertainty still exists as to the time history of the nozzle throat

height during a run. This uncertainty is caused by incomplete knowledge of

the heat transfer and resultant stresses and deformations near the throat during
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high temperature operation.
2. PHASE II
a. Gain Measurements

The probe laser used for gain measurements in Phase II was an ordinary

002 electric-discharge laser which had been specially modified to improve am=-
plitude stability. This was achieved by enclosing the laser in a constant
temperature environment and thermostating the water used for cooling in the
laser to control temperature variations to approximetely ¥ 0.1°K. The laser
operated on a single frequency, i.e., a single P transition, which was mea=
suwred using a Perkin-Elmer Model 98 spectrometer. Operation on the exact cen-
ter of the transition was insured by maximizing the laser output power by
changing the mirror separation. The mirror movement was obtained by changing
the voltage applied to a plezoelectric crystal attached to the totally re=-
flecting mirror. Two variable apertures located between the laser and nozzle
were used to control the optical power and the divergence of the probe beam.,

These apertures were also used to align the probe laser beam perpendicular to

the gas flow to prevent an apparent reduction in gain as desecribed in Appendix

V. The apertures were aligned using a HeNe laser beam and some alignment guides.
Since the completion of the Phase I effort consumed more time than wag ane

ticipated, an attempt was made to obtein gain data at the three required loca=-

tions in the nozzle simultaneously rather than at each location in turn, as had

been cortemplated in the original program plan. To accomplish this, an optical

bench was set up utilizing beam splitters and full reflecting mirrors to

establish three parallel beams. The optical configuration used is illustrated




in figure 17. An overall view of the laser, ostical bench and reaction vessel
ig chown in figure 16. Although it was possible to align tae three beams and
to provide adequate power for the measurements, mechanical instabilities in
the system reduced measuring sensitivity, and test assembly meintenence pro=-
cedures caused frequent disruption of the optics and necessitated frequent ree
alignment. Primerily, because of the latter rroblem, the simultaneous gain
measurements were abandoned in favor of single beam = single location measuree
ments which could be set up more readily. The single beam was passed through
two variable apertures to control the power and divergence of the heam en=
tering the nozzle. The beem intensity leaving the nozzle was detected on a
Reeder Detector (6.0 x 6.0 mm window) implemented with a suitably defocusing
collecting lens. Since the heated nozzle radiated considerable energy it was
necessary to use & beam chopper and & lockein amplifier (PAR, Model HR-8) to
isolate the small signal gain from the background radiation effects. The un=
modified minierocket facility employed a copper nozzle which did not become hot
and therefore beam chopping had not been previously required. Furthermore, the
time required to prepare and run the direct combustion GDL was of the order
of seconds whereas the arc augmented GDL usually required meny minutes for
each run. Consequently, with the old facility one could operate the GDL when
the probe laser was particularly stable. However, because of the complexity of
the arc augmented system all efforts were directed at obtaining arc ignition and
the laser stability became of secondary importance.

Some of the gain tracings which were taken are shown in figures 19 and 20.

To better delineate the intensity change when the baseline intensity, Io, wags
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drifting due to laser drifting, a dashed line nas been drawn demarcating the

baseline drift and & corr:sponding parallel line was drawn through the maxi=-
mu running intensity, I. The base line drift in figure 19 actuslly resulted
from movement of the nozzle port, as & consequence of the thermal expansion of
the nozzle, which resulted in & variation in the trancmitted power of the pitobe
laser beam. This cituation was rectified by increacing the nozzle port diame=
ter and the drift in the data shown in figure 20 results rrom a drift in the
amplitude of the probe laser.

In figures 19 and 20, the numbers recordcd at baseline intensity eand at
peak running intensity are direct millivolt readings taken off the recorder.
Disregarding baseline drift, the noise level generally was about 25 0.03 mv,.
Sinece the intensity values average about 15 mv, the sample error calculations
given previously in the error analysis section pertain closely. For example,
for run 6-16=3 (figure 19) where I = 14,69 % 0.03 mv, I =13.51 t0.03 mv and
L = 10 » 0,025 cm, the error is calculated to be 3.42 percent. KFor run 6=18«1
(figure 20) where I = 15,41 t 0,030 mv, Io = 15430 ¥ 0,030 mv and L = 10 & 0,025
cm, the error is calculated to be 24.0 percent.

b. Analysis of Gain Measurements

The small signal gain values g_ = l.n(I/IO)/L calculated for the tracings
shown and other similar ones arc presented in Table III. The measured values
are of the order anticipated. For the first seven runs shown, the nominal gas

0 and 93 mole per=

composition was about 6.0 mole percent CO,, 1 mole percent H2

cent Na. Mo excess CO was added in any of these runs. In these runs, temper=

ature and pressure were varied by changing nozzle throat area, by changing
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the distribution of N2 between nozzle and arc icater and by changing the total
gas Ilow. Ag expected, corrclation between run temperature and measurcd gain
i¢ observed (rigure 21), although a somewhat less sensitive relationship had
been expected from previous work. A single theoretical point supplied by the
contracting agency is noted on the figure. Tkis point is not inconsistent with
the experimental date points. Combustor pressure varied from 360 to over 750
psis in these test runs but no correlation with messnrad rein was noted. No
correlation with total gas flow was evident as well.

A gaseous composition expected to produce very small gain was utilized
for the last run shown in Table III. No difficulty was encountered in meking
a measuremcent. Measurement was aided in great part by the simultaneouc pro-
duction of pressure and temperature traces which readily define the time period
over which gain may be locked for on the gein trace. This is illustrated in
figure 22 where the three simultaneous tracings are shown. The period over
which combustion is occuring is easily discerned on the pressure and tempera-

ture tracings and is readily related to the gain tracing.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations have been reached as a re=

sult ol

1.

24

3.

the trogran desceribed hercii:

The temperature, pressures and gas flo rates desired for measure=-
ment of low=sipgnal gain of similated solid rropellant combustion
products can be achieved with United's prewsent srcesuguented GDL
nini-rocket facility.

Optical gain measurement at a single location can be made with
accuracies commensurate with those required to distinguish between
the laser performance levels of varicus solid propellant formula=
tions.

The probe laser has to be aligned perpendicular to the supersonic
gas stream to prevent an apparent reduction in gain that results
from the Doppler Effect.

Extrapolations of the experimentally measured optical gain in the
temperature range from 1200 to 1400 ®K are in agrecment with theor-
ctical predictions at 1500°K. The experimental gain data appear
to correlate with the measured stagnation temperatures and are
relatively insensitive to either gas flow rate or stagnation pressure.
However, restrictions in test time precluded the measurement of
gain with product gas compositions containing excess CO. Thermo-

dynamic calculations performed for such conditions indicate that the

presence of excess CO can significantly reduce the effective water
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concentration as a direct consequence of the water=-gas equilie
brium. PFurthermore, significent concentrations of unrcacted Hy

are created so that the deactivation of the vibrationally cixcited
CO2 by H2 must be accommodated.

The optical system used in the present program must be significantly
improved if small signal gain measurements are to be made simul=-
taneously at three axial locations in the nozzle. The increase

in mechanical stability required for thesc measurements would also
improve the precision of gain measurements at a single axial loca=
tion. Measuremeuts of gain in the minirocket system should incor=
porate this more stable gain-measuring system far increased precision.
The thermocouple probe designed during the course of this progranm
can be successfully employed in measuring temperature homogeneity
within the plenum at temperatures in excess of 2000°K. These ex-
perimental temperatures can be corrected for both radiation and
conduction heat losses to provide a measuring accuracy of approxi=-
mately & 4 percent.

The principal source of error in determining the gas concentration
within the combustor from thermodynanic calculations results from
uncertainties in the value of the staénation temperature. For a
200° chenge in stagnation temperature at & given nominal value, the
nitrogen concentration is not changed at all; however, the calculated
concentrations of the other gaseous products may be varied by sever=

al percent depending upon the nominal concentration of a particular
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9.

10.

constituent.,

The precsent configuration of United': arc hcuter/power supply for
the minirocket facility limits the reate at which data can be ohe
tained since the required operating mode leads to rapid electrode
detericration accompanied by plugging of the GDL nozzle by copper
from the electrodes. IHowever, additic1al improvement in the arc-
power supply would greatly extend the electrode lifetime and there-
by simplify the data acquisition. Qualitative analysis of the
nozzle reveals that the copper vaporized from the arc electrodes is
deposited in or upstream of nozzle throat or else in the combustor.
No copper deposits have been found downstream of the nozzle throat.
Some uncertainty as to nozzle throat dimensions during each run
exists because of nozzle heating; and resulting stresses and dicstor-
tion cause a reduction in throat area during runs at temperatures
above room temperature, Although the throat height as calculated
from gas dynamic measurements appears to stabilize at temperatures
above about l3OOOK, extensive measurement of the throat height at
these temperatures was not made. Future work should include a more
complete heat transfer analysis in the region of the nozzle throat
end possible redesign of the nozzle to minimize thermal distortion
of the throat.

The program initiated in the study described in this report should

be continued to obtain a more extensive set of experimental small sig-

nal gain data at run conditions simulating solid propellant combustion.




APPENDIX I

DETATILS OF ARC OPERATION

Conditions to uchieve arc ignition using a normel nitrogen flow condition
are illustrated in figure 23« Thic Ligurc cshows tracings of voltage and curs
rent during succescive sttempts to achieve igrn?' .on by actuating the starter.
When the potential was at 900 v, puint A, orly & nme? T current cpike was noted,
point Al’ with no sucstained ignition. A potentlsl ccrrcoponding to point B
(1350 v) produced a higher current spike, point Bl’ but still no sustained ig-
nition. When & potential corresponding to point C (1800 v) was established,

& still higher current spike, point Cl, was obtained this time followed by &
sustained ignition as indicated by the sustained current Dl and the corres=
ponding voltage D (The current spikes at A, B, and C werc actually greater
than are indicated in this tracing since thesc traccs werc obtained with a
relatively slow-response strip chart recorder). The insert added to this figure
cshows an oscilloscope tracing of the starting spike typified by point C. The
current is seen to reach an initial high of about 1600 amp and then taper off
over about 150 msec to running current levels. This starting spike causes
significant damage to the arc electrodes, but consistently occurred under the
improvised conditions necessary to achieve ignition under design nitrogen flow
conditions.

From test sequences such as the above, it was hypothesized that an increase
in residual magnetization of' the saturable reactors of the power supply with

each ignition attempt was leading to the successively higher starting potentiuls
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Figure 23. Voltage and Current Traces During Arc Ignition
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and currents. The same premagnetization could alternatively be accomplished
rrom the wall control panel using a battery end simple manipulations of thec
pancl meter roluwy and the soburation current adjust knob. By appropriate pre-
magnetization using the latter technique, it was poseitle to repeatedly achieve
conditions for first try ignitions. However, the current spikes in excess of

1500 amp/cm2 resulted in the vaporization of portions of the electrodes.
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APPENDIA TII

COIDUCLION AID MADIATION CORRECTIONS TO THERMOCOUPLE FEADIICS

The derivation of the equations giving the muagnitude of the conduction
and radiation corrcctions which have to be made to the thermocouple rzadings
was performed in reference 11 and will not be reproduced herein. Physically
the conduction error arisec from the conduction of hcat awsy from the thermo-
couple junction via the thermocouple wire. The radiation orror results [rom
the fact that the thermocouple junction radiatces heat and if the surrounding
wulls are not at the same temperature they do not radiate st the swne mugnie-
tude resulting in a net reduction of the junction temperaturc. The pertinent

equation as derived in reference 11 is

Actual gas temperature

Indicated thermocouple tcmperature
Thermocouple support temperatur:
Equivalent duct temperature

= Effective absorptivity of gas for blackebody radiation at
temperature Td

Effective emissivity of gas
By
1+ 4B g, zg/Tw

1
= 0.93 x 10710 Tw3‘82‘/£rfp- (1 + 0.21°)"




Ty

W e e

Lw = Emissivity of thermocouple wire
ym = sech (NL/2)

- 4 L.z /
(ML) = (ML)” (1 + 48 Z /75

(n0)? =1 x 107 _(op)” (1)’
K, (1 +0.2F)%

D = Thermocouple wire diameter
M = ¥ree stream Mach number
P = Static pressure
kw = Thermal conductivity of thermocouple wire

The corrections listed in the text were made using the above equation,
however, the cvaluation of the equation for particuler conditions was greatly
facilitated by the use of nomographs also supplied in reference 1ll. Some error
in the magnitude of the correction resulted from estimating the magnitude of
certain quantities like the effective temperature of the inside combustor wall
and the thermocouple support temperature. Since the absolute magnitude of the
corrections were relatively small the error within the correction does not

dominate the estimated gas temperature.
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APPRIIDIX 111

NOZZLE THROAT AMKA DURING RUNG

Me: ciffeetive throst wres while running cen be cslculsted from experie

raentally measured gus flow, pressure and temperature duts using the formula:
v+l

ERPET
CDPo Mw +1

“her:
A = llozzle throut arca
W = Welght [low
To s Stupgnetion Temperaturc
Po = Stagnation Pressure
R = Gas Constant

M = Molecular weight

vy = Ratio of the heat capacity at constant pressure to that at
constant volume

C. = Nozzle discharge coefficient
Since the theoreticul magnitude of CD aporoaches 1 at high stagnation
pressures and experimental estimates made at room temperature were in agrece-

ment with this expectation, CD can be neglected. By defining the parameter B

1 e A
My \& 2 \¥-I}:
B=\Rr) | Y\¥+1
(9)

equaticn (8) can be simplified to give the following expressiomn:

as follovws:
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A =.JE@EL.
N Bp (10)

The gac flow parameter, B, varies slightly with temperature and may be cal-

culated with considerable accuracy. Over the temperature range of interest,
i.e., TOOMm temperature to 2000K, B varies fror 6.318 to 6.164 moles-CK/sec-lb
f'or nitrcgen gase

The offective throat area determined experimentally as a function of teme
perature for nitrogen gas is shown in figure 2k, Above 1000°K, the tempera=
ture indicated is the gas temperature as measured just upstrcam of the throat.
The pressure ls the final steady state pressure developed over the run. The
throat height indicated for room temperature is the throat height measured
mechanically when the nozzle was installed. This value correlated well with
heights calculated from the gas dynamic equation (10) when cold nitrogen was
flowed through the nozile. It is noted that the throat area appeurs to decrease
! with rising temperature up to about l300°K. It then appears to remain fairly
constant as run temperature inereases further. At the present time the most
likely explanation for this break in the curve appears to be the onset of nu-
cleate boiling in the water cooling passage of the nozzle throat. This
phenomenon would serve to maintain a more nearly constant throat temperature

though greater amounts of heat are added.
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APPEIIDIX IV

EQUILIBRIUM CALCULATIONS FOR DATA FOINTS IN TEST MATRIX

A UARL computer program was used to perform & series of thermodynamic

A T——

equilibrium calculations for the vsrious gz compositions listed in Table T

so that the final gas composi“icns could be eve’ uated. The proposed ratio of

the individnal gas flow retes, stagnation temperaturc and stagnation pressure 3
were used ac input data. In particular, attertion was given to the so called !
water=-gas reaction, the cquilibriuwm which exicts between I, + COp and CO + HyO.
The effeet of this equilibrium for the propoccd test points can be observed

in figures 25 to 32 by looking at the HQO and 002 concentrations as a function

of the CO concentration. The HQO concentration, for example, can vary appree

ciably as the N_ is replaced with CO. The date indicates thal an appreciable

2

H2 concentration will be generated whenever substantial amounts of excess CO
are present. A summary of the variation in the different concentrations that

results from & 200° temperature variaetion is in the box at the top of each

figure.




T 500K

PRODUCT VARIATION FOR 1400 5 T 5 1600

* CO (EXCESS) Xco; XH20 XHq Xco xN2

0.02-0.02 0.05-0.05 2.3x106.1 6x10%| 2.0x106.2.0x103 | 0.93--0.93
0.0547-0.0518 | 0.0154-0.0182 | 0.0345 -0.0317 | 0.2653-0.2682 063-0.63
0.0607-0.0582 | 0.0094-0,0118 | 0.0403-0.0382 |05593-0.5618 0.33-0.33

MOLE FRACTION, X

"
30 40
PERCENT CO

Figure 25. Variations in Combustion Product Compositiorn Corresponding
to Run Conditions Listed in Group 1 of Table I




T = 1500K

PRODUCT VARIATION FOR 1400 = T 5 1600K

% CO (EXCESS) X0, XH20 Xy Xco XN2
1.0 (i 0.05-0.05 0.02-0.02 8.3x107.6.4x10C | 4.5x1064.0x10°| 093-0.93
30 0,0835-0.0822 | 0.0085-0.0078 | 0.0135-0.0122 | 0.2864-0.2878 | 063-0.63
60 0.0661-0.0850 | 0.0039-0.0060 | 0.0160-0.0150 0.5839~0.5850 0.33-0.33
0.9p
08}
0.7}
-
E 1] g co
=
[ %]
o
x
L
% 05f
0.4
N2
0.3
0.2r
0.1
€0,
H
0| ©
0 40
PERCENT CO
Figure 26. Variations in Combustion Product Composition Corresponding

to Run Conditions Listed in Group 2 of Table I




T - 1500K
PRODUCT VARIATION FOR 1400 £ T £ 1600k

* CO (EXCESS) Xcoy X190 XH, Xco XNy

] (1 060 0 060 Q001 - 0001 a0x1 ' 268108 |5 2.1084 60107 | 093-093
0 0066700660 | 0.0031-00040 | 0.0067-0.0060 |0 7633 0.7940 063 -0.63
60 0 D680--0.0875 | 0.0020-0.002% | 0.0080- 0 DOTE 0.5920--0 597% 0.33-033

0.9

n.a

0.6

0.5p

MOLE FRACTION, X,

0.4}

0.3

0.2

0=

PERCENT CO

Figure 27. Variations in Combustion Product Composition Corresponding
to Run Conditions Listed in Group 3 of Table I
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T = 2000K

1.0 PRODUCT VARIATION FOR 1900 £ T £ 2100K
% CO (EXCESS) XC0q XH90 XH) Xco XN2
0 0.1093-0,1080 | 0.1-0.1 1.4x100.3.6x105 | 6.4x104.1.9x103| 0.88-0.88
30 0.1139-0.1136 | 0,0062-0.0065 | 0.0038-0.0035 | 0.2962-0.2966 0.58-0.58
0.9} 60 0.1155-0.1152 | 0.0045-0,0048 | 0.0055-0.0051 10.5945-0.5948 0.28-0.28
0.8}~
0.7p
> 06} co
P4
=
b
Q
<
[+ 4
uw
w 0.5}
-
o
=
04p
0.3
N2
0.2¢
Cﬂz
0.1
H,0 M3
. i ¥ | =
00 10 20 30 40 50 60 70
PERCENT CO
Figure 28. Variations in Combustion Product Composition Corresponding

to Run Conditions Listed in Group 4 of Table I
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MOLE FRACTION, X.

.9

2
o

o
o

PRODUCT VARIATION FOR 1900 2 T 5 2100K

% CO [EXCESS) Xco; XHz0 KHq Xco XNy
] 0.0696--0.0687 | 0.0609-0.0696 | 8.8x105.2.6x10% |4.1x10%1. 30107 Jo.88-088
30 0.0860-0084) | 0.0340-0.0358 | 0.0260-0.0241 | 0.2740-0.2758  |0.58-0.58
60 0.0853-0.0813 | 0.0247-0.0267 | 0.0362-0.0332 | 0.6647-05667 |0.26-0.28

0 i ey iy L |
0 10 20 30 40 50 60 710
PERCENT CO

Variations in Combustion Product Composition Corresponding
to Run Conditions Listed in Group 5 of Table I
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T = 2000K

1.0 PRODUCT VARIATION FOR 1900 < T < 2100K
% CO {EXCESS) Xco, XH,0 XHq Xco XNy
0 0.0397-0.0390 | 0.0798-0.0794 | 1,4x10.3.9x10% | 3.0010%.9.3x104}0.88-0.88
30 0.0763-0.0740 | 0.0437-0.0460 | 0.0363-0.0339 | 0.2637-0.2660 {0.58-0.58
0.9 80 0.0881-0.0867 | 0.0319-0.0343 | 0.0480-0.0466 | 0.5519-0.5643 {0,28-0,28
08
0.7k
0.64=
<
z co
=
[
<
g o5k
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-
0
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Figure 30,

Variations in Combustion Product Composition Corresponding

to Run Conditions Listed in Group 6 of Table
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T = 1750K
1.0 PRODUCT VARIATION FOR 1650 2T <1880
% CO (EXCESS) Xco, XH20 XHq Xco XN
0 0.1099-0,1098 0.01-0.01 | 3.0x108.1,1x105 | 1 1x1044.6x104| 0.88-0.88 '
30 0.1145-0.1139 | 0.0065-0,0060 | 0.0045-0.0040 | 0.2955-0,2960 0.58-0.58
0.9} 60 0.1162-0.1157 | 0.0038-0.0044 | 0,0061--0).0056 0.5938-0,5944 0.28-0.28

MOLE FRACTION, X

0 10 20 30 40 50 60 70 80
PERCENT CO

i‘igure 31. Variations in Combustion Product Composition Corresponding to
Run Conditions Listed in Group 7 of Table I

70




T = 2000K

1 PRODUCT VARIATION FOR 1900 & T § 2100K 4
% CO (EXCESS) XcQy XH0 XHq Xco XNj
0 0.1691-0.1672 | 0.01-0.01 1.2x105.3.1x105 | 8.3x10*.2.6x103 | 0.82-082 .
0.9 30 0.1720-0.1726 | 0.0071-0.0074 | 0.0029 — 0.0026 | 0,2971-0.2974 0.62-0.52 3
. r 60 0.1745-0,1741 | 0.0055-0.0059 0.0045-0.0041 0.6955-0.5959 0.22-0.22 i{
S I 1
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Fifure 32, Variations in Combustion Product Composition Corresponding to
. Run Conditions Listed in Group 8 of Table I




APPENDIX V

~VPERFERT GALI FEDUCTIONS RESULTIG FROM THE DOFPLER EFFECT

The importance of aligning the probe laser perpendiculaer to the supersonic
gas stream results from the fact that the gas molecules can sense an effective
frequency shift whieh reduces the measured gain. This frequency shift results
from the Doppler effect wherein the bulk velocity of the gas molecules with
respect to the probe laser beam direction can cause a relative shift in the
frequency distribution of the molecular population. The magnitude of this ef=
fect can be calculated from the Doppler equation which is discussed in many

references (reference 12).
£ =f ‘c+Vr (11)
c -V,

£ = observed frequency

where

fs = frequency of stationary source
V} = velocity of source relative to observer
¢ = speed of light

By expanding the above equation as a power of \Q/c and eliminating all powers

of V./c greater than 1, the following familiar expression is obtained:

AL[E = Vp/e (12)

In the above equation f can be considered to be the vibrational frequency of

the carbon dioxide molecule and is given by the expression

T2




= c/l (13)

where A is the wavelength and for CO2 is equal to 10.6 x 10"l+ cm. Furthermore,
Vr ie the relative veloclty of Uhe gas nolecules with recpect to the dircction

of the probe laser beam or

Vr = Veos © (1h)

where V is the average gas velocity and 6 is the angle between the hulk gas

velocity and probe laser beam. Combining equetions (12), (13) and (1k4) gives

Af = V/\ cos © (15)

Assuming some hypothetical GDL conditions, v =1 x 10° cm/sec and 8 = 80°, (a
10° misalignment) gives Af = 16.h4 x lO6 CpSe

An estimate of reduction in gain which results from a frequency shift of
16.4 x 106 cps can be estimated from the curve in figure 33. The data in this
figure represents the variation in gain with frequency which results from ine
homogeneous line broadening, whicn is calculated by considering the distribu-
tion of molecular velocities and applying the same Doppler expression as was
used herein with the bulk gas velocity resulting from the supersonic gas exe=
pansion. The curve in the figure is only applicable at very low gas pressures
where pressure broadening is negligible. If pressure broadening is considered
the linewidth becomes larger, and the rate of gain variation with frequency
becomes smaller. However, for the sample case which has been chosen it can

6
be seen that & 16.4 x lOj cps shift in frequency caused by & lOo misalignment

1S




PRESSURE BROADENING NEGLECTED

NORMALIZED GAIN

20

FREQUENCY, v — v, X 10~6

Normalized Gain in the Doppler Region as a Function of Frequency
0
for T = 300K
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between the probe laser beam and bulk gas velocity vector will cause a 23

percent reduction in gain. The normalized gain is reduced from 1 to 0.77. A
similar reduction in gain can also result il the probe laser operates at some
frequency v instead of Ve The magnitude of this second effect for the hypo-

thetical cxample can also be estimated with figure 33 from the frequency differ-

enee (v-vo).
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