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I.  INTRODUCTION

The development of the gasdynamic laser is one of the more importsnt
developments of the past deéade. This laser, based on early woiks of Patel
and othersfl’zaobtains population inversion leading to laser action in COé - Nzn
mixtures by rapid expansion of the gases to supersoric speeds. Relatively nigh
po“ersfa)0(60Kw), in continuous wave cperation have been gcqsgved by this method,
however, at very limited efficie ency, CCs ~ i%), based on radiated Enevgy ro flow

D enthalpy. It is the purpose of the current program to investigate methods for

incre.sing this level of efficiency, the ideas of which may find.application to
other laser systems.

The main objective of the program is to;ﬁgilize a larger fraction of the
total enthalpy of the laser fluid for lasing action in an open cycie system.
The most straight-forward wzay to accomplish this is to efficiently expand the
gas, 1ase, recompress and repeat this process as many times as possible. The
difficulties to this approach limit the viebility of this idea and form the
basis of our research; they are: (1) low radiated energy/flow energy
which makes the cycle very sensitive to component. inefficiency,
(2) larg~ entropy production during lasing in a channel, resvlting in large loss

of total pressure, and (3) difficulties during recompression (diffuser) stage

”

with viecous effects that prevent efficicat recompression,
/.
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Increasing the radiated energy/mass of fluid would solve problem area (1).
Operatioﬁ of a gasdynamic laser at higher temperatures would give this increased
effect and accordingly during this contract period, our program investigated the
bésic kinetic processes of the laser mixt..e under high temperature conditions.
Gain measurements of grsdynamic laser ﬁixtures have been carried out at stagna-
tion temperatures from 1700°K to 3700°K. Gain has beern. observed over this entire

temperature range for low 002 concentration laser mixtures. Surprisingly though,

our measurements show significantly higher gains than have been predicted over a

wide range: of conditions. It is believed that this apparent gain enhancement is
possibly due t> near resonant spectral line cverlap of highly excited states.
The results of the experimental gain study indicates that CO2 - N2 mixtures can
be operated under high énthalpy conditions if & practical method of gas utiliza-
tion at higﬁ temperatures can be found. .

In addition wé have just begun a numerical investigation of the lasing
procees using computer simulatinn. The Primary aim is to thoroughly investigate
the possibilities of reducing entropy production by lasing in an expanding flow
rather than a constant area duct. The full system kinetics are being modeled
(a four temperature and vibrational mode approach), One dimenéional flov is as-
sumed for simplicity, and an equivalent one dimensional radiation extraction
Process based on a laser amplifier approach is the preliminary program. Initial
nri-optimizer results tend to confirm early analytic pradictions based on a
model which ignored the complete kinetic processes.

As pointed out in the proposal, a completely supersonic laser cycle
(nozzles as well as diffusers) may be a more efficient device over the more
conventional de Laval nozzle (subsonic and supersonic, i.e. a mixed flow) system.

It is hoped that avoiding transonic and subsonic flow in the diffuser will permit
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a more efficient design than is currently ﬁossible while suvill carrying out

the function of re-energizing the vibrational levels of the tystem. Part of the
program 1s thus endeavoring to understand the non-ideal aerodynamics and kinetics
of the all supersonic flow approach using the frandtl Meyer turning vanes. Gain
measurements in the Prandtl Meyer expansion flow have been compléted. The
measured gains weve always somewhat lower than predicted, but this has been
traced to insufficient testing time in the three-inch shock tube facility so

that quasi-steady flow in the cavity region was not fully achieved. A boundary
layer computer program incerporating the possibility of external pressure gradi-
ents and non-adiabatic walls is now beginning to give results. Preliminary out-
puts are now available to study their effect on diffuser performance. )

These studies are individually explored in more detail in the following

sections of the report.

II. HIGH ENTHALPY GAIN MEASUREMENTS

Most gasdynamic laser systems typically extract only % - 1% of the total
flow energy (enthalpy) as coherent radiation. One of the possible reasons for
such low performance levels in GDL's is that low stagnation temperatures of from
1200°K to 1600°K are commonly used. At such 1w temperatures the vibrational
energy levels of molecular nitrogen are not fully excited., Figure 1 illustrates
the amount of energy/mole stored in the vibrational energy levels of N2 as a
function of temperature. The total vibrationz] energy increascs steadily with
temperature. While the vibratioaal energy in tﬂe first level reaches a maximum
at about 5000°K, the total vibrational energy of the system greatly exceeds the
energy stored in the first excited vibrational level above 2000°. This first

vibrational level is the level that pumps the CO2 wolecule to its upper laser




level. The possibility of the upper vikrational levels cascading down to theﬂ
first excited vibrational 1eve1 of N2 in a rapidly expanding nozzle flow wc-1d
greatly enhance the pumping action of N2 on the upper laser level of 002 nnd.
hence convert more of the flow energy of the gas into coherent radiation;

The use of high temperatures would increase the relazation rate processes
in rapidly expanding rczzle flow and hence hinder the freezing process that is
ﬂecessary to obtain a population inversion in the nitrogen and in the upper

laser level of CO Although nitrogen by itself is easily frozen, the amount

X
of 002 in the mi:ture has a large effect on this freezing ; rocess and can ad-
veréely affect the attainment of a population inversion. However, through the
use of starved CO2 mixtures, the adverse effects of CO2 on the freezing process
can be significantly reduced(’) Such s*arved mixtures have proved very effective
in GDL $ using very high stagnation pressures (p ~ 100 atm)ga) Also at high
temperatures, a uoz - 2 gas mixture may effectively starve itself by dissoci-

ating the CO It is expected that the products of such a chemically dissoci-

9
ating flow (primarily CO, 0, 02, NO) would havz a smaller adverse effect on the
freezing process than 002. Thus, if the CO2 can be kept dissociated during the
early part of the expansion process, the freezing of the N2 vibrational energy
states will be greafly enhanced. Furthermore, the ~vussibility of CO2 being
formed in tle excited upper laser level upon recombination may add to the
inversion.

With the above thoughts in mind, a series of gaiu measurements were under-
taken to determine 1if any of the above effects of high stagnation temperatures
Qould have a favorable effect on the performance of a GDL, The Aerospace

Research Laboratory's 7" I.D. high pressure s.ock tube was used to drive a two

dimensional sup.:rsonic nozzle. Gain measurements were made at about the Mach 5
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Station of the nozzle using three CO2 - N2 - He gas mixtures containing approxi-
mately 107%, %, and 2.5% C02. Stagnation temperatures were varied from 2000°K
to 5000°K and stagnation pressure was kept constant at about 4C atms. The
experimental results indicate that high temperature effects may indeed have a
beneficial effect on the performance of a GDL. Detailed considerations of these

effects are discussed further.

Ixperimental Apparatus and Technique

The geneval experimental technique used to measure gain was essentially
that of Reference 4. A shock tube is used to produce a high pressure, high
temperature CO2 - N2 - He gas reservoir behind a reflected shock wave. The gas
processed by the reflected shock is expanded through a de Laval nozzle producing
a population inversion. Laser gain is then measurad at the Mach 5 station of the
nczzle. The shock Lube is adequately described in Reference 4. The laser
optical system and nozzle design were significantly changed from that of
Reference 4 in an effort :o increase the signal to noise ratio and to reduce
damage to the nozzle blocks and germanium windows. Acoustic noise and mechanical
vibrations and stress vere severe for this series of tests.

The three gas mixtures used for these tests are as follows:

(1) 10.73% CO2 - 41.02% N2 - 48,257 He

(2) 5.18% CO2 - 47.677% N2 - 47.15% He

(3) 2.63% CO2 - 53.97% N2 - 43.40% He .

These gas aixtures were obtained from Liquid Carbonic Corporation and are
rure grade, i.e. 99.99% pure or better.

A sketch of the experimental apparatus is shown in Figure 2. The two

dimensional nozzle blocks were machined from 304 stairless steel and mounted in

an aluminum flange that mated with ARL's 7" I.D. high pressure shock tube. This
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nozzle test station was desigued to withstand impulse loaded pressures of 4000 psi.
The nozzle had tﬁroat dimensions (h*) of 0.1 cm high and 15.24 em wide, a subsonic
converging section with a 0.4 cm radius contour leading smoothly to the throat,
and a supersonic diverging section with a half angle of about 15 degrees. The
Mach 5 station was located 3.55 cm from the throat where the aréa ratio A/A* was
approximately 20. The total length of the nozzle was 5 cm. The combination
germanium window mounts and "cars" were machined from brass and screwed into the
nozzle flange until flush witﬁ the cides of the nozzle blocks. The ears were

used to eliminate the effects of the shock tube recoil from disturbing the posi-
tion of the laser probe beam with respect to the nozzle test station. The
germanium windows were one inch in diameter and 1/8 inch thick and were held

in position on the ends of the window mounts by 0.020 inch thick face plates.

The windows were centered o~ *he Mach 5 staticn of the nozzle and had a view
dimension of ome half inch in diameter.

The laser optical systenm was designed to substantially reduce noise feed-
back to the laser cavity. This noisec feedback was produced b& sﬁray reflections
from the optical parts of the nozzle test station (window and ears) that would
vibrate during a test run. The noise feedback would be greatly amplified by the
laser cavity and would prevent consistent and reliable gain measurements., To
substantially reduce the feedback, the laser cavity was isolated from the nozzle
optical parts by inserting a 10% transmitting beam splitter betweer the laser
output and the aozzle., Thus, only 10% of the total laser output of 10 watts
was utilized to make the gain measurements., The remaining laser output was
dumped into a nearly perfect absorber of 10.6p laser radiation - a glass of
water. Approximately 3% of the dumpad beam w;s deflected by a beam splitter to

an infrared detector that was used tc monitor the laser output during a test runm.
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The lasur gain measuring beam passed through the test station and into the
gain measuring detector. A solenoid operated single sweep chopper was located
on the laser side of the test station and was triggered to chop the beam after
the useful test time was over. This provided a measure of the total laser out-
put that was necessary to determine the gain. The chopper was hecessafy to
eliminate uncertainty in the total laser output due to long time vﬁriations of
the laser power znd effects produced by loud acoustic and mechanical noise '
created by firing the shock tube that would disturb the laser output power.
These acoustic and mechanical noises would typically reach the laser a few milli-
seconids after useful test time.

The gain detector and monitor detector voltage outputs and the stagnation
pressure were recorded on oscillographs for each test run, The gain detector
output was recorded on both a 1 msec/cm and 2 msec/em Lime scale and a few
mvo™t/em and 50 mvolt/cm voltage scales respectively. The stagnation pressure
was recorded on the same oscillograph as the fast time scale gain measurement to
correlate the gain detector output with the pressure history. The monitor detec-
tor output was recorded on the same oséillograph as the slow time scale gain
detector output with a voltage scale of 5 mvolts/cm. Monitor detector output
could then be compared directly with the gain detector output during a2 test run
to determine the presence of any possible feedback. Thin film heai transfer
gauges were used to measure the incident shock Mach number.

A typical test run is shown in Figures 3a and 3b for the 5.18% 002 gas
mixture at a stagnation temperature of 2300°K and a pressure of 39.8‘atm. In
Figure 3a, the upper trace is the fast time scale galn trace and the lower
trace is the stagnation pressure trace. The arrival of the incident shock and

the sudden jump in pressure due to the reflected shock are clearly visible in

e i




the pressure trace. The gain'trace indicates a very short period of absorption
(< .1 msec) as the nozzle flow gets started and then the production of positive
gain as the flow is established at the nozzle Mach 5 station., The ﬁressure drops
% msec after the reflected sheck wave pressure rise due to the arrival of the
shock tube driver expansion fan. The gain correspondingly goes'down té zero or
absorption, 'ﬁy

In Figure 3b. the upper trace is the slow time séale gain trace illustrating
the gain signal described above and the chopping of the CO2 gas laser probe signal
by the single sweep chopper to determine the relative.power of the laser probe
signal with respect to the gain signal. The lower trace is the monitor deter~
tor and it inéicates that virtvally no feedback or noise affected the proba
laser during the test run. The measured ga’n per meter for this particular test

run was 0.55/meter.,

Results and Disc¢rission

The measured gain vs. stagnation temperature is shown in Figure 4. The
temperature for each data point was calculated on the basis of the measured in-
cident shock Mach number and equilibrium flow theory for a reflected shockwave
without chemical reactions. The theoretical curves are based on the kinetic
model and rate data as described in References 5 and 6. This kinetic model and
rate data have been shown to be valid by experimental verification and comparison
with other works (References 4 and 7) at temperatures below 2000°K.

The experimentally measured gain data agree with theory at 2000°K. At tem-
peratures above 2000°K, the measured gain deviates considerably from tie theory
for the 2.63% and 5.18% €0, gas mixtures and only slightly for the 10.73% CO2
mixture. A maximum in the measured gain occurs at about 2500°K for both the

2.63% and 5.18% CO2 gas mixtures, the gain at these maxima being about 50% and
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and 30% higher, respectively, thanfghe theoretically predicted gain. Above
2500°K the measuged gain gfaduali&'decreases but sti{ll remains considerably
higher than theory. - One test run (not shown on Figure 4) was performed with the
6.7 CO2 gas mixture at a stagnation temperature of 5000°K which indicated zero
gain., Posgible mechanisms ;hat could aécéunt for this difference between theory
and experiment are discussed below.

Figure 5 is a plot of gain divided by.CO2 conceutration vs. stagnatiop
temperature. This plot shows that the principle of obtaining highexr gain per
COz.particle by using starved 002 gas mixtures is applicable for high tempera-
tures as well as high pressures. At 2500°K the gain per particle for the 2.63%
002 mixture is over 4 times larger than the gain for the 10.73% mixture and 1.4
times larger than the 5.18% mixture. This increase ?n gain per CO2 particle is
brought about by the increased efficienc& of the freezing process. 'The effi-

ciency of the freezing process is characterized by the equation for gain,

N
Co2
N (xu._xL)

TOTAL

where g = gain, NC02 = number density of COZ’ NTOTAL = total number density of
gas mixture, and Xu . Xi = fraction of CO2 molecules in the upper and lower
laser levels, respectively. We car. write the mole fraction of CO2 in tbe gas
mixture as wcoz = NCOZ/NTOTAL and hence obtain

_E'— ~ x L - .
Thus we see that g/wcoz is a more direct measure of the population inversion
than g is. The larger g/¢c02 is, the larger the population inversion is, hence

the more efficient the freezing process is. Energy storage of the gas mixture

is also increased since a larger fraction of the CO2 and N2 is in the upper

0




excited state.

It is apparent from the plot of the data in Figure 4 that the mechanism..
that is producing the discrepancy between theory and experiment .is very effec-
tive on the 2,63% and 5.18% 002 mixture but is father ineffective on the iO.73%
002 gas mi#turé. Thus, the mechanism mﬁst display not only a temperature sensi-
tivity, but also a very strong sensitivity to thz concentration of C02. This
s;nsitivity of the results to the concentration of 002 will prove to be the
major stumbling block to any “simple" explanation of the discrepancy between
theory and experiment.

Pogsible uncertainties in the rate data for the reaction

co, + N; % €0,(v,) + N2
were looked into as a possible source of error in tle theoretical predictions.
The rate data for this reaction is not accurately known for temperatures near
2000°K$5) The rates were varied by as much s factors of 10 at high tempera-
tures, but no consistent and reasonable results were obtained that matched the
experimental data poinis,

The possible effects of the upper excited vibrational energy states of N2
adding to the first vibrational energy state can be estimated on the basis of a
simple calculation, Assuming equilibrium at the throaut, we can calculate the
nunber dencities of the N2 molecules in the various vibrational energy states
at the throat. If we assume that all the nitrogen in the v = 2 excited state
cascades down to the v = 1 state and remains frozen as the flow expands through
the nozzle, we can recalculate the vibrational terperature of the N2 molecules
by simply adding the number density of these extra excited molecules to the
number of v = 1 excited molecules as calculated from the regular theory. The

following table shows the results for a stagnation temperature of 2500°K:

10
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Gas Mix Regular Theory Simple Addition Experimental

Process
Tvib Gain T,  Gain Gain
10.73 co, 1100 .36 1350 .70 .38
5.18 Co, 1500 .45 1740 .63 oY T
2.65 Co, 1756 .31 2000 .40 . W43

We see that the correction is reasonable for the 5.18% Coz.mix, a little low for
the 2.63% 002 mix, but completely wrong for the 10.73% mix. The 10.73% mix may
deactivate the upper excited vibrational states faster which m&y make this simple

calculation too high a correction. However, the calculation for the 2 63% 002

gas mixture would seem to indicate that the simple cascade process would have to

be 100% efficient, a very unlikely result. Also this simple mechanism does not
provide for a maximum gain at about 2500°K, It would seem unlikely that this
process can account for the cbserved discrepancy bétween theory and experiment,

Dissociation effects can manifest themselves in three ways. (1) Chemistry
effects behind the reflected shock wave will reduce the stagnatlon temperature
for a given initial Pressure and incident mach number, (2) dissociation of 002
may self starve the gas mixture during the early portion of the freezing process,
(3) the energy of recombination may be dumped into the excited vibrational energy
state of Nz.

To determine the effects of 002 dissociation on the stagnation temperature,
chemical equilibrium calculations for a reflected shock wave were performed as-
suming the following seven chemical species were present, COZ’ 29 He, CO, 02, o,
and NO. The chemical equilibrium temperature behind the reflected shock wvave was

calculated for a given P> Tl, and M1 and compared to the no-chemistry calculations.

The following table shows the results,

11
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Gas Mix To (no dissociation) To (dissociation) degree of dissociation

2000 | 1980 .008
- 10.73% co, 2500 2430 .063
3000 2750 .180°
2000 1990 : .016
i 2500 2430 .090
5.18% o,

3000 2830 .280
3500 3160 .480
2000 2000 .018
2500 2490 . . 140

2.63% co, '
3000 2890 . 390
3500 3270 .660

- These results indicate'nn significant difference in the Stagnatio:. temperature

@ 2000°k vhere the degree of dissociation of N2 is'very small. Above 2000°K, the

To (disSoéiatioh) is lower than the TO (no dissoclation), .he difference amounting

| to about 340°K at 3500°K for the 5.18% €O, mix. It should also be noted that the

error in determining To is on the same order as the temperatﬁre correction. Cor=-
recting the experimental data on Figure 3 for the lower stagnation temperature
would nicely correct the experimental results for the 10.73% €0, mix. However,
ic is obvious that lowering the temperature for the 2.63% and 5.18% CO2 gas mix-~
tures would not corre:t the data (except at the highest temperatures ~ 3500) as
the measured gain between 2000°K angd 3000°K lie entirely above the maximum theo-
retically predicted gain. Some other mechanism is affecting the gain for the two
lower CO2 gas mixtures. The effects of self starving s not expected to be of
any importance due to the low degree of dissociation of the 002, particularly at
2500°K where there is a maximum in the measured gain. If chemical equilibrium

is assumed at the throat of the nezzle, the degree of dissociation drops by about

12
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g;? a factyr of 4 and henee is even more.insignificant as far'as the self starving

¥ \
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1
1

effect i1s conrcerned. 3 ; : -

The amount of energy released in the recombination of CO ‘and O to form -
co, would have arsignificant~effect‘onbthe gain if it were dumped into the fiyst

vibrational energy level of N2: even though e degree of dissoclation is very
"y ‘

small.,

energy levels of N2 in such a manner that the en;rgy }s ffozen in'these vibra-
tional energy states, the relaxation time for recombination must be on thé”saqe
order as'or shorter than the vibrationdl;relaration time for N
the following calculation will indicate chat the r?combination pfocess is’ essen-

tially frozen throughout the'supersonic ;portion of the nozzle "and hence cannot
|

contributc any energy to the vibratlonal energy states.
Davis (8) has reported that the forward rate constant for the reaction
£ . , !
W/ kf ' ‘ - )
1 o
coz+N2:bco+o'+N2. ._ ‘ | i :
1s given by Ll - ¥ . :
H
Sa=13 bs 3, -1 =y
kf = 4,07 x 10 T exp(03.23eV/kT) cm partigle sec )
The backward rate can be oﬁtaiped byi using the equilibrium constant for the above
N - !
reaction. For the 5.18% CO2 gas mlx at a stagnation ﬁgmpérature of 2500°K at 40
atm, the equilibrium temperature'at the ‘throat is 2100°K at 21/ atm. Chemical
equilibrium calculations gives u. the, following number densities at the throat:
- 13 -9 17 ' : ‘
NN2 3.5 x 10 _ NNO; 2,1 x 10 }
- 18 ” s 19
NCO2 3.7 x 10 NHe 5,5-x 10 % | ;
= 17 . 3 1016 : o
NCO 1.04 x 10 N02 3.7 x10** |
g N, = 5.0 x 10 - ’ :
L& - 7
L

) ] “F
L + 5y
} ' i
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In order for the recombination process to add energy to the vibrational

1 k
i,

4 ' T

2
[
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The relaxation time for the recombination process 1s given by

1 ’ .
! T R e = )34 gec
rec kbN 2NO

An upper'limit for tth2 vibrational relaxation process can be obtained by con-
sidéring a pure N2 gas mix. Trom Millikan and White(s)wwe obtain for 2100°K,

) pTvib = 500 atm usec,

Hence - >> Toib and it is unlikely that rezowbination in the supersonic portion
1

. of the nozzle will have any aff:ct on the vibrational temperature of nitrogen,

Similar results were obtained for the other CO2 gas mixtures,

. If tHe energy of recombination is dumped into the vibrational energy level

(;9 subsonically (the degree of dissociation varies from about 107 to 3% between the

l i plenum and the throat) the vibrational temperature of N2 will be higher at the
throag than the trecia.ional temperature.

" Calculations were performed using the regular theory to determine the effect

on the gain of setting the N2 vibrational temperature at the throat 500°K higher

than the equilibrium temperature of 2100°K. These calculations indicated that
}the!exées§ ;ibrational energy was quickly dumped back into translational energy
and lower 002 vibrational energy levels by the relaxation collisions between
.002 ?nd N2. The net result was virtually no change in the predicted gain. Thus
_‘it is concluded that on the basis of the above precursory analysis dissociation
has d negligible effect on the wvibrational relaxation process and gain.
"

The antributions of other near resonance transitions may contribute sig-

nificantlv to the predicted gain. The predicted gain was calculated upon the

g 2 '
v
'
i
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‘E’ basis of the 002 vibration - vibration transition 001 + 100. Other near resonaﬁt
transitions can be represeﬁted in general by
m, n, p+l > mtl, n, p
wvhere m = 0, 1, 2,.,., p = 0, 1, 2,..., and n== 0, 1, 2, 3,.00. If we assume
that these transitions are exactly resonant with the 001 + 100 transition we can
calculate the maximum possible effect on the predicted gain,
. The predicted gain for a given transition is proportional to the following:

1 ' Nm,n,p+1 1 Nm+1,n,p

& ¥ N N
m,1,p tm,p+1

where N = total number of CO2 molecules,

Nm,n,p+1 = number of CO2 molecules in the m,n,p+l state or upper

laser level.

= number of CO2 molecules in the lower laser level.

6 Nm+1 YR, p

tm,p+1 = lifetime of the upper la-er level.

Based upon harmo:ic oscillator theory, we assume

1
Yu,ptl & D) (pFD)

The total gain due to all possible transitions is given by

[40] [40]
6= 5w p20 8n,n,p

Basov et 31:9 gives for the quantity Nm n p/N the following expression
’

N -m6, /T,  -8,/T ~n8,/T, =8,/T

—3%242' = [e (1-e 1)][(n-{-l)e 2 2(1--e

~pb, /T -0./T
52 e ¥ Paee ° 51

where 61, 62, 63 are the characteristic temperatures for the Vs vz, v3 vibrational
modes of co, {1920°K, 960°%, and 3380°K respectively), and Tys Ty, T, are the

d:? effective vibrational temperatures for the modes “1’ vz, v3 respectively.

15



Putting Basov's nxpression intc the expression for the total gain and summning we

obtain

-9,/T =0t -6,/T

G = [(1-e 1) (1-e 2) (1-e ?)]—2 g,

where B gain for the 001 + 100 transition. This correction factor tu the pre-
dicted gain g, is illustrated in figure 6 for the 2.63% 002 mixture. The tempera-

tures T. and T3 are the temperatures that the upper and lower laser levels (001

1
and 100 respectively) froze at as determined from the theory for pfedicting 8, The
correction to the experimental data points from the lowering of the stagnation
temperature due to dissociatioﬁ effects are also illustrated. On the basis of a
4-temperaturz model for the kinetics of a C02—N2—He gas mixture we assume T1 = T2.
The correction factor to the gain g, fa shout a factor of two larger than
the experimentally measured gain. However, the correction factor does indicate
& maximum at about 250C°K and the shape of the curve ig in faiy agreement with
the experimental data. (This czn be eacily seen by lowering the curve for G such
that G = 8, at 2000°K) .
Similar results were obtained for the 5.18% CO2 gas mixtdre. Results for
the 10.73% gas mixture indicated no maximum in the gain and the correction factor
gave results that were only about 1.3 times larger than the experimental data.
This lafter results was primarily due to the smaller differences between T, and T

1 3
due to the faster relaxations effects for the 10.73% CO. mix. All of these results

2
are in good qualitative agreement with the experimental data.
That the correction factor gives a gain that is too large is not surprising
since exact resonance was assuued. The magnitude of the correction factor would
be substantially reduced due to the fact that the various trar itions are not

exactly resonance, However, the general shape of the curve is expected to stay

the same, i.e. showing a maximum at about 2500°K. Calculations performed by

16
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Munjee and Christiansen (see appendix 'A) on the cffects ~f pressure broadening o»f-
these near resonance lines on the absorption coefficient at' 10.6u indicates that
the effect of these near resonance lines is typically 1/3 as effective a exact
resonance.would be. The results of reducing thé difference between G and &, by
a ractor of 1/3 (i.e. gain = g, + 1/3(G - go)) is also illustrated in figure‘ﬁ.
Aithough good agreement is obtained for To >2500°K, the predicted gain ig still too
high for To < 2500°K. A maximum at about 2500°K is still indicated. |
Qualitatively this near resonance effect appears to offer a very satisfac-
tory explanation for the difference between the measured and predicted gain,
More detailed calculations are in thelprocess of being formulated and a experi-
mental program involving changes in pressure as well as temperature is being
set up to more firmly estazblish (or disprove) that this near resonance effect ig
‘ndeed tne mechanism thut is responsible for the discrepancy between predicted
and méasure gain. The results of these investigations will be reported in the

near future.

III. [ENTROPY PRODUCTION DUE TO RADIATION EXTRACTION

Preliminary analysis(10) of the thermodynamics of lasing a flowing media
has shown that the normal dissinative effects and entropy production can be re-
duced ideally to zero. This analysis wa based on a two temperature model at
low concentration of CO2 in which the upper laser level of CO2 and the vibrational
encrgy of NZ could be characterized by a single temperature, Tv' The lower laser
level, the lower vibrational states, and translational-rotaticial heat bath were
characterized by another temperature T. For a one dimensional flowing gas with

no collisional deactivation, it is easy to show that a small varlation in entropy

. 0
of the fluid during lasing is given by(l )
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Tv GqL .Iv
(1 —— -, 2% % - - na—
where n is the quantum efficiency for C02(0.4) and 6s and Gsv are thcnyariation
in entropy of the system and vibrational states respectively, GqL is the radiated
energy. The requirement of gain in the laser system also stip. ates. that
T /T > w1, 68
v = 1-n

1

Thus for all Tv/T > T it is seen that 8s > 0, since Gsv < 0 when lasing occurs
1 N
m e s : = : 3
(fo; ‘v/T -n O zero gain, 6s = 0). For Tv/T slightly greater then Ton? 8s
is only slightly greater than 0 and it can be shown that

2 2
" 6ev . GqL

: eT 2  ¢en?T 2

v v

dev , .
-where ¢ ==z and 6ev is the variation in vibrational energy.of N,. In this
- g -

case entrop; productivn is a higher order phenomena than laser energy- out. Thus
laser cavity systems with finite power extractic) and no entropy production can

be designed in principle. That is

gés géqz
1im AS g 3 _ 1 9G04
b =0, e =k I e 0
L gaqLi gaqLi

where AS and AQL are the net entropy change in the fluid and net finite laser

energy output. To show this, let GqL = GqL = ﬁg as a constant differential
il

energy output. Then the above equation becomes

2
n, s _ Sy m A = g
n AQI cTZGqu cT?m .

In the limit of ‘nfinite number of steps, entropy production goes to zero with

finite AQ .




(w0

To achicve this ideal result in prectiée requires that lasing tukes place
in a variable area channel such that Tv/T remains at.all times close to the zero
gair /meter value., For the case of TV/T equal to a constant we have shown that
the entropy of the fluid is related to the enfrépy change .of the vibrational
states by '

As = [1 - (1-n)T /T]| A4S
v cons TV/T

Again we see that if TV/T = i%ﬁ-= const., AS = 0,

There are a number of questions to be asked conczrning the validity of thé
simplified result for a CO2 mixture before detailed examination of a cavity
design can begin, Firstly, 1s mode analysis a valid approximation for COZ? The
general equations governing the transfer of energy between the vibrational mode
of NZ’ the three modes of COZ’ and translational-rofational bath are similar to
those used in reference 9 with the addition of radiation trrms. However, at high
radiation intensities the'energy transfer between modes is much more rapid than
that duc solely to collisional processes. Furthermore, radiation transfer usually
occurs between two particuiar vibrational levels and not between modes. The
validity of a mode analysis rests on the basic assumption that intramode V - V
transitions are sufficiently rapid to ensure a Boltzmann distribution of levels
at a characteristic mode temperature within each mode. This may not be valid
at high radiation intensities and very low CO2 concentrations. However while
these probabilities are not precisely known it is believed that V - V energy
transfer probabilities may be very large 0(%)(11) and therefore allow the use of
mode analysis down to a level of CO2 concentration of about 0.1%. Furthermore,

some analysis by Yesil (Appendix B) shows that even if V - V ratus are small or

even ignored, it is difficult to get a very non-Boltzmann distribution of vibra-
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ional states for time scales typical of GDL's. Therefore we feeihmode Analyéi;

i;Ia valid médel. | ‘ |
Another important question to ask is how does the two temperat;re model

coupare with a more realistic 4-temperature model of Munjee( ) and others (see

also App:ndix C) (TvN 3 Tv3CO ] Tv“ = Tv » T). One of the concerns is the ef- ;
2 2 1 2
fect o1 radiative saturation on entropy production. Unless intensities near
‘saturation (defined as intensity required to reduce gain by two in presence of
radiation) are used, the laser medium will be ineffective and collisional decay
will result in a loss of vibrational energy and consequent increase of entropy.
But if high intensity radiation is iﬁtroduced to the system, then the mode
temperatures are affected, also causing entrony production. Part of this pro-

blem also can be estimated by the following. The entropy of the fluid for

& 4-temperature model is

Sen devco2 devco2 de
s = + pdv + + +
T T T
2 3 vN da
o vCO2
where de /T, is the contribution due to modes 1 and 2 of CO,, the
vCO2 2 2 T3
de
entropy contribution due to mode % of CO2 and T L2 the contribution of NZ' If we
vN

specialize to low concentration of C02,then the 002 contribution to the entropy

of the system can be neglected, hence

deTR + pdv de

T T

v}/
vN

R

és

From reference 10, this is still the same formulaufor the two temperature system

and thus
T, dq B
= [~ 17 2L L ory L 1oV
= [a-m)—== - 1] T [1 - (-n)g ] 6s,
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Now in this case’T <'T2'and TN >-T3u(see'e.g. 10) as the zero gain conditipn is
T3/T2 = T%ﬁ = 1.68. Therefore 85 > 0 under all cases and a uet entropy is pro-
duced. We can readily see with the help of reference 12 that as a laser mixture
idle radiatively.éaturated T << T: and TN >> T3 for large gain cases that g large
entropy'is produced. Howevgr for a low gain case T and TN will be closer to T2
and TB respectively and such large deviations will not be pcssible. Now the
rate of power extraction is given by
dI/dx = gI (power/volume)
In the limit of very high intensities, the fate of power extracted 13 a maximum

(for hpmogeneously.broadened gain) and given by

ﬂ o= I
dx | I > o go 8

Since Is does not depend on the vibrational energy of the system(lz) dI/dx'I S
is 2 gmaller rate for the low gain case (because g, 1s being deliberately kept
near 0) than the high gain case. Thus in the presence of collisional deactiva-
tion of the laser states we have a compromise situation developiﬁg. By reducing
the unsaturated gain toward zero we reduce the entropy production due to radia-
tion extraction, but the rate of extraction is also reduced so that collisional
decay becomes important. Thus thre optimum in saturation is one which reduces
gain only to a point where the net entropy generation is the smallest. Estimates
show that the minimum value of g, is proportional to

6T, + 1

go'min N ——

# fn(p)
8

where the coefficlents are defined in reference 12, The bacic relaxation times(ﬁ)
are sensitive functions of temperature and larger values of g, will be required

at higher translational temperatures.
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Q‘i Some,prelimipary calculations using the computer simulation for various
nozzle géqmetries are shown in the table below. In all the‘casgs,ﬁelow,,the

medium was fuliy saturated, i.e. gain was kept at zéfolwhere lasing occured.

EXAMPLE OF ENTROPY PROPUCTION DURING LASING

Basic Conditions
I Concentrations: % €0, 607, N,, 39% He
100 atm
To = lSOO?K

I-po for go = 0+
Throat height, h* = 0.1 em

2oy 25/R

CASE 1 20° half angle wedge to A/A* = 10, 12,9 J/gm .079

Lase at constant area channel

Nozzle Description

CASE 2 20° half angle wedge to &) 30 12,7 J/gm .068
10° to A/A* = 4.1
8 T 5% to A/A* = 6.2
2° to A/A* = 23

CASE -3 20° half angle wedge to g, = 0 12.9 J/gm .052
6° to A/A* = 3.6 j '
3° to A/A* = 5.1
1° to A/A* = 13

Case 1 represents a standard case whereby lasing takes place in a constant area

channel where the Mach number is about 4, During the lasing Phése there is abopt
an 8% increase in entropy for an energy extraction of 5.9 Kjl# (12,9 J/gm). How-
ever by contouring the nozzle differently during the power éxtractibn phase, as
in Cases 2 and 3, an improvement is possible for the sane energy out/gram. The
best case is pumber 3 where there is only about 5% of an éntropy increase. This

is not as good as we would like and it certainly does not represent an optimum
|

situation. The results do reflect the effect of collisional deéctivation of the
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upper laser level and the,éftemperatﬁre'model' We are Jooking into numerical

procedures whereby the optimum nozzle geometry can be calculated by the computer.

IV.. NEW NOZZLES AND NOZZLE-DIFFUSER. COMBINATIOVS

The Supersonic Nozzle -

A way of accompl: shing the rapid “ncrease in flow cross—sectional areall
required for an all Supersonic gasdynamic laser is shown: echematically on
figure 7. Here an incoming supersonic stream 1s turned and' expanded through an
array of simple Prandtl - Meyer expansion fans. One side of each nozzle element
consists of a sharp corner, while the other is contoured ‘to cancel the incident
expansion wave, Due to the fact that all of the high velocity inconing flow is
directly expanded, a high mass flux and power are expected for a given pressure
capability. This feature makes the supersonic turning nozzle particularly
attractive for shock tube applications, (13)

The kinetic Performance of these nozzles has'been compared with conventional
convergent-divergent nozzles.(14) A two temperature model was used for the N2-002
System, and the calculations were carried along separate streamlines in order to .
find average exit properties. It was found that an individual supersonic nozzle'
will produce less power per unit of mass fiux, (X), for the Same mixture, expan~
sion area ratio, total temperature (T ), and product of total pressurc (p ) |
times throat height (h). The difference is primarily due to the lower entering
vibrational temperature for the high speed case. X is given by

X = 0.4[ev(Tv) - ev(1.68T)]N2

where the vibrational . “Lergy, e s is evaluated for a particular N2 concentration,
Tv is the vibrational temperature, and T 1s the translational-rotational tempera-

rure of the expanded flow. T and T are known for perfect freezing (p h=0),

and the above parameter can be evaluated for the nozzle configuration being considered,
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As a first approximation the“ratioadf'this parameter at pmh = 0 can be used to
predlct relative performance at finite p h. Move precise calculation requires
the use of the two temperature model calculations, (14) or even better, the four
temperature program of Appendix C. The X reduction for an individual superconic by
nozzle eould be easily overcome by a decreasa in relative P, h (the . supersonic
nozzles operate in a lower pressure environment -nd are stronger), an_increase
in the expansion area ratilo, or by a direct increase in T As will be dis-
cussed, the supersonic nozzles appear to be more suitable for staging purposes
because of the relatively low P, losses. burther, the power from a single
stage is considerably greater for the turning nozzle because thz number of noz-
zle elements that can be fitted onto a given duct is increased directly as the
nozzle area ratio.

A grid of supersonic turning nozzles has been eonstructed consisting of
twenty h = 1 mm elements which together expand a 2 x 5 cm flow to 70 x S5-cm.
The array is fed through a sharp-edged rectangular pipe by a 7.5 cm shock tube.
Using an external C02 laser, gain has now been measured in the expanded flow.(ls)
It has been found necessary to shorten the inlet pipe and use the two extreme
nozzles as houndary layer bleeds. This stopped choking of the end nozzles
and consequent propagation of shock waves across the cavity flow. A sample gain

trace is shown on figure 7 for a run with the boundary layer bleeds installed.

" A mixture of 40% Nz, 107 COz, and 50%Z He by volume was used, with the shock tube

operated so as to produce To = 2100°K, poh = 1.0 atm cm, and an inlet Mach number

of ¥ 1.5. Absorption is first observed as the“incident shock begins to cut across
the beam axis. From earlier aerodynamic studies(16), a rearward facing starting
shock is expected to follow and initiate the lasing flow. This wave begins to

cross the beam axis after = 200psec and the absorption decreases as the nonequi-

24



librium gas appears. The lower trace on the tigure was obtained with a preégdge
_gage mounted in thé cavity wall and more clearly shoews the passagé of the two
shock waves. The Seéond or starting shock is glow to form aﬁd"move out of the
cavity, and 1i££1e if any plateau 1is reached in the gain trace before the floﬁ
begins to be cut off by the arrival of the shack tube drivesx gas. The gain climbs
near to the calculated lev-l, but the experiment is uot definitive. As calcula-
tioné show th;t lengthening the shock tube will not substantially increase the

test time, a conversion to combusted Ludwieg tube operation is being carried out.

Staging

It was mentioﬁed in the Introduction that nozzle arrays can be staged so as
to increase X if sufficient pressure ratio is available. As a first approxima-
tion to a staged system, assume that poh is kept constant for each stage by
increasing the nozzle diméﬁsion as p_ falls., Assune also‘that the laser energy
extracted is a small fraction of the total enthalpy s« that T0 i§ essentially ex-
changed. If A is the P, entering a stage divided by that recovered at the

diffuser exit, then

An =
? poi/poe

where n is the number of stages that can be accommodated between the total pras-
sure entering the first stage (Poi)’ and that exiting the last stage (poe)' The

specific power of a staged syster, XS is then given by X times n or

Xs = (X/1nd) In poi/Poe

vhere X is the specific output per stage. The performance of a staged syétem thus
depends on poi/poe'and X/1n}, the latter being a staging figure of merit.
It was just pointed out that X is reduced for the all supersofiic nozzle.

The nonequilibrium p loss would also be reduced, but more importantly,
q 0
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substantial reductions in diffuser losses aré expected. The losses are discussed
in the following'sections, whichﬂconsiderltwo all—sypersonic configurations. In
the first, a single large diffuser is‘used to recompress the fiow.prior to expan-
sion in a ;ﬁbséqueﬁé turning nozzle array. In the second case, a diffuser is

machined as an ppspreameintegral part of each nozzle element. In this ideéiizéd
case 1t is no_iﬁnger neéesséry to turn the flow in the supersonic expzasion, and
a laser cavi¢§ would follow each array of diffuser-nozzles fitted to a straigﬁﬁ L

duct,

Gaskinetic Losses in Nozzle Diffuser Systems

The nonequilibrium losses 1'ave been calculated for representative nozzle
diffuser combinations using both a two-temperature and a. four-temperature
(Appendii C) model for the N2 - 002 system. Figure 8.18 an example of the latter
procedure applied to the qentefline of a simple symmetric supersonic configura~
tion. The flow expands from M = 1.3 through a 15° half-angle wedge nozzle to a
lasing channel which has ten times the cfoss—sectional area ol the noz:le throat
and a length of over 200 throat heights, A 7° wedge diffuser then recompressés
the flow back to equllibrium aé M % 1.3 pri&r to subsequent re-expansion and
laser energy extraction. The figure is for a 40% N2, 107 C02’ and SOZ.He mixture
at To = 2000°K, with poh = 1 atm cm, Tn denotes the N2 vibrational temperature,
TU and TL the upper and lower vibrational levels of 002 respectively, und T the
translational-rotational temperature. All four temperatures are seen to approach
each otlier in the diffuser, however the lag in TU and TN is such that an extended

throat region (1~2 throut heights long) will generally be requiredi The specific

entropy production rate (ds/dx) may be found using the relation

de de de
Bt e,
N v L
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where dQ = —(de*wi*de- + de +de Here de_, deu, and de represent ‘the in-

LASE)' N

crease in the™ various vibrational energy storages per- unit macs of mixture, with .

1

H
dg being the change in translational: votatlonal energy and deLAS? the energy re-
moved by lasing. The lower part of Figure 8 showa that the entrbpy for this

particular flow was about equally produced iu the initial nonequilibrium expan- .
i

sion and in the lasing channel, with a smaller contrrbution from the diffuser. .
t

Neglecting changes in T L the ratioc of P, between exit and entrance equilibrium

i

states i¢ found from the total entropy change to be * 0,80,

)
1

As ‘discuseed in Section iII, use of a carefuliy shaped combin*‘ion’nozzle .
and lasing channel can reduce losses of the total pressure Larger scale diffu—
sers would accomplish equilibration near the’ entrance reglon with a further
reduction in loss. While it is not geometrically possible to use such diffusers

A Al !

1

i
with symmetric supersonic nozzle elements (such as Figure 7), their use with

! . !
suparsonic turning nozzled could reduce the diffuser B, foss due to flow nonequi-

librium to 1-2%. The calculations show that with advanced nozzle 'contbyrs, ,large

'diffusers, and optimized running conuitﬁons, i1t should be possible to build super-

\

sonic configurations with less than 10% nonequilibrium po loss without significant

change in X, '

Fluid Mechanical Losses } !

¥ ! . i .
Fluid mechanical loss caleulations have been carried out for a representa-

tive series of diffuser—nozzle combinations. Air was used for the Working fluig,
with T0 = 2000 K, P, h =1 atm cm, and h'= 0.1 cm. The normal cavity Mach number
was 4. This flow is fed into a 2-D diffuser (area ratio = 10, half-angle = 7°),

followed by a 0.1 cm long throat and a 15° half-angle nozzle, ’
! |

The system of oblique shocks in the wedge diffuser produced a calculated

P, loss of ¥ 10%. The boundary layer was assumed to, underge transition at the

!

% . |

S
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;first’éhock boundary layer interaciion. An integral analysis was used up to this

poin;, followed by the turbulent boundary layer procedure of Sasman and Cresci. Qa7
The latter was initiated with the assumption that the mﬂmentum Lhickness (8) was
preaerved'across the interaction. Values of the dimensionless displacement thick-
ness (6*/h) equal to ® 1.0 and 6/h ® 0.5 were obtained at the nozzle exit af.er
carrying the calculation through the individual diffuser-nozzle channel. When
mixed at constant area, this produced a P, loss of 48%.

.Much smaller 1osses were found when the diffuser scale was increased by two
orders-of—magnitude. In this configuration, a single large diffuser wouald feedl
an‘array of!turning nozzles. The diffuser exit Loundary layer accounted for only
¥ 7% of the,mass flux and could be bled off, directly reducing X. The individual
nozz%e boundary layers now start and develop in a favorable pressure gradient,

@nd both analysis and experiment show them to be laminar, Exit thicknesses are now
found to be &%/h ~ 0.8 and ©/h = 0.03, resulting in a mixing loss of 157 in

Py

Inclﬁding a representative nonequilibrium loss of 10% in Py
the collected effects lead to a staging figure of merit X/ln(p /p ) of
hOJ/gm for ithe turning nozzle configuration. This is over twice that for the
pombinqtion diffuser-nczzle elements, and is considerably larger than that obtain-
able with conventional supersonic-to-subsenic diffusers and nozzles. Further, it
is prbbabie that the boundary layer will relaminarize in the small diffuser case
due’ to the high acceleration in the throat region.(ls) This has been indirectly
observed in laboratory experiments, and it should make the losses quite similiar
for the two;supersonic cases studled. Boundary layer control through bleed,

mass injection, and wall cooling are being studied. The diffuser must have a

turbulent,boundary layer in order to remain attached; however, it should be
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Figure 1. Vibrational energy/mole in N2 normalized by the
characteristic energy of the first level R6 (8 = 3350°K).
Ey represents the total vibrational energy while Ey = 1
represents only the first vibrational level.
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Figure 2, Sketch of the laser optical system and test section
used to mcasure gain. (& = diffuser plate, f = 10.6} filter,
bs = beam splitter, m = mirror, w = germanium window).
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