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ABSTRACT

In the course of performing the work discussed in this
report, the basic feasibility of Rayleigh Scattering,
Raman Scattering and Holographic Interferometry as
HF/DF laser cavity diagnostic,techniques was inves-
tigated. A new HF/DF chemical laser system desig-
nated CL III was designed, fabricated and underwent
preliminary testing to evaluate reactant mixing of
parallel, fully developed Hy and F supersonic flows
in the lasing cavity and scaling to higher power while
maintaining good potential for pressure recovery.

{Distribution Limitation Statement B)
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NOMENCLATURE

meaning, value and units as given below,

Velocity of sound lbﬁl

Arca of cross section or companent
- . 10
Veiocity of light (3 x 10°7)
Dcenotes the exponential fuaction
. -19

Elecctron chavge (1.6 x 10 )
Detector gain

o -27
Plaack constant (6,62 x 19 )
Heat of formation
Emission intensity
Gladstone Dale constant
Length along line of sight
Liength
Mass flow rate
Mach number
Refraclive index
Molar flow rate
Molecular weight or number density
Pressure
Combustion chamber pressure
Partial pressure
J.aser cavity static pressure
Heat transfer rate

L.aser molar flow ratio (definition

specific to subscript) or gas constant

X1
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Except where otherwise noted in the text, the symbols used have the

¢m/sec
2 .
cm’, in,

cm/sec
coulomb
erg scc

Kcal/mole

watt/ cn'iz -stcrad

cin

gm/sec

moles/seg

gm/mole

psia

torr

btu/sec
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<

Fringe shift parameter

System response at wavclength \

Throat Width
Temperature
Velocity

Velocity

Spatial co-ordinates
Fractional F2 dissociation
Mixing angle

Polarizability

Combustion chamber diluent ratio

Ratio of specific heats
Molecular anisoiropy factor

Boundary layer thickness

Boundary layer displacement thickness

Boundary layer thermal thickness

Denotes the difference of two
relatable quantities

Emissivity

Angular notation
Wavelength
Viscosity

Mass density
Depolarization factor
Scattering coefficient
Mole iraction

Combustion chamber diluent ratio

fringes/cm-atmos

volts/watt
cm-2 ster-1
°k

cm/sec

ft/sec

cm

cm




Subscripts:
B
c

exX

m

wn

hteg
Superscripts:

b3
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Solid angle notation
3
Concentration of specics moles/cm

Mean value of parameter evaluated
across flow section

Boundary layer

Plenum chamber parameter

External to boundary layer

Exit conditions

At nozzle exit or cavity

Properties of mixture

Reference condition

Standard conditions

Translational, total, or throat parameter

t nozzle wall
At nozzle throat or exciied species

Averaged or mean conditions

Modified definition

xiii/xiv
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SECTION 1

INTRODUCTION AND SUMMARY

This report presents the resulis of progress made on several key
tasks which were added to the basic "HF Laser Technology Study, "
Contract No. F29601-71-C-0070. These tasks include:

Task I: Investigate the feasibility of the following diagnostic
techniques for possible application to HF/DF laser cavity
evaluation:

) Ra; leigh scattering measurements from a high
power Xe-laser to determine local cavity density
distribution,

L Raman scattering measurements from a high power
Xe laser to determine scattering strength and
practicality of this technique for determining F?
and HZ cavity concentrations,

] Holographic interferometry teciniques to determine
the optical quality of the lasing media as far as
density gradients are concerned.

Task II: Design and fabricate a new laser system {CL III) which is
configured to produce fast mixing of reactants in the laser
cavity in an understandable manner.

Task III: Provide testing at the TRW Capistrano Test Site to evaluate
the performance of the new CL IIl laser system. The testing
will study, principally, the lasing zone produced by the new
cavity injector in an attempt to understand how turbulent
mixing affects the HF lasing potential. Infrared mapping,
visible light photography and closed cavity power measure=-

meant will he t\mr\]r\zrnr] to gtudy mixing and lacging
........ oy e ay miMing and laging

characteristics.

In performing the above tasks, significant progress was made in
better understanding the laser mediura and its influence on hardware
design and testing methods. The basic feasibility of Rayleigh/Raman
scattering techniques to measure concentrations of molecular hydrogen
and molecular fluorine in HF /DF laser cavities was established through
analyses and laboratory experiments. By using a xcnon UV laser and
modifying existing scanner equipment, detection sensitivities on the order
of 4 x 1072 torr could be achieved for the above indicated species. FHow-

ever, helium appears not to be detectable with current apparatus.
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Holographic interferometry appears to be a viable cavity diagnostic
N technique when employed on larger chemical laser devices where the
optical path length is on the order of 1 rneter. However, the method has
marginal utility, i.e., it produces cxtremely small fractions of a fringe,
when usced in conjunction with currcent, smaller chemical laser systems

unless modifications are made to existing intcrferometry devices and

techniques to extend the state of the art. This is caused prircipally by the
B rclatively short optical path length and very low density gases in ihe lasing

region of the smaller laser devices.

The CL IIl laser hardware designed and fabricated in conjunction
with this program represented a first attempt to deal with the problem
of rapid mixing and scaling of the HF /DF chemical laser to a high power
device while at the same time achieving good downstream pressure
recovery potential, Initial parame’ ric analyses were performed over |
a wide range of operating conditions. A basecline design was then selected
and detailed fluid mechanical, thermal and stress analyses were

performed. The following criteria were employed in the design:

. Provision to allow varying velocities of the H, and " jets 1
as well as a range of nozvle exit temperature and diluent
ralios .

. Capability of supplying preheated H, at high Mach numbex
and velocity i

\ ] Combustion pressures in excess of 100 psia to provide a
; flow field consistent with pressure recovery requirements

e Cavity injector nozzles designed to account for boundary
layer buildup; the area vatios increasing as dictated by an 4
analysis of boundary layer thickncss 4
. Nozzle area ratios designed to closely match the exit

pressure to the expected cavity pressure

° The lasing zone confined within a suitable lasing cavity to
prevent entrainment and recirculation of ground state IHF
into the supersonic flow stream.

The CL IIl hardware as designed utiiizes two combustion chambers, ;

one for producing atomic fluorine and the other for prcheating molecular §
L]

b

hydrogen., Deuterium and fluorine mixed with appropriate quantities of

helium or nitrogen diluent are injected intc each comuustor to produce |
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the required high temperature gas flows. A single 1.5 by 8-inch nozzle
bank employing 23 nozzles is connected to the two combustion chambers
by separate plenums, Thus, alternate adjacent nozzles flow F- and

Hz-containing streams. Exit velocity ratios of ¥ to H_ varying from

2
0.59 1o 2. 6 can be obtained with this hardware by varying the combustor

conditions.

Twenty -five tests were performed at the Capistrano Test Site using
the CL III hardware. These tests involved checkout of the CL III cavity
injector and separate combustor hardware followed by a series of test
runs to evaluate the effects of varying F and H2 stream velacities within
the range indicated above. IR mapping and orange glow photography were
used as laser cavity diagnostics in this initial test series. Several runs

were made to assess laser power using hole cuicoupled mirrors.

The output power of the device was disappointingly low, less than

500 watts. Three fundamental causes have been identified.

First, analyses of the CL III cavity diagnostic data revealed that
very little IR or visible radiavion emission vecurred directly downstream
of the hydrogen nozzles in any of the rune observed. On thc other hand,
the intensity within the fluorine jets began to rise almost immediately.
The intensity then leveled out at the fluorine jet centerline approximately
2-1/2 inches downstream of the nozzle exit plane and remained nearly
consgtant for at least another 3 inches downstream. The conclusicn drawn
from thesc data was that the gross rate of mixing within the fluorine jet
was approximately equal to that predicted from prcvious subsonic
experimecnts. However, microscale mixing within the turbulent zone
is not well known and could be sufficiently slow to causc the observed

extended reaction zone thus adversely affecting the lasing action.

Second, in a post-test calibration, the fluorine sonic flow control
orifice was found to be in error by approximately five percent lcading to
excessive FZ flow into the hydrogen heater combustor. ‘The excess FZ
undoubtedly reacted with H, injected downstream ahead of the nozuzle
throat, leading to the introduction of rclatively large quantities of ground

state HF with the H2 stream into the laser cavity. This situation was

further aggravated by combustor injector flow maldistribution. Based
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upon empirical observation of the quantity of ground state HF introduced
into the prior CL II device when operated in the HF /HF mode, and the
calculated quantity introduced as a result of the CL III calibration pro-
blems, it is believed that sufficient ground state was injected to account

for the low powers observed. Additional testing is required to confirm

this | ypothesis,

Third, in this initial test series the maximum hydrogen temperature
achieved in the nozzle plenum was less than 1100°K to avoid any possibility
of HF /DF isotope exchange. This resulted in a laser cavity static
temperature after mixing, but prior to the lasing reaction of only 150°K.
Extrapolation of measured kinetics data taken at 350K to the 150°K
condition, revealed that production to deactivation rates of HF* were

unfavorable for lasing.

Further work is required to thoroughly assess each of the above-
mentioned factors. Subsequent testing with chemiluminescent spectroscopy
diagnostics is recommended under the HF Technology Follow-On
Coniract No, F29601-72-C-0077, and the Reactive Flow Study Contract
No. F29601-72-C-0021, to understand and correct the deficiencies
observed in the initial test series and to further investigate the CL III

laser systern.

PSR
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SECTION 1I

LASER CAVITY DIAGNOSTIC EVALUATION

Measurement of laser cavity flow field characteristics such as local
kinetic temperature, pressure, velocity, local species concentration and
species excitation is essential in deriving the understanding required for
guiding the design of scaled up advanced HF/DF chemical lasers. The
first task of the subject program entailed feasibility cvaluation and conduct
of laboratory tests, where applicable, of cavity flow field visualization and
property diagnostic techniques which had not been previously applied to
chemical lasers. The three new possible cavity diagnostic techniques
considered were:

o Rayleigh scattering using a xenon lascr for local cavity
bulk number density measurements

) Raman scattering using a xenon laser to measure cavity
molecular spccics concentrations (H2 and FZ)
® Holographic interferometry to assess the spatial distri-

bution of cavity density gradients

The following sections present a detailed discussion of the physical
concepts involved with each diagnostic technique, previous experience with
the techniques, and an evaluation of the applicability of the technique for a

field-test apparatus for high power chemical lasers,
1. RAYLEIGH/RAMAN SCATTERING DIAGNOSTIC TECHNIQUES

In previous chermical laser cavity measurement programs (Ref. 1),
diagnostics by chemiluminescence and resonance absopriion spectro-
scopy and by IR -intensity mapping of the cntire flow field have yiclded
valuable and cxtensive insight into IF -lascr cavity flow field structure,
I1IF excited state and ground state distributions. This progress in
unde rstanding brought about by the carly diagnostics has led to new
questions which cannot be approached by the diagnostic techniques
described above. More specifically, the above-indicated measurements
are not suited to provide data on local concentrations of homonuclear
molecules such as FZ' HZ, Dz. Even for heteronuclear molecules HI' and
DF, the chemiluminescent or absorption data yield line-of-sight integrated

CFP NN S serides e
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. - 2 .
population densities (molecules/cm®) as direct observahles. Further
measurements or assumptions are required in order to reduce these data

to iruly local species densities.

Cohereunt scattering of laser radiation by molecules has been shown to
be a practical tool for measurement of local molecular species concentra-
tions applicable both to homonuclear and heteronuclear molecules. By
proper arrangement of exciting and observing optics coherent scattering
is also principally capable of providing truly local concentration measure- ’ \
meuts. The general disadvantage of coherent scattering is the usually
very low scattering cross section, requiring powerful laser radiation for
an exciting light source. Such laser sources have become available dur-
ing the last decade. Other difficulties with all coherent scattering tech-
nigues are interference problems, generally requiring very careful
optical design to achieve acceptable signal/noise values. DBoth problemns
with scattering measurements have been largely solved during the last
years to the point where it is quite reasonable to expect sensitivities ade-
quate for detecting species concentrations substantially below | torr par-
tial pressurcs; this makes the scattering technique of interest in the

diagnostics of laser cavities.

Coherent scattering of visible and ultraviolet light by atoms and mole-
cules is related to the property of polarizability of the atomic or molecular
electron cloud. Rayleigh scattering intensities are directly proportional
to the square of the average polarizability. Inthe case of molecules, the
pola rizability may change during the vibrational and rotational motion of
the molecules giving rise to a vibrational and rotational Raman effect,
Contrary to the case of Rayleigh scattering, Raman scattering produces
wavelength shifts which are clearly characteristic of the molecule. Raman
scattering is therefore particularly useful for species concentration meas-
arements. If the exciting wavelength is choscn close to (but not identical
to) a molecular electronic resonance, Raman scattering intensities are
observed to increase substantially; in this case the effcct is frequently

referred to as Resonance Raman Eifect (RRE).

Coherent scattering intensities arc directly proportional to lascr :

power and inversely proportional to the fourth power of the exciting wave-

length, This wavelength dependence of coherent scuttering intensities
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affects in a significant way ti:e choice of the exciting laser. For non-
rescnance coherent scattering, a useful figure of merit for comparing
different lasers is
4
P/\ (1)
where P is the laser power and N is laser wavelength, Resonance wave-

2 HF, H, D, He and F are all sub-

stantially below 0.2y whereas available lasers of acceptable power output

lengths for laser cavity species H,, D

and reliability oscillate at wavelengths in excess of 0.3u. The above cited
laser figure of merit is therefore applicable for ¢t oosing the best laser
for the above indicated species. Comparing all available lasers consider-
ing wavelength, power, stability, compactness and ruggedness, two lasers
appear most applicable; these are the xenon UV laser (A = 0.3645p) and
the nitrogen laser (X = 0,3315p). The difference in figure of merit of

these two lasers is negligible considering presently available power levels,

Because of TRW's experience with Xe-lasers we chose tc base all our work
on this paviicular iaser.

The specific objective of the Rayleigh/Raman scattering diagnostic
techniques evaluation was to assess the utility of this method for deter-
mining local laser cavity bulk and species number densities, Rayleigh
scattering strengths are expected to be useful for measuring local bulk
densities, particularly if relative gas compositions are well known, Raman
scattering as a technique is specific to the scattering molecule and can
therefore be used to measurce iocal specie densities. Of special interest

is the measurement of F_ and HZ in laser cavities,

2

a, Theoretical Background and Calibration Equations

The following discussion of the theoretical aspects of the scatter-
ing phenomena is presented in two parts; the first relating to Rayleigh
scattering; the second relating to Raman scattering. Special consideration
is given to developing the calibration equations necessary for use in a field
test diagnostic apparatus. The exciting laser of interest is Xe,

A= 0.3645u, although most of the formalism presented helow will gener-

ally apply to other wavelengths as well.
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(1) Rayleigh Scattering Intensities

Rayleigh scattering intensities depend upon molecular
polarizabilities, the exciting wavelength, the direction of scattering, and,
in a fairly complex fashion, on the state of polarization of the incident

beam.

In the treatment of Rayleigh scattering, the approach of
S. Chandrasekhar (Ref. 2) is followed. Ccnsider an incident beam
of light characterized by a set of Stokes parameters {I”, I, U, V}form-
ing a four vector. The scatterea radiation (I'), intensity and polarization

can be determined from
' . dw' .
€' dw' = (Uﬂ (R)(I) dw watt/paxrticle (2)

where the meaning of ¢' is the four vector emissivity of the scattered
radiation; dw' is the solid angle subtended by the detector optics; (R) is
the scattering tensor (4 by 4 matrix); (I) is the four vector incident inten-

(
2
sity (watt/cm~ sterad); and dw is the divergence (solid angle) of the

1 L 1y LOLEN = = Lngre) al Ul

incident xenon laser beam, The scattering geoinetry is illustrated in

Figure 1.

Figure 1. Rayleigh/Raman Scattering
Geometry




AFWL TR-72-82

The scattering matrix R is

cosze + vy sinze Y 0 0
) Y 1 0 0
(R) = 2775327)
0 0 (1l -Y)cos © 0
0 0 0 (1 - 3y)cosej

(3)

where vy is a factor related to the molecular anisotrophy. For isotropic
scattering, as in the case of most atoms, the anisotrophy factor is zero.
It can further be shown that for anisotropic scattering, vy < 1/3, The
scattering coefficient ¢ in equation (2) for anisotropic gcattering can be

written as

e
bl
o)
e
T
I
H
-
b«
.
Pt
ﬂ‘
N

s (5)
Pn 1+ vy
and a; is the polarizability. Because of the restrictions on values for y it
P . ..__J.'l,_-_-_._‘.t‘.'__’ e P R R Vi Y S-S S e T B T g N R R,
Call PIE loaul y VOLILILICU Ltilal LIIC 14l BU vi PUDDLULC Yaluos 1ul LT uopviallaa™

tion factor P is given by

Assume a Xe laser beam power P (watts) and laser beam

cross sectional area A. Then

(Idw) = Tlf‘i—\)s,'.';i.tt/cxnZ
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Assume further that the radiometer optics views a length of the laser

beam £ defining a viewing volume of

V o= A lcm?'

e

Let n; be the local number density of species i. The total number of

scattercrs in the viewing volume is thercefore V.o n, molecules. The total
power scattered into the viewing optics is therefore

Plde' = 0. 92 . n . 2 (R) « (P) watt (6)

idn i

The viewing optics solid angle dw' can be readily determined from the
radiometer aperture area and the distance and [ is dictated by the desired
spatial resolution., Equation (6) fully describes both the polarization and
power of the Rayleigh scattered radiation. For practical consideration,

equation (6) can be significantly simplified provided we assume henceforth

that all observations are conducted with linearly polarized laser light at
scattering angles of 90 degrees. For this special casc, the scattering

matrix reduces to

3 Y 1 0 0
(R) = 7T+ 2y

In this case the parallel and perpendicular component of the scattered

radiation are

l dw 3
= —_—— s —_— (P , .
Pn dw (ri in ni £ 21+ 27) ( . + PJ,.)\ watt (6a)
1 ' dw 3 :

10
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where P and P, are the parallel and perpendicular components of the
incident laser power and P:, dw' and Pi do' the corresponding components

of the scattered radiation. The total Rayleigh scattered laser power is

P' dw' = (P + P|) do'

do' 3 v {(y + IP, +2yP } watt (6¢)

=03 bamae

Specializing further to the case where the laser beam plane of polarization

is arranged such that P = 0 and P, = F, then
dw' 3(y + 1) ,
! LIS — . . b
P'do e ni ? ——Y——~—Z(1 T2 P watt {bd)

It is practical to introduce into equation (6d) observables such as pres-
sures, temperatures, receiver optics transmission Tx and detector sensi-
tivity, S, (amps/watt). The observable scattering signal current follows

then as

p.
i, = A —
i ip

"

P E e ad 'I‘)\S)\a.mps (7)

.

1

14

where i, is the Rayleigh signal strength (amps of PM-tube) and the con-
1

stant Ai is

%3 3(y + ) 19 3
o= =N 2T o N = 2,69 x 107 molecules/cm
i 4m "0 2(1 + 2vy) o
Py is the partial pressure of species i, T.1 the temperature and P and T _
are standard pressure and temperature., Specifically, at a reference

pressure and temperature P, and T0 the signal current is

.,
|.>
x

T_S «(P- [ dw'T,S,) amps/torr (8)
8 "o °

11
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equation (8) can be conveniently used as a calibration equation. Using our
convention for choosing the plane of polarization of the incidence beam and
the angle of observation, the Rayleigh scattering signal in a laser cavity

from a given species is

P‘T_O S G 1—0— amps (9)
T (P- £ dw' T)\SK)O P, P

i1 =

where the subscripts o refer to the known calibration following

equation (8).
(2) Raman Scattering Intensities

Raman scattering is of particular interest to the detection of
F,, Hy, and HF inlaser cavities. Although Raman scattering intensities
are generally significantly lower than Rayleigh scattering and exhibit
characteristic wavelength off-sets from the incident radiation, these two
coberent scattering phenomena are closely related and depend on similar
physical parameters. Without any further detailed discussion, it is there-
fore evident that the same calibration cquation (8) can be used for Raman
scaltering signal strength predictions provided the calibration factor
io/po now refers to Rarnan scattering strength rather than to Rayleigh

scattering.

Contrary to the case of Rayleigh scattering, the Raman
scattering produces a spectrum specific of the scattering molecule. We
are here primarily interested in the vibrational Raman spectrum, The
Stokes lines appear at longer wavelengths than the exciting wavelength,
corresponding to subtracting the energy of a vibration-rotation quantum
from the incident photon. Correspondingly, the anti-Stokes line photons
have energy larger than the exciting pinotons by the amount of a vibration-
rotation quantum, Anti-Stokes lines can only be obsecved if the scattering
gas contains mwolecules in excited states. Therefore, measuring intensity
ratios of Stokes tc anti-Stokes lines provides data on ratios of excited state

to ground state populatiens.

12
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Assuming exciting laser radiation at frequency Yo and power
P (watts) incident on a concentration n, (cm-3) then the Raman scattered
intensity P, dw' watts at frequency ( o -~ ) and into a solid angle d ' at
right angles with the laser bearn direction is given by

Pé d ' = 87r4p(vo - v)4 . n - £ - ———1-‘1-—(a'2 +l\/'2) « dw' watts

)
1 87Th}J.Cw 45

where [ is the length of the observed laser beam, p, w are the reduced
mass and vibrational frequency for the scattering molecules, and o', y'
are the derivatives of the spherical and anisotropic polarizabilities,
respectively. This formula assumes the laser radiation to be plane
polarized and the vibration-rotation structure of the Raman spectrum te
be unresolved. Predominantly, then the equation gives the total intensity
of the Q branch of the Raman spectrum,

b. Laboratory Measurements of Raman/Rayleigh Scattering
Strength

The Raman/Rayleigh scattering efficiencics for the species F

“Er il 2.

HZ, and He were measured relative to N2 as a reference in the laboratory
experimental apparatus shown schematically in Figure 2. The laser
source is a TRW developed pulsed xenon laser emitting a strong UV line
at 0.3645p. The laboratory data were obtained with the laser paramet rs

as given in Table [.

This laser has also been operated at pulse repetition rates up to
200 pps for an average power of 0.3 watt., and it is anticiputed that the

system is capable of more than 1 watt average power with minor

modification,

Output of the laser is continuously monitored by means of a
dielectric beam splitter (98 to 2 percent) which transmits part of the laser
beam to a photodiode with suitable neutral density and bandpass filters.
The complete photodiode monitor system was calibrated directly against a

standard tungsten radiation source.

The reflected component of the laser beam is focuserd into a
scattering test chamber containing the species of interest and is collected

by a Wood's horn light trap. As shown in Figure 2, the laser beam passes

13
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Table I. TRW Xenon Laser

Wavelength 0.3645p
Peak Pulse Power 3 kw
Pulse Length 0.5 psec
Pulse Repetition Rate 50 pps,
Average Power 0.075 watt
Beam Diameter 5 mm |
Plane Polarized (vertical) -

vertically through the scattering chamber with the plane of polarization in
the plane of the schematic drawing. However, the scattering chamber and
spectrometer optics are shown rotated 90 degrees so that the Raman/
Rayleigh scattered intensities are, in fact, measured in the direction

normal to the laser beam and the plane of polarization,

Light scattered from the laser beam is focused onto the entrance
slit of the single pass spectrometer and the scattered intensity is meas-
ured by means of a low noise photomultiplier (EMI 62565). The second
Wood's horn opposite to the spectrometer and the light baffles in the laser
beam path are to reduce the background light intensity (at 0. 3645u) caused
by surface reflections to a minimum, It has been estimated that the back-

ground intensity contributed from all sources other than the gas scatter-

11
ing molecules is equivalent to 1 part in 10°" of the input laser intensity.

For the laboratory measurements, both the beam monitor and
scattered signal currents were measured as conventional dc currents
using a time constant of the order of 1 second to integrate the laser beam 4
and scattered light pulses. In this mode of operation the sensitivity for
Raman intensities measurements is limited by the photomultiplier dark ;
current and electronics noise, However, it is readily shown that the
scattering efficiencies can be determined at relatively high laboratory

species concentrations, and that an improvement in signal-to-noise ratio

g L

of the order 104, and hence in species sensitivity, can be ohtained by

adopting the pulsed photon counting rate with synchronous derection,

15
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For each species of interest the photodiode monitor current and
scattered signal current were measured in terms of dc ampere as a func-

tion of pressure. For the species NZ’ HZ and He the pressures ranged

from a value sensibly zero to 70 psia. Repeat tests generally agreed to

within 5 percent in each case; Figures 3 and 4 show good linearity in the
relationship of the Rayleigh and Raman scattered signal currents,

respectively, as a function of the test chamber pressure, Error bars

show the estimated confidence in these results. In all cases the data were

. . -7
normalized to a constant laser monitor current of 3 x 10~ amperes corre-

sponding to the typical operating parameters given in Table I.

In the case of FZ’ the pressures used ranged from zero to 4 psia

which was sufficient to obtain scattered signal strength comparable to the

3.3 — 4
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3.0 — : ]
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Figure 3. Rayleigh Scattering Signal Strength
vs Species Pressure at 22°C
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Figure 4. Raman Scattering Signal Strength vs
Species Pressure at 22°C

other species at the high pressures, The enhanced scattering efficiency of
the FZ molecule is attributable to the resonance Raman effect which had
been anticipated in view of the proximity of the F2 absorption band to the

xenon laser wavelength.

Table 1I summarizes the Raman/Rayleigh scattering data in the

form of the expected signal current for a species concentration equivalent

to 1 torr at normal room temperature (22°C).

Table II. Raman/Rayleigh Signal Strengths (amp/torr)

Species Raman Rayleigh
Hydrogen 1.9x 10743 1.9 x 10711
Nitrogen 10.0 x 10”14 8.7 x 10711
Helium - 9.7 x 10712
Fluorine ~2.6 x 1074}

17
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These data are specific to the optical system used in the labora-
tory measurements for which the parameters are given in Table 1II.

¢. Chemical Laser Cavity Measurement Sensitivity

The laboratory data presented earlier can be used to determine
directly the sensitivity of a Rayleigh/Raman scattering system for poten-
tial use on & CL-IITl or other chemical laser cavity. The envisioned sys-
tem consists of the existing IR scanner modified with a radiometer
spectrometer detector and a l-watt UV Xe-lascr as shown schematically
in Figure 5, A functional block diagram of the complete diagnostic meas-
urement gsystem is presented in Figure 6, The desired spatial resolution
is . mm in the cavity. From equation (8) the sensitivity for detecting a

species 1 in the laser cavity by Rayleigh or Raman scattering is

(P. 0 . dw' T,5
(/p) = By T,S

o

N7
T

)\) . (1/p)o amp/torr
o s

Here the calibration factors (i/p)0 amp/torr are those determined from

the catiibration experiment and listed in Table II.

The laser power used in the calibration experiment was

0.075 wati. Using numerical values from Tablc IV one compures

(P- f +« dw' TyS,) = 26 amp + c¢cm - sterad
NN P

Xe laser and vadiometer salient parameters {o7 the current chemical

laser cavity using existing hardware are as follows.

Table III. Optics Parameters

Scattering Length / 3.3 mm
Collection Angle duw' 0,087 ster
Overall Transmission Ty 0.25

Detectoxr Sensitivity Sy 48,000 amp/watt

B NP IS O AV UPIVRGP TSRS RS .
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INFRARED/VISIBLE

LIG:.™ SCANNER INTERFERENCE FILTER

POLARIZER FABRY ~PEROT
—P

=,
" PHOTON

COUNTER

XENON LASER

XENON
LASER CAVITY MIRROR \’
I
———
XENON LASER “\'
CAVITY MIRROR LENS DéAGNOSTIC
ELL

Figure 5. Schematic Showing Xenon-Laser/Infrared/
Visible Light Mapper Experiment for
Measuring Rayleigh and Raman Scattering
Intensities

The radiometer collection solid angle follows from the scanner
2 . . .
lens area (10 cm™) and obscrvation plane distance of 1 meter. The

scanner radiometer system is therefore characterized by

(p. 2. do T)\S}\) = 1,2 amp - ¢cm - sterad
The sca.ner sensitivity factor is given by

. 1
1/p==ﬁ-

o

. (i/p)o amp/torr (10)

In equation (10), TO = 300°K, T is laser cavity local temperature and
calibration factors (i/pv)0 are from Table 2. For detection of F, by Raman

12 amp/torr. Raman signal

scattering, sensitivities near 1.3 x 10~
strength for I-1]2 is exnected to be 1 x 10-]'4 amp/torr for the same radiom- )
eter optics, However, using Rayleigh scattering strengths, one would 53
expect 1 x 10—12 amp/torr for hydrogen. From Table Il it is evident that

the helium contributes little to bulk scattering, Therefore, the Rayleigh

scattering is expected to be insensitive to helium concentrations,
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Table IV. Calibration Factors

Xe laser power P = 1 watt
‘Radiometer celiection angle dw' = 10~3 sterad
lSpatial resolution £ =1mm

Overall transmission T, = 0.25

Detector sensitivity S, = 48,000 amp/watt

In order to assess the signal-to-noise problem and permissible
sampling rate, consider an available electronic photon detection system
using a sensor, gated synchronously with the laser pulses as has been
schematically shown in Figure 6. Dark counts for a channeltron photo-
multiplier (type 7500-5303) are approximately 10 counts/second. Since
the Xe-laser is pulsed at a repetition rate of 200 pps with 0.5 psec indivi-
dual pulse length, the on-time of the gated tube is 1()—4 seconds; the effec-
tive background count rate is therefore approximately 10-3 counts/second.
The expected signal/background count rate is therefore very high; how-
ever, the absolute signal count rate is fairly low for the existing system.
If we define the limit of detectability as that species partial pressure at
300°K reference temperature which generates 3 counts per sampling time

At, we find the following relation for instrument sensitivity:

-13
- eG _ 4.8 x 10
At Plimit =3 17—5 ===7r torr . sec

where e = 1.6 x 10719 coulomb and G is PM detectar gain (106). For
hydrogen, the limiting sensitivity based on the 3 counts/sampling time

criterion is:

hydrogen (P + At) = 0,48 torr - sec (Rayleigh)

il

H

bydrogen (P - At) 48. torr - sec (Raman)

Similarly, for the detection of FZ by Raman scattering the limit is

molecular fluorine (P At) = 0.37 torr - sec (Raman)
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It is relatively straightforward to improve the sensitivity of the
measurement by up to three orders of magnitude, A factor of 10 sensi-
tivity improvement can be obtained Ly increasing the power of the existing
scanner by an order of magnitude. This can be accomplished by installing
a 4.5-inch Cassegrain collector which would conserve the basic mechanical
structure of the existing scanner radiometer but require a modest redesign
of the scanner head to accommodate the larger more powerful optics.
Another factor of 10 improvement can be gained from increasing the avail-
able laser power by a factor of 10 by placing the laser cavity internally to
the xenon laser cavity. The combined effect of increcase in collector and

laser power should yield sensitivity increase by a factor of 100, i.e.,

-’

t

hydrogen P « At 5x 107> torr-sec (Rayleigh)

hydrogen P . At = 0.5 torr-sec {Raman)
melecular fluorine PAt = 4 x 10-3 torr-sec (Raman)

An aliernaie approach of gaining a factor of 10 in sensitivity is to
decrease the radiometer distance to 0,32 meter. This could be accom-
plished by incorporating an attachment to the existing scanner. A sub-
stantial reduction in scanner collector lens distance from the plane of
observation is quite practical for Rayleigh/Raman scattering since this
experiment does not suffer trom parallax effects. Assuming the sensi-
tivities quoted above and employing a reasonable sampling rate of 10 data
points/sec (0, 1 second sampling time), the expected mezasuring scnsitivity
for hydrogen by Rayleigh scattering is 0.05 torr and for molecular fluorine
is 0.04 torr by Raman scattering. The sensitivity for detection of hydro-
gen by Raman scattering is 5 torr for identical sampling times (0.1 sec)
and optics parameters, This sensitivity is too low to be of interest for a

practical laser cavity diagnostic device,

In conclusion, Rayleigh/Raman scattering is a feasible technique to
measure concentrations of molecular hydrogen and molecular fluorine in
HF/DF laser cavities with typical sampling rate of 10 data points per
second. This can be achieved by using an xenon UV laser (: = 0,3645p)

and by modifying an existing scanner for the task of serving as a laser

22
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Rayleigh/Raman scattering scanning radiometer, Typical detection
sensitivity of such an instrument would be approximately 4 x 10_2 torr for
the indicated species. Helium in HF laser cavities appears not to be
detectable with apparatus of practical design. Additicnally, the detection
of molecular hydrogen by Raman scattering techniques is marginal at
partial pressure levels to be expected in HF/DF laser cavities. Other
techniques, such as a high energy electron beam, must be used to detect
helium. On the basis of the data available, we recommend a careful
evaluation of the xenon laser Rayleigh/Raman scattering technique with a

high energy electron beam technique as an alternate approach.
2, HOLOGRAPHIC INTERFEROMETRY DIAGNOSTIC TECHNIQUE

Interferometry is one of the more fundamental and basic methods for
the measurement of small optical path length changes (Ref. 3 and 4).
Measurement is in terms of the wavelength of light to a precision, in most
cases, of a srnall fraction of a wavelength, Changes which can be measured
interferomctrically can either be the result of physical motions of a reflect-
ing surface, or the result of refractive index changes, In gaseous media,
the refractive index relative to vacuum is directly proportional to the gas
density (Ref., 5),

Interferometry is a consequence of the wave nature of light,
Specifically it is a result of the fact that light can interfer with itself,
A phase difference of 180 degrees between two beams of light of equal
intensity results in canccllation or destructive interference. Zero or phase
shift of multiples of the wave-length of light results in constructive
reinforcement. All interferometers display the difference in optical path
between the two interfering beams in terms of a fringe pattern. Dark fringes
connete regions of destructive interference, Each fringe traces the loci of

‘a constant optical path change.

Interferometry is routinely used in the testing of optical equipment and
surfaces, the making of highly precise distance meocsurements (the meter

is defined in terms of the wavelength of red cadium line), and more recently

the testing of mechanical structures,

SEEEGA e o o .
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Prior to the advent of the visible laser, a wide variety of specialized
interferometers were available, The more famous classical interferometers
include the Mach Zehnder, Twyman Green, Michelson, etc. Multiple beam
interferometers, such as the Tolansky, have been used to measure dis-
tances of the order of 1/100 wavelength of light (Ref. 6). The Mach
Zehnder interferometer is the type most commonly used in the study and
mecasurement of aerodynamic and gas density phenomena, It has oaly

recently been suplanted by laser holographic interferometers,

Since this report is concerned only with measurement of path length
variation in a HF/DF chemical laser, the consideration of the Mach
Zehnder interferometer is heuristically valuable. It suffices to explain the
elements of interferometry., Following this discussion, the applicability of
interferometry to the study of the optical region of a chemical laser is
considered. Of importance is the estimation of the amount of phase shift
produced by operational flows of HF/DF chemical lasers, Such an estimate
establishes the applicability of the technique. Finally, the type of inter-

ferometer most suitable to measurements in a chemical laser will be

considercd. A promising candidate is the transmission holographic inter- .
ferometer illuminated with a pulsed ruby laser, This type of interfcrometer
was developed at TRW and a portable version is in laboratory stock. It

has other features which recommend its choice over the Mach Zehnder,

a, Mach Zehnder Interferometer

A Mach Zehnder interferometer is shown schematically in
Figure 7. In this interferometer, the input monochromatic beam is
divided intc two cornponcnts, One compuncat, the test beam', passes
through the volume of interest, shown as the flow from a nozzle bank. The
other component, the '""comparison beam, ' passes around the event. In may
many cases the comparison beam is passed through a cell identical with the
one in the test beam. This later feature makes true differential measure-
ments possgible. A second beam splitter recombines the test and comparison
beams, permitting the two to interfere with one another. The resulting
interference pattern portrays the retardations of the test beam relative to

the comparison beam in terms of an interference pattern.
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AONOTHROMATIC

SCURCE OF ; MIRROR
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Figure 7. Schematic of Mach Zehnder Interferometer
used in Diagnosing Gas Flow

A simple interference pattern is produced whenever the two beams
pass through one another at a small grazing angle., Such a pattern is
shown in Figure 7. The fringe spacing A can be shown to be related to j

the angle of tilt 6 of the two beams according to the equation (11):

A= — M (11)

2 sin%

“ |
where A is the wavelength of the lig‘h‘t passed through the interferometer.

Such a fringe pattern, in the parlence of interferometry, is called a

"finite fringe pattern,' In a Mach Zehnder interferometer, parallelism of

the fringe pattern caused by beam tilt, is also a testimmony of the optical

flatness and homogenuity of the elements of the interferometer.

Careful adjustment of the mirrors decreases the number of finite
fringes {o zero, Such a pattern is called a "zero order fringe pattern,”
In practice it is very difficult to achieve since the mirrors have to be aligned
to at least a tenth of a wavelength., Typically Mach Zehnder interferometers
are used with a finite fringe pattern, Variations in the density of the gas
in the test beam path produce fringes in the cutput beam pattern. Necighboring
fringes denote a change in phase of a full wavelength. The phase change
suffered by eachk wave is the change in path divided by the wavelength of
light. This ratio expresses the relative phase change in terms of wave-

lengths. A hypothetical pattern has been traced in Figure 7,
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L. Phase Shift and Interferometer Sensitivity

In any transmission interferometer (like the onc shown in
Figure 7) path change is only varied by changes in gas density, Optical
path, however, is the product of the index of refraction and the physical
path. Since the gas density can vary locally, the product must be inte-
grated to get the net path variation along individual portions of the test
beam. In the most general case the phase change in terms of the wave-

length of light passed through the interferometer is:

S = %\—/(nz— nl)dz (12)

where n, refers to the index of refraction alonyg the test beam, and ny
is the index of refraction along the identical comparison beam. Values
for the refractive index of different gases arc available in the handbooks
{(Ref, 7). Values of interest to the HF chemical laser have heen repro-
duced in Table V. Also included in the table are values of the Gladstcne-
Dale constant and the interferometric sensitivity of the gas at the wave-
length value of a ruby laser (0.6943 micron). In all calculations, it is
assumed that the index of refraction of a gas, relative to that of vacuum
(i.e., n = 1), is directly proportional to the gas density N, namely,

vac

n-1=KN

The consiant of proporiionality K is called the Gludsione-Dele constant,

It can be interpreted as the refractive index of a molecule per cubic
centimeter of volume. Its units are cubic centimeters. This constant is
computed by dividing the diffcrence between the index of refraction of the
gas and that of vacuum by the Loschmidt number (the number of molecules
per unit volume of an ideal gas at 0°C and af normal atmospheric pressure
N, = 2.68719 x 1019 molecules/em’).

e o —— e e

s e et
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Table V, Interferometer Constants of Gases of
Interest to HF Chemical Lasers

No S/¢ Po
Refractive Interferometer Sensiti-
Index at 0°C, K ) vity in Waves per Cm,
760 mn Hg, Gladstone Dale per Atmosphere at 0°
Gas 0, 5891 Constant cm3 . at 0,.6943u
. ok -23 3
Dry Air 1.0002926 1.0889 x 10 “¥fcra 3.8
_23 )
N, 1.000297 1.105 x 10~%3 gm3 -
0, 1.000516 1.920 x 10723 crh3 ~
H, and D2 1.000132 0.491 x 10-2.3 cn13 -
F, 1.000108 0.402 x 10723 cm3 -
F 1.000054 0.201 x 10-23 e -
He i.000036 0.134 x 10723 cm3 -
HF 1,0001 - -

P

Wavelength sodium D lines are 0, 588953 and 0.5895923u, respectively.
PARA

“Variation in index with wavelength for air is small; a ae - 1.0002825

while n = 1.0002754, bl
red

For mixtures of gases the resultant index is the sum of the

individual constituents:,

n-1 :Zhi Ni {14)

Multiplication of equation (14) by the total density of molecules enakles one
to express the change in iandex in terms of the moie fraciions ()(.1) of the

individual constituents; that is,

N

n-1 = IIZK.(
!

1
N

) = NZKi X, (15)
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Sulrstitution of cquation {15) into equation (12) shows in principle how an

- interferogram yields gas density. The above equations and the values
“listed in Table V enable a calculation of the path variation expected when

an operating HF/DF chemical laser is put into the test beam. In this case

the following expression can be derived from equation (12): j

.4 (ZK, X.) (ZK. X.) 1
’ S = Eollo) (v 1 ) (16
i - A N K (ZK, X))~ )

@ 1

where

subscripts 1 and 2 refer to the comparison and test sceaes,
respectively, and a "uniform!' slab of gas is considered

bl = P2 (comparison and test cavity pressures are e:qua,]_f:<
'1"1 = ’I‘Z (comparison and test cavity temperatures are equal)*
X; = the mole fraction of the ith specie '
; N = the number density of the gas in the cavity .
NO = Loschmidt's number (2,7 <« lolghp.articles/cc) i.e.,
. numker density at standard conditions
E’ K = particle refractivity, cm3 (recall that n - 1 = KN)
F KO = particle refractivity for nitrogen
I. = the length of the optical path
5 N = radiation wavelength.
& In each case the wavelength will be that of a ruby laser. The subscript 1

refers to a chamber identical to the test chamber but placed in the com-
parison beam path and containing nonflowing gas or a vacuum. The sub-
script 2 refers to the test chamber, Later it will be seen that for a holo-

graphic interferometer the test and comparison waves are simply separate

ato

“This assumption is not crucial to the final results as will be shown later.

28
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exposures of the hologram. Several example cases have been calculated
using the flow compositions typical of early chemical laser devices (e.g.,
CL-I). Two operating conditions are considered; operation with pure
nitrogen as the diluent (Case I}, and operation with helium as diluent (Car-e II).
In addition the effects of helium and nitrogen in the comparison chamber

were also calculated. For these calculations, the active volume or cavi,,
length was taken to be ! meter in physical length and the operating pressure

E was 10-2' atmospheres (7.6 torr). The results are tabulated in Table VI,

Table VI, Average Fringe Shift Expected in an HF
Chemical Laser at G,6943p

X,y N N, )C* . 1, P s ANy
aso 2 HIF He 2 2 ( [lo.) <o (cm) (atm) Fringe No, ('T)mm
0.62 0,05 0 0.33 1.0 0 100 10°° -1,9
1 2 0. 04
0.62 0,05 0 0.33 0 0 100 107 2,6
0.62  0.05 0.33 0 0 1.0 100 1074 0.9
2 L 0.07
0.62  0.05 0,33 0 ) 0 SR TT R TUR 1.4/
:':( )¢ Refers to comparison chamber,
b
k The next to last column lists the predicted maximum amount of

_i fringe shift, Inspection shows that the greatest number is produced when

] comparison is made against a vacuum or when (XNZ)C and (Xpe) ¢ are

3 zero, For a 100-centimeter physical path length, the number of fringes
is sufficient to test for optical uniformity as well as visualize aspects of
the flow., This is more credible when one recalls that conventional inter-
ferometric devices arc sensitive to path changes of 1/10 of a wavelength

of light,

Differentiation of equation (16) enables calculation of the minimum _';

scnsitivity of the interferometer under the same cases listed in Table VI;

AN _ AS , (17)

N z:1<_.x.]' /
(KONO) [ S N)L

A K N
(o] O
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Note that the expression does not depend on comparison beam conditions.
Values of the minimum density variation are listed in the last column of
Table VI. They show that for a 100-centimeter-long HF/DF laser cavity, the

minimum density variations are 4 and 7 percetit, respectively, for the two

conditions considercd, assuming a minimum decernable fringe shift of 1/10X.

For a laser cavity of 20 centimeters length (e.g., CL III) the
gross changes are effectively one-fifth those of the 100-centimeter cavity.
Minimum density sensitivity is five times less. An interferometric
measurement then appears more marginal; however, sensitivity could be
increased by using light of shorter wavelength. One !very attractive
approach is to use a modified ruby lascr as the intevferometer illuminator,
Not only is the ruby laser of short duration (9.05 microsecond typically)
but the output wavelength can be converted into ultraviolet light by the pro-
cess of frequency doubling. The short duration essentually freezes any
aerodynamic phenomena. Radiation of half the wavelength doubles the sen-
sitivity of any interferomecter. Ixperimeunts have already been conducted
using simultaneously both the primary red radiation (00,6943 micron) and
the doubled ultraviolet (0.3472 micron) radiation from a ruby laser to
illuminate a simple holographic interferometer (Ref, 8). The experiments
verifies the abhility to make such interferometric measurements. The
doubled frequcncy light from a ruby laser is in a region of the spectra where
many optical materials become absorptive. Quartz windows and lenses

are necessary.

Multiple beam interferometers offer an additional method of
increasing the sensitivity of the interferometric examination process, The
Tolansky interferometer has already been mentioned (Ref. 6). Work has
also been done, under sponsorship of NASA, on increasing the sensitivity of

the holographic process (Ref, 9).

Shocks and turbulences will further increase the fringe shifts over

the values given in Table VI,
c. Interferometer Selection for HF/DF Laser Cavities

The previous section showed that information about the optical
homogeneity and gas density variations in a large HF chemical laser could
result from a visible interferometric examin 'tion. The choice then is onc of

finding the best interferometer for the application. Presently the choice is
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dictated by availability, TRW has developed and gained considerable

experience in the arca of holographic interferometry, One such inter-

ferometer is readily availak e, It was originally developed for the recording

of transmission holograms of liquid rocket engine combustion (Ref. 10). It

has also been used for the recording of double exposure holographic interfero-

grams of aerodynamic phenomena, and more recently, to record path length

variations in atmospheric electrically excited CO2 gas lasers (Ref, 11),

A photograph of this interferometer is shown in Figure 8 and

Figure 9 shows a schematic of the optical train. Figure 8 shows the holo-

camera with the illuminating ruby laser mounted on the main support column,

More recently the Q switched laser has been mounted separately. The
holocamera is portable and has a relatively large scene volume, As shown
in the above illustrations, the scene volume will accept a laser cavity

22 inches (55 centimeters) long. The scene volume can be easily increased,
Removal of one of the focusing lenses permits lengthing the holccamera,

and increases the scene volume length to 48 inches (120 centimeters),

The optics in the exisling system are unfortunately absortive at
0. 34 micron. As a result the holocamera can only be used at the functior 1
wavelength of the ruby laser (0,6943}).

Figure 8, TRW Holocamera Apparatus Developed Under
NASA. Conlract (Courtesy NASA)
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Holographic interfe'rograms are recorded by the double exposure
process, The first exposure records the "eomparison scene', The
second exposure records the test scene with its accompanying nonunifor-
mities, The reconstruction of the hologram recreates the two wavefronts
simultaneously with the result that the interference phenomenon is seen.
The result is no different from that which would be obtained from a zero
order fringe Mach Zehnder interferometer, Holographic interferometers
of the type shown in Figure 9 are truely differential interferometers, as a
result they are not (unlike the Mach Zehnder) dependent upon precision
optics or windows. Further, they permit the incorporation of a ground
glass diffuser in the scene path, This ground glass makes possible a
coutinuous variety of viewing angles, permitting sampling of the optical
path length changes over the continuum of angles permitted by the focusing
lense set and hologram size., In contrast, a Mach Zehnder interferometer

gives only one view through the gasesous pheneomena.

In conclusion, holographic interferometry appears to be a viable
cavity diagnostic technique when employed on larger chemical laser devices
where the optical path l=agth is on the order of ! meter, However, the
method has marginal utility, i.e., it produces extremely small fractions of
a fringe, when used in conjunction with current, smaller chemical laser
systems unless modifications are made to existing interferometry devices
and techniques tc extend the state of the art, This is causcd principally by
the relatively short optical path length and very low density gases in the

lasing region of the smaller laser devices,
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SECTION III

LASER SYSTEM DESIGN

The second task in the subject program involved the design and

fabrication of an advanced chemical laser system, designated CL III,

Important considerations in a total chemical laser system design
included power and weight of the cavity pumping equipment. It is advan-
tageous to operate at high cavity ;In-essurevand high injector nozzle throat
Reynolds numbers (approximately 2700 as compared t6 300 characteristic
of the earlier CL.II device) so that the boundary layers are thin, thus pre-
serving total pressure recovery potential. Boih of the above requirements
lead to designs in which the reactant mixing process is likely to be the rate-
limiting step in the laser pumping chernical reaction. The ratic of this
pumping rate to the deactivation rate is a parameter which has a major
influence on laser efficiency and power output, It is, therefore, essential

that the mixing be rapid, implying that the process should be turbulent,

Furthermore, since reactant mixing with the least possible loss in
total pressure while maintaining high axial velocity is desired, a con-
figuration consisting of alternate parallel streams of fuel and oxidizey
is suggested, The arrangement is shown schematically in Figure 10,
The mixing angle, '«, is a mesaure of the rapidity of mixing and depends,
at subsonic speeds at least, on the velocity difference between the two

streams (see Section III, 3.b (2). The greater the velocity difference,

FUEL
| VOXIDIZER
FUEL \73\ Figure 10. Alternate Parallel
Stream Mixing Concept
OXIDIZER
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the greater the spreading angle. Unfortunately, the total pressure loss

also increases with this difference.

Because of the necessity for a compromise in the two effects just
discussed and also because of the lack of experimental information on
mixing at supersonic speeds, it was decided to design an advanced cavity
injector that could achieve a large range of conditions that influence

mixing.

In the following sections, the CL III cavity injector concept is first
described followed by a discussion of the related laser system hardware.
The design analyses performed in arriving at the CL III laser configura-

tion are then presented.
1, CLIIICAVITY INJECTOR DESCRIPTION

The CL III cavity injector represents a first attempt to deal with the
problems of parallel stream mixing and scaling the HF /DF chemical laser
to a high nower device while retaining good pressure recovery potential,
The design reflects application of the conclusionsg regarding advanced

laser design contained in reference 1 and summarized as follows:
(1) Pieclude ground state entrainment from the lasing zone

(2) Enhance turbulent jet mixing by gas injection velocity
control

To date, small scale chemical laser cavity injectors have depended
upon large viscous boundary layers in a hot atomic fluorine stream and
a free-jet H2 stream to provide large velocity gradients to induce the
turbulent mixing proc=sses. These small scale, low Reynolds number
devices do not lend themselves readily to scaling to higher powers,
particularly where pressure recovery from the supersonic flow stream
is required. A ilexible cavity injector design was required which could
provide a range of flow conditions for the study of turbulent mixing pro-
cesses at high Reynolds number and the interaction of such a high
Reynolds number flow with the laser optics and pressure recovery
devices. Based upon the premise that the chemical laser mixing proc-
esses are turbulent as opposed to laminar diffusion, an injector design
which could provide large ralative velocity differences between H2 and

F streams was conceived,
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The design concept presented herein is based upon observation,
a.n.alysis, and testing of the TRW CL II chemical laser system under ARPA/
AFWL Chemical Laser Technology Contract, Other sources of design
data included a literature search of empirical and analytical data of
parallel stream mixing criteria, cold flow nozzle tests;, boundary layer

analysis programs and pressure recovery considerations,

a. Design Objectives

The ideal chemical laser systemn would supply a uniform super-
sonic flow of fluorine atoms, helium or N2 diluent, and hydrogen,
instantaneously mixed at a stoichiometric mixture ratio and at a static
temperature which optimizes production/deactivation rate ratios. The
population inversion of the HF* molecules would be formed at the
entrance to the optical cavity in a uniform flow field {ree of shocks and
pressure gradients. Supersonic velocities would be sufficiently high to
lengthen the region of population inversion suchthat a high power beam

could be extracted without undue loading on the cavity mirrors.

Obviously, the ideal cavity injector cannct be attained within
the current state of the art. The CL IIl laser was designed to study
methods of increasing turbulent mixing processes, effects of nozzle
exit temperature, and net mixed velocity on lasing efficiency. The

following basgic design criteria were established:

® The device should be flexible, allowing for different
operating modes which provide widely varying
velocities of the Hy and F jets as well as a range
of nozzle exit temperatures and dilution ratios.

. The device should be capable of supplying preheated
Hp2 at high mach number and velocity., DF combus-
tion will be used to preheat the Hy stream.

e Combustion pressures should be in excess of 10G psia
to provide a flow field consistent with pressure
recovery requirements. Nozzle viscous boundary
laycrs should be reduced to values constituting a
small percentage of the flow.

@ The nozzles should be designed to account for boundary

layer buildup, area ratios increasirg as dictated by
an analysis of boundary layer thickness.
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® The nozzle area ratio should be designed to closely
match the exit pressure to the expected cavity
pressure.

. The lasing zone should be confined within a suitable
lasing cavity to preclude entrainment of ground
state HF into the supersonic flow stream.

b. Parametric Design Study

A parametric analysis was performed to provide data on the
required combnstor DF flows, diluent division between HZ and F com-
bustors, operating temperatures, throat area, nozzle parameters and
cavity injection velocity. Approximately 100 thermochemistry and
isentropic nozzle flow computations were performed., These computations
were then corrected for boundary layer and heat loss considerations, The

resulting parametric operating curves a.'e presented later in this section.

From these analyses, the CL III design was selected which pro-
vides the capability of operation over a wide range of varying conditions,
Table VII presents several of the possible sets of opelrating conditions

including the predicted nozzle exit velocity and velocity ratios for a

combustor chamber pressure of 75 psia,
¢, Design Description

The CI, III cavity injector concept is shown in the three-
dimensional cutaway of Figure 11 and the hardware assemblies are
shown in Figures 12 through 14, The device includes two combustors,
two cold gas injectors for DZ' FZ and diluent, and a single nozzle bank.
The top combustor shown in Figure 11 atomic fluorine is the source, DZ’
F2 and diluent are mixed to produce tne desired initial {emperature and
quantity of fluorine atoms, The combustor supplies 11 separate plenums
and fluorine injection nozzles. The combustor centerline is perpendicular
to the nozzle flow axis. This right angle canted nozzie configuration is
common in rocket engine applications where space and geometry con-

straints dictate.

The bottom combustor supplies D, and F, under steoichiometric
conditions and diluent as a preheating gas source for HZ' The H2 injec-
tion occurs at the entrance to the throat convergence section through

five 0.010 inch orifices per H2 plenum in each of 12 separate plenums.
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Figure 12

Partially Assembled
CL iIl Injector

Figure 13. CL III Injector Assembly

Figure 14, CL III Cavity Injector Showing Nozzle IExit and

Vortex Genevrators
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Typical chamber stay times for the I-I.‘, are calculated to be 5 to 8 micro-
seccnds. Worst case calculations for HF /DF isotope exchange rates

indicate such stay times to be conservative by approximately one order
magnitude at 2000°K,

Plenum temperatures up to 2500°K are attainable for both H,

and F injection with operating pressures up to 150 psia.

In view of the lack of experimental information on mixing at
supersonic speeds, it was decided to augment the flexibility built into the
basic injector design by the addition of vortex generators to the base
between the two nozzles. The vortex generator configuration shown in
Figure 11 generally follows that described in reference 12, There, it is
shown that the generators approximately double the turbulent spreading
angle, but since the experiments were done at subscnic speeds, there is
uncertainty of their efficacy under the present cond.tions. It ie recoz-
nized that vortex generation will produce some shock and expansic EYEY:
in the lasing region that may have delelerious effects on beam quality,

This point needs to be investigated experimentally in more detai..

Cooling of the vortex generators, which are an integral partl of
the copper nozzles, is provided by a cooling passage in the copper nozule

wall supplied from a manifold at the top and bottom of the nezzle bank,

Should the generators prove ineffective or should they no* be needed,

the design is such that they can easily be removed.
P

Plenum wall and nozzle throat cooling water are supplied from
manifolds located at the back side of the cavity injector main body.
Conling water is fed through the plenum walls to the nozzle throat and

back out through the plenum walls to an cutlet manifold.

The d.esign requires only two mechanical seals at the injector to
combustor interfaces. The combustors are high temperature brazed to
the cavity injector body. The cavity injector is fabricated f{rom a single

block of ccpper. The nozzles and plenums are formed by EDM techniques,

The cavity injector exit is 1.5 inches in height by 8 inches long.

An O-ring seal is provided for attachment toa 12 x 12 x 32 inch optical

cavity box with removable top, bottom and side plates. 7This cavity box
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provides for laser diagnostics, traversing pressure probes, stable
resonator and unstable confocal oscillalor atta_chment, and installation of

pressure recovery diffuser configurations.

Control of oxidizer and fuel combustorg is totally independent as
well as the percentage split of diluent between combustor fuel and

oxidizers. Nitrogen or helium diluent can be used in either combustor.

The percentage of total heat lost to the combustor and plenum
walls was computed to be comparable to the CL II device. Ultimately,
percentage heat losses can be reduced in the larger devices. In this case,
however, reduction of heat loss has been sacrificed for flexibility of

operation (total separation of oxidizer and fuel combustors and plenums).

The isentropic parametric design study presented in Section IV
suggests a nozzle area ratio of 24/1 for both H, and F nozzles. When
corrected for bourndary layer considerations, the geomesetric area ratio
becomes 30/1. The cavity injector was designed with two-dimensional
nozzles 1,5 inches hizh with 0, 0095-iach throat widih and 0. 285-inch

exit width,
2. LASER SYSTEM DESCRIPTION
a. Propellant Feed System

Gaseous reactants are supplied to the CL III combustors as
shown in the propellant circuit schematic of Figure 15, Plumbing of the
CL IIl combustors and cavity injector is shown in Figure 16. The diluent
circuits are plumbed to allow helium or nitrogen to be used in either
combustor (i. e., heliunm may be used in the FZ combustor and nitrogen

in the H2 heater combustor).

All reactants and diluents, except for fluorine, are supplied by
pressurized K-bottles, The fluorine is stored as a liquid and during test-
ing, the storage tank is pressurized with helium to expell the liquid. The
liquid fluorine ‘s then vaporized in a heat exchanger. A bank of K-bottles
in the circuit is employed as an accumulator to damp out surges in the
fluorine circuit caused by variations in the liquid-pgas interface level in

the heat exchanger.
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Flow control and flow rate measurement are achieved by
calibrated sonic control orifices in each propellant and diluent circuit.

Flow rate calculations are performed employing the methods of refer-

ence 13.

b. Coolant Water Feed System

Deionized water is used for laser hardware, mirror and calorim-~

eter cooling as shown in Figure 17. Two separate coolant circuits are
employed; a high pressure system for hardware cooling and a low pres-
sure system for calorimeter water and mirror cooling. Flow control and
flow rate measurement to the hardware are achieved by calibrated cavitat-

ing venturies in each circuit fed from a common manifold,
c. Optical Cavity

Figures 18 and 19 show the installation of the CL III laser within
the 12 x 12 x 32-inch cavity box., Adjustable laser cavity sidewalls for
prevention of entrainment by the jet and recirculation of ground state
HF from downstream are shown in place, The divergence angle of the
sidewalls (or shrouds) may be altered by a mechanism external to the
cavity box. The angle is set to obtain as nearly as possible a constant
pressure expansion. Four pressure transducers are installed along the
cavity sidewall to obtain a pressure profile through the lasing zone and

slightly downstream,
d. Optics

The CL III optical systern was a hole outcoupled stable cavity.
The GIF'E spherical back mirror was 6 inches in diameter with a 3-meter
spherical radius. The mount for this mirror was remotely adjustable
in two planes by means of a 28 vdc driving motor and screw linkage as
shown in Figure 20. A position potentiometer was attached to the hori-
zontal adjustment motor shaft and calibrated prior to test to obtan Xc

values versus potentiometer output voltage.

The second GFE mirror was a 20 percent hole outcoupled flat
mirror, shown in Figure 21. This mirror was also remotely adjustable
in two planes, for final adjustment of the optical axis under vacuum

conditions. Deionized water was supplied to both the spherical and

9
X
g
-
g
B
-
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U
%

20 percent outcoupled flat mirror for cooling.
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Figure 18. Installation of CL III Lacer in Cavity Box

CIRA R

il

Figure 19. Closeup of CL IIl Laser in Cavity Box

47




AFWL TR-72-82

Figure 20. Mirror Mount

EEEFAL R

Figure 21. 20% Hole Outcoupled Flat Mirror
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The mirror enclosures were attached to the cavity box through
metal igolation bellows and were supported by a rigid optical bench as
show a in Figure 22, Dry nitrogen was used to purge the mirror enclo-
sures and the lasing zone through the beilows. Mirror purges were set

at flow rates of 2.0 to 4.0 grams per secord through each enclosure.

e, Calorimeter

The TRW cone calorimeter is shown in Figure 23. The internal
cone exposed to the outcoupled laser beam was fabricated firorn OFHC
\copper and blackened for low reflectance, The ouietr shell was fabricated
from low thermal conductivity lucite to reduce heat losses from the cool-
ant water, Flow passages around the calorimeter were wound in a
helical pattern to preclude local uncooled areas on the copper cone.
Straightener vanes were provided at the apex to recover pressure and
avoid local cavitation of the discharge water., The calorimeter was

instrumented with separate turbine flowmeters and inlet and outlet

thermocouples installed to produce a AT measurement.

¢ Figure 22. Mirror Enclosure Mounting




Figure 23, TRW Cone Calorimeter Installation

3. DESIGN ANALYSES

The design of the CL III laser system involved a series of parametric
analyses consisting of thermochemical combustion and isentropic nozzle
flow calculations followed by a fluid mechanics analysis to determine
nozzle boundary layer characteristics and parallel stream mixing

tress analyses were per-

[«
o

formed on the selected baseline laser configuration operating under a

variety of postulated test conditions,
a. Parametric Design Analyses

The design goals for the CL III laser may again be summarized

as follows:

° Flexibility involving a wide range of {low conditions
of both fuel and oxidizer allowing for study of
effects on mixing <

50
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¢ Higher combustion pressures providing a flow field
consistent with pressure recovery requirements
and reduction of nozzle viscous boundary layers

e Nozzle cxit pressures matched to laser cavity
pressure. Nozzle design must include viscous
boundary layer considerations

o Near stoichiometric mixture of H2 and F in lasing :
cavity ' A
. Total confinement of lasing zone gases for elimina- e
tion of entrainment X
The first step in the design of the actual hardware meeting the
above requirements was a parametric analysis involving thermochemical
combustion calculations for various values of y = DF + diluent/F? or
' = DF + diluem:/H_2 and combustor temperatures as well as isentropic

nozzle flow calculations for above coaditions.

The parametric calculations were performed using well estab-
lished TRW thermochemistry and nozzle flow computer programs for
the H, combustor/injector with varying amounts of He diluent and the
F con;bustor/injector with varying He diluent and again with N2 diluent,

Results of these calculations are presented in Figures 24 through 29.

As can be seen from the parametric curves, an aerodynamic
area ratio of approximately 24/1 reasonably satisfies a wide range of §
and ' for both the oxidizer and fuel cavity injectors, respectively, for
a pressure ratio Pc/Pex of 750 (I‘C = 150 psia, Pex = 10 torr). BRased
upon a minimum practical throat slit width of approximately 0.010, and
area ratio of 30/1 (aerodynamic + displacement thickness) both fuel
and oxidizer nozzles were sized identically. Using prior empirical
data as a basis, a cavity diluent ratio
total diluent + DF

)
1P

(2 =

of approximately 12.8 was choscn. o

Several design operating points were thus selected using the
above criteria. A range of operating conditions for I and I—I2 cavity
injectors was defined which would provide relative velocity ratios

between streams ranging from 0.59 to 2. 6. Absolute values of exit
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velocity could be varied from 2100 to 10,000 ft/sec. The following
section presents the analysis of the various operating conditions and
summarizes the norminal conditions including molar flow rates of each
constituent, the combustor temperature, the core flow exit conditions
and the boundary layer properties. All cases have been corrected for
estimated heat logs,

b. Fluid Mechanicg Analysis -
(1) Boundary Layer and One-Dimensional Mixing Calculation

Nozzle boundary layer and one-dimensional mixing analyses
were performed for each of the run conditions selected from the para-
metric study described previously. The calculations utilized the iwo-
dimensional nozzle boundary layer program described in Appendix III
of reference 14. The properties of the mixed flow in the lasing cavity
were then calculated with and without heat release. The mixiag calcula-
tion is based upon an isentropic expansion of the nozzle flows from the
nozzle exit static pressure (Pex) to the specified cavity pressure (PL)'
The expanded flows are then assumed to mix with conservation of con-
tinuity, momentum and total enthalpy. When chemical reaction is
included in the mixing, it is assumed that all possible HF or DF forma-
tion occurs. The results of the computations are given in Tables Viil
and IX.

The calculations of Table VIII are based upon combustor

L. . - S s S, B S
px'essuics VL (2 pPiild 4llu & labal

Cavity pr

for each nf 10 selected run conditions are included. Nozzle exit condi-

P o = PR -1 . o o4 -
of 5 torr. Calculations

o
(1]

s5UT

L!]

tions, mixed flow properties prior to heat addition and flow propertics

following HF formation axre presentcd.

Table LX prcsents six selected {low condition calculations

for combustor pressures of 150 psia.
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(2) Prediction of Turbulent Spreading Angles

Operating conditions which lead to rapid mixing of the
fluorine-containing and hydrogen-containing streams are necsssary in
order to achieve maximum lasing power. Factors which influence the
mixing rate are the velocity and density differences between the two
streams, the respective stream Mach numbers, the heat release through
chemical reaction, the wakes of the intervening boundary layers, and the
geometry of the base wall separating the boundary layers at the nozzle
exits. A detailed analysis of the mixing region is desirable and with some
limitations is feasible, but development of a large computer code for this
purpose lies outside of the scope of the present study. For this reason
simplified correlations of experimental data were employed for the pur-
pose of giving direction to the selection of the hardware gcometry and

flow conditions which yield the best mixing,

A condition necessary to optimize mixing is that the mixing

region itself be turbulent. The mixing layer is more unstable than the

boundary laver because of the nresence of an inflection point in the veloc-
ity profile. Furthermore, the boundary layer is nearly transitional in
the present case, and with the added vortex generators, the mixing layer
should be turbulent. Assuming that this condition is fulfilled, the mixing
layer is expected to grow linearly with an initial thickness as large, or
less than, the gap height between nozzles., A larger thickness is more
likely if vortex gencerators arce uscd in the gap to destroy the two-
dimensionality of the flow and thereby enhance the mixing. * The down-
stream extent over which the boundary layers tend to retard the mixing

js also reduced for the same reason. The present analysis thus considers
the mixing to be quantifatively cluse to predictions for uniform parallel

streams of diiferent density, velocity and Mach numnber. Expesrimental

*Ii the gap is simply closed by a flat base plate, the flow situation is very
similar to a wake flow behind a supersonic wedge at angle of attack. The
wall boundary layer flow will expand above a recirculation zone into the
gap after separating from the base plate near the corner. Reattachment
will occur one to two base heights downstream and a turbulent core
approximately half a can height in thickness will form the origin of the
mixing layer.
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evidence indicates that the mixing rate is most strongly dependent on the

velocity ratio between the streams.

It should be noted that the referenced spreading angle is
described by a line defining the progression of 5 percent concentration
of one constituent into the other. Although considerable empirical data
regarding this progression exists as summarized below, detailed quan-

titative data regarding concentration profiles and microscale mixing with-

in the boundaries of the turbulent mixing region ig not currently available,
The uncertainty regarding the length required to completely mix the
reactants in the lasing cavity remains a major uncertainty in the CL III

design.

Data from several sources where both streams are of equal .
density are presented in Figure 30 {for the total included spreading angle
@ of the mixing layer as a function of the velocity ratio u?‘/u.1 < 1; the
normalizing angle @, ie the spreading angle at u;z/u.}L = 0 where o =
0.36. A theoretical curve derived by Abramovich (Ref. 15) is also pre-
sented and is secn to represent a lower bound to the data. The curve is
represented by the relation 0'/010 = (1 --uz/ul)/(l + uz/ul) which was used

in the present analysis.

{ 1 !
pﬂ' O MILES AND SHiH (REF. 18)
€ -L=7 O SPENCER AND JONES (REF. 19)
P} @ @BROWN AND ROSHKO B
& BAKER AND WEINSTEIN (REF. 20) :
o, =.0.36 f
1.0k 5 FLAGGED SYMBOLS ARE ~——— |
N e zo_R NON UNITY VALUES '
AN ©a Fpy/p 4 l
P
a . 2 o ‘
o N o 7| a
o AN 1
__~\_&__
e, ©
-~
PR
- ]
ey 7 /‘m\g o
o 1-UyU, g T o |o :
— e — T ay - .
G THUYU, ‘~..1\ :
0 {PREDICTION) Thmal ;
5 ¢
U,/U, r.o !
%
Figure 30. Effect of Velocity Ratio on Spreading Rate %
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The effect of density ratio on the spreading angle was
studied by Brown and Roshko (Ref. 16) and data points for pz/pl = 7 and
Pz/pl = 1/7 are also presented in Figure 30. The data show that increas-
ing the density on the low speed side of the flow increases the spreading
angle. The present application lies closer to the larger value of uz/ul
studied and, hence, the constant density spreading angle was scaled by
a multiplication factor (1 + 0.1 n pzlpl) obtained from the Brown and
Roshko data (Ref. 16) at uZ/u1 = 1/N7. However, since the largest
density ratios are typically less than 5, the effect on the spreading angle
is at most 15 percent by this relation. Brown and Roshko also showed
that the effects of Mach number difference and density difference between
the two streams are separate and distinct; unfortunately, good under-
standing of both effects is yet to be achieved, Some effects of Mach
number and chemical heat release on the mixing rate were studied experi-
mentally by Sanderson and Steel (Ref. 17) with the conclusions that: (1)
Mach number has little influence on the mixing rate, and (2) heat release
can appreciably increase the rate when the velocity difference is small,

No corrections for Mach number and heat release are considered here,

Predicted spreading angles for several hypothetical condi-
tion are shown in Table X and a typical example is shown graphically in

Figure 31,
c. Thermal and Stress Analyses
(1) Thermal Analysis

Heat loss estimales for the CL IIl were arrived at primarily
by scaling from the CL II device (Ref. 1). Calculations of maximum wall

temperatures were made using a thermal model and grid network.

Prior to beginning the heat loss analysis, the CL II heat loss
results were summarized. Data from the CL II 1 x 7 nozzle was used.
¥igure 32 presents the CL Il 1 x 7 combustor and nozzle heat loss data

over a range of total mass flow rates.
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Figure 32. CL II Heat Loss/Total Weight Flow Correlation i

] The combustor losses were scaled to CL III flows directly

using the exponent derived from the slope of the curve of Figure 32 ‘

-7 - .
(QL ~m’ '), For determining the plenum losses, the combustor scaling
criteria again was applied taking into account the flow area, wetted peri-

meter, hydraulic diameter, and surface area factors as given in
i

equation (17), Throat losses were scaled from the CL II 1 x 7 results

using equation ('18) and the slope of the curve from Figure 32 (QL =1 5)_

P N

The following relations derived from the Bartz pipe flow heat loss
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. . 1 . o .
equation with the ;:-l cxponent derived empirically from Figure 32 were

used for scaling to the CL-III run conditions:

Combustor and Plenum Heat Loss

~ A 7 /D .2
) Meg, fer.n Hern
QLCL oI QLCL n \™cL.m Ay Dy
b - B CL-I11 CL-1I1

LA

scpan)  (TeTy,) CL-1I a
As (TC-T ) CL-1I
CL-II w
where
Af = Flow cross section area
Dy = 4 Af/wetted perimeter
A = Surface area in coniact
TC =  Gas temperature
Tw = Wall temperature
() Nozzle Heat Loss
: A 5 /D \ -2
o [Pen VS [ forq /_”'CL-LI_I
"L =Q \ m } KA ) KD
CL-UL - ey i CL-11 fernom Her-n
A ,
SCL-11I (T -T,) CL-II (18)
A (T -T. ) CL-II
c w

SCL-II

Table X1 summarizes the estimated heat loss values

for a typical run condition (Number 1) given in Table VII,
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Table XI. Estimated Heat lLiosses for CL III,
Case I (Btu/sec)

Combustor Plenum Throat

Heat Loss Heat lioss Heat Loss Total
H, Injector 15 24 18 57 ’
F Injector 26 43 B 21 90 .

Calculations were then performed to determine the
margin on the plenum cooling water passage design for burnout considera-
tions. Using Case 1 from Table IX at full 150 psia combustor pressure,

the estimated heat losses to the plenum cooling water is:

H, side, QL plenum = 40 Btu/sec

I side, QL plenum = 69 Btu/sec

Total 109 Btu/sec

the heat flux into 0. 100 and 0, 050 cooling passes reduces to

QL/A where A= 1D N1 L +wD N2 L N1 = number of 0.100
diameter passages

N, = number of 0. 050
diameter passages
e = R . L. i e . 2
WUll l.La = 0. 100x 41l x 0.6 = 7.74 1n
"D,N,L =wx0.050x41x0.6 = 3.86 in?
Total 11. 60 in2

Heat flux = 109 Btu/sec/ll_ 60 inZ =9, 4 Btu/sec/in2

6

4.9 x 10° Btu/hr/ft2
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The empirical equation of Gunther [Trans. ASME 73, 115 (1951)] was

used to determine the critical burnout heat flux

Q/A_ . = 7000 vV AT sat

where
V = 100 ft/sec
AT sat = T sat - T water = 330°F - 90°F = 240°F
(330°F corresponds to outlet pressure of 100 psia)
Q/A = 7000 /100 240 = 16.8 x 10° Bta/hr/ft?
max

Comparing the 4.9 x 106 value against the critical 16.8 x 106, a safety
factor of 3.4 exists. This margin is reduced as combustor temperatures
are increased, and should be reevaluated if significantly higher operating

temperatures are contemplated.

Apart from estimates of expected heat loss needed for
combustor scaling and system studies, the CL lil thermal effort also
involved a procedure of analyzing critical "hot spots' in the design under
worst case assumptions. While it was recognized that the resulting cal-
culated temperatures and consequent thermal stresses were perhaps
more severe than would be encountered in the actual device, the focus
was on ensuring thermal and structural integrity of the unit. It was
expected that the calculated temperatures would be reviewed as test data
on the unit accumuliaited. Accordingly, local therinal models of the cavity
injector sidewall, throat and backwall were constructed and used to com-
pute temperatures in the copper walls. As would be expected from
Figure 33, the maximum temperature on the cavity injector sidewails
was found to cccur half way between water coolant passages at the surface
exposed to hot gas (node 2 of the sidewal) thermal model). Assuming a
combustor wall gas side film coefficient of 0.9 x 10" Btu/in%-sec-°R
and hot gas recovery temperataures of 32000, 2820° and IBOOOK, the
temperature of node 2 was found to be 928°, 841° and 512°F, respectively.
Node 2 at 928°F beca;né the maximum temperature expected at any point

on the cavity injector" walls. Figure 34 shows the cavity injector throat
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Figure 33, Cavity Injecior Sidewall I'hernal Model
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Figure 24 Cavity Injector Throat Thermal Model

thermal model. A hot gas recovery temperature of 2000°K and a throat
heat transfer coefficient of 2.5 x 10"3 Btu,’inz—sec-—oR calculated from
the Bartz equation was used in running this model. Nucleate boiling data
on 100 psia, 100°F water flowing at 10Q feet per second was taken from
NASA TMD 1214, With thase assumptions, a maximum gas side surface
t2mperature o1 43 5% (node 2) and a maximum water passage surface

temperature of 3159 (node 22) were found from the model.

A third therinal mod s constructed representing the
center of the cavity injector backwall (Figure 35) but this point was found
to be less critical (lower temperature) under comparable assumptions than
the sidewell. A maxirnum surface temperature of 558°F was calculated
in this area assuming a 3200°K recovery temperature and 2 0,9 x 10'3
Btu/inz-sec-o‘l film coefiicient. This is some 370°F cooler than the

sidewall surface under the seame conditions.
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HIGH VELOCITY
COOLANT PASSAGE

LOW VELOCITY

COOLANT MANIFOLD HOT GAS

Figure 35, Cavity Injector Backwall Thermal Model

(b) CL IIl Stress Analysis

The structural analysis of CL III focused primarily on
the high temperature areas of the cavity injector, although rough sizing ]
calculations were made to estimate conservative wall thicknesses for
external pressure loadings on the optical cavity, salt window and plexi-

glass viewing windows.

The cavity injector design was analyzed first from the {
standpoint of primary pressure stress producing fracture or other catas-
trophic failure aud second with respect to th= probable numiber of test
firings sustainable until “he onset of thermal fatigue cracking. A limit
coolant water pressure of 150 psia was used in the analysis. Limit hot
p. pressure was also set at 150 psia in cither or both sets of adjacent
fuel and oxidizer rich compartments. A proof factor of 1.5 and a burst

factor of 2,0 on limit pressure was assumed,

3 Figure 36 shows the as-brazed material properties of

OFIIC copper celected for the analysis. :
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Figure 36. Mechanical Froperties of OFHC After Braze Cycle

Sixty percent of the tensile streungth (19,000 psi) of pure
gold at room temperature was used for thhe ultimate ghear strength of all
braze joints. The actual shear strength of such joints will depend on gap,
degree of alloying with base metal, cleanliness, etc. The above value of

11,400 psi is thought to be conservative for well made joints of 100 percent

area coverage,

With these assumptions, the several drilled hole ceolant
passages and braze plugs show very high margins with the modes? internal
pressures applied (again assuming good braze points). The minimum
margin for internal pressure in the manifolds occurs at the sides of the
347 CRES water mainfold closeouts at the back of the injector, where the

proof margin of safety approaches 36 percent in bending. The critical

internal pressure condition for the hot gas cccurs in the sidew alls between
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fuel and oxidizer rich compartments when only one set of compartments
is flowing (150 psia acreoss wall). Under this condition the ultimate
margin of safety equals 169 perce hut the applied stress approaches
vield at the edge of the sidewall. s the stress is bending rather than
direct tension, and the ultimmate strength is much greater than yield,

the only result will be a slight bulging of the compartment walls. The
worst case throat area change under this operating condition is 3 percent
neglecting the wall thickening at the throat, Including this additional

stiffness, the area change is probably about 1 percent.

In order to determine the allowable number of tests on
the hardware under thermal cycling, the uniaxial tensile properties of
Figure 36 were used to construct an estimate of the low cvcle fatigue
properties of QFHC copper (Figure 37). The Universal Slopes correlation
of S.S. Manson, et al, which was used as low cycle fatigue data were
unavailable for the as-brazed condition. The worst case thermal analysis
had indicated a maximum temperature of 928°F on the compartment side-

walls midway between coolant passages, Assuming that the thermal
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Figure 37. TFatigue Cycle Life of OFIIC Copper,
Post-Braze Cycle
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expansion resulting from this hot spot is fully biaxially restrained by the
surrounding colder material, an equivalent mechanical compressive
strain of 0. 0172 in/in would result. Figure 37 indicates a cycle life of
about 67 tests for cycling between this maximum temperature and

ambient conditions.

The conditions assumed in the worst case thermal
analysis were more severe than those actually encountered by the hard-
ware. The 3200°K gas side temperature was not included in the test
matrix, and the 512°F wall temperature corresponding to the 15060°K gas
temperature was typical of most of the CL III operating conditions., Under
these conditions the fatigue cycle life probably exceeds the useful life of

the device as an experimental test article.
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SECTION IV

EXPERIMENTAL EVALUATION

The third task of the subject contract consisted of an Experimental

Evaluation of the new CL IIl Laser Hardware.

An initial 2 weeks of testing was perforined under this program. Sub- .
sequent testing will be accomplished under the follow-on conrtrace and will
be reported later, For the first several runs in the initial test series, a
nominal combustor pressure of 75 psia was selected, This was done to
accomplish screening and mixing evaluations at a moure conservative laser
cavity pressure of 5 torr and at a reduced reactant consumption rate.
Later in this initial test series combustor pressuree of up to 93 psia were
used. The test series cousisted of combustor checkouts and determination
of heat loss values from each combustor, infrared scans of the cavity flow
field under various flow conditions, orange glow photography, and an initial

measurement of laser power.
1. TEST SUMMARY AND DIAGNOSTICS
The objectives of the CL IIl test series were as follows:

(1) Checkout of the CL/ lIl cavity injector and comlustor systems
including i1, preheater

(2) Evaluation of four operating conditions with relative strsam
velocity ratios of F and I'I2 ranging from 0.59 to 2. 61

(3) Determination of turbulent mixing spread angl-s as a function
of relative stream velocities

{4) Corcelation of orange glow photography and IR scan vesulis
(5) Dectermination of laser power foy selected flow conditions

Tw aty-five tests of the CL III device were performed., The flow
conditions for each of the t=sts are summarized in Table XII. Included in
the table are the combustor flows, combustion pressure, combustor tem-
perature, molar ratios including  and §I, and noazle exit propertics .
including exit velocity, temperature, pressure and bouvadary layer

properties,
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The initial tests, HB5-308 through -318, were performed at approxi-
mately 60 psia combustor pressure and provided a checkout of the lascr
hardware and IR scauner apparatus. Difficulties such as IR scanner data
acquisition and facility pumping sysicm operation were ¢ncountered and

resoclved,

Tests HB5-319 through -323 provided data on four widely varying con-
ditions of relative H, and F strcam velocity, Detailed IR scans similar to
those taken for the CIL, II device werc obtained, Two of these conditions
were later repeated for acquisition of full field orange glow photos (tests
HB5-341 and -342). Table XIII summarizes the test runs involving the

principal diagnostic methods and resulting velocity ratios,

Table XIII, Summary ¢f Principal Diagnostics Taken in Initial Test
Series and Significant Flow Conditions

- -
Velocity Conditicns
Test Numbers H
1 ¥ 2 Velocity Ratio
Full Orange | Velocity Velocity v ,,/V,
Glow Photos 1R Scans {ft/sec) (ft/sac) E *{2
5945 8531 0. 69
7819 8609 0.90
11.5-341 HRBH-319 5699 9623 0,59
13654320
boliBs-342 1I1B5-321 8271 5207 1.6
1n5-322 5133 3114 2.61
1Hi35-323 8271 9633 0, 86
O R SRR R S ]

Figure 22 illustrated the test setup with the IR scanner in place on the
CL III laser cavity, A discussion of the IR scauner results and comparison
with the orange glow photos is presented in the subsequent section. Also
included is a discussion of the observed mixing angles comparcd to those

predicted in Section 1II, 2,a{2).
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Tests HB5-324 through -331 were performed for initial power measurc- |
meat. The stable cavity mirrors described in Section III were used for this
determination, A water-cooled calorimeter located behind the flat hole

outcoupling mirror was used for power meas: cement,

Qutput power was less than 500 watts for all tests., Several major
problem areas were indicated and are discussed in Section IV.3, Thesc
problem areas will be further addressed under the technology follow-on !

program,

The IR scanner equipment was designed under the TRW HI Laser
Technology Study to provide data for cavity flowfield visualization basad

upou the total infrared emission of HF* in the 2.7 micron band,

Detajls of the IR scanner apparatus, the experimental measurement
technigue and the various options for data presentation are described fully
in reference 21, However, a few minor modifications were made for the
CL IIT measurements, primarily to improve the system frequency response,
and to provide a means of accurate spatial reference between successlive
lincar scans in the computer programs which are used for data reduction
aund presentation, Improved spatial reference between scans was achieved
by means of an cleccetrically heated wire stretched across the scanner
frame near the focal plane of the optics and in a position such that the sig-
nal pulse generwted in the detector circuit can be used to trigger the start
of cach scan in either the oscilloscope or computer plotted data presenta-
tions. A small tungsten lamp was also located above the ceuterline of the
nozzlc bank and served to orient the visual data prescntations; the intensity
pulsc causcd by this lanip was readily identified in the data, and in cach
case located the center of the flow field at the upstrcan. cad adjacent to the !

nozzle injeclor assembly,
As in the previcus experiments, the IR scanner data for the CL III

tests are preseated in the form of real time oscilloscope traces and com-

puter gencerated plots,

Figurcs 38 through 57T prescat typical iR scans for tests 319 through . ‘3
3235, Yor clarity and ease of data interpretation, additional data plots dis-

playing only every tenth linear scan of the complete raster arc included,
Y-”“ square wave noise evident in these figures was caused by the tape
recorder not the IR scanner,

RSN o
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In cach case, the HF intensity distribution in the flow field is shown as a
series of lincar scans forming a raster display, with the band intensity
beilng represented on a linear scale by the displacement along the ordinate
axis; in the computer generated plots each successive scan is itself dis-
placed along both the ordinate and abscissa to produce a pscudo perspective

visualization of the flow field.

A blackbody calibration of the IR scanner was made using the Lechnique
described in refcrence 1, Bcecause of the change in the detector circuitry
made for improved frequcncy response, the absolute response (volts) of
the IR scanner as-used in CL III tests was reduced by approximately 1/190
as compared to the earlier GL II tests, However, this was offset by the
spatial resolution which was increased to approximately 3 mm for these
tests compared with the resolution of 1 mm used in obtaining CL II data.
Overall the IR scanner sensitivity was essentially unchanged and was
0.110 volt/watt cm_z s,lter-1 for the CI, IIl data presented in this report;
the sensitivity was 0. 102 volt/watt cm_2 ster-l for the CL 1I tests, It .
should be noied that the increased spatial resolution clement of 3 mm used
in obtaining CL III data is still less than the nozzle spacing of about 8, 5 mmn
for this injector configuration, and good spatial data were obtained for the
CL III flow field,

In principal, features of the intensity distribution along a given scan
line can be identified rcadily with the nozzle injector geometry, This is

shown in Figure 58 where intensity minima are found to correspoud to the

s ‘ HF RIDGES

HF INFRARED BANDr
INTENSITIES FLUORINE TROUGH

HYD&OGEN TROUGH

/

A — CLILE NOZZLE
ASSTMBLY

Figure 58. Schematic IR Intensity Profile in CL 1II Flow Field
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centerlines of both the hydrogen and fluorine jets, while intensity maxima
are seen at their adjacent boundaries. Thesc features generally persist
throughout the cavity flow field and generate well defined streamlines
parallel to the fiow direction which we have referred to as the hydrogen and

fluorine troughs, and the HF ridges, respectively.

Table XIII summarized the calculated velocities of the fluorine and
hydrogen injected into the CL III cavity for each of the IR scanner tests,
As shown in the table, the ratio of these velocities was varied over a
range of 0.59 to 2, 61, and for four representative tests we have plotted

sets of inteunsity profiles along typical flow streamlines, Figures 59 through

é2.

_These intensity profiles are the smoothed and averaged curves cbtained
for each test case by first plotting the data from 6 to 10 individual stream-

lines in each flow field using the computer plots of Figures 38 through 57,

The IR scauner data were also reduced through an intensity modulation
mode to produce a video picture comparable to the ocrange glow photos,
Figures 63 and 64 are the visible light photography (test 341) and IR pictures
(test 319) for an identical set of flow conditions (refer to Table XII}.

Figures 65 and 66 present similar data for tests 342 and 321, respecctively,
The similarity of the pictures indicate the utility of the visible light photo-
graphy as a diagnostic of the flow field.

Figures 67 and 68 are the side view visible light photos of tests 341
and 342,

2. ANALYSIS OF DIAGNOSTIC DATA

The primary objective of the initial test series with the CL Il laser
system was the correlation of the mixing predictions with the observed
phenomena in the actual flow field, In this section, we attempt to exarnine
the flow field structure by observation of the visible light photos and IR

scanner presentations shown in Section IV, 1,
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B Figure 63. Visible Light Photo of Test 341

Figure 64, IR 3can of Test 319 in Video Mode .
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Figure 65. Visible Light Photo of Test 342

Figure 66. IR Scan of Test 321 in Video Mo

i
E
82 i




Figure 67. Visible Light Photo of Test 341, Side View

Figure 68, Visible Light Photo of Test 342, Side View
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Several general statemeats can be made concerning the observed
character of the flow field as follows:

(1) There is very little IR or visible radiation emission
directly downstrean; of the hydrogen nozzles

(2) The intensity within the fluorine jets begins to rise
almost immediately and to level out at the centerline
approximateiy 2-1/2 inches downsiream

(3) The velocity difference between the fluorine and hydro-
gen streams has little if any influence on the observed
spread 2ngle
The first observation is in general agreement with the characteristics
of the CL If device. In particular the 'flame'! appears to grow into the
fluorine flow, sometimes with the boundary between the orange region and
the fluorine making sharp bends, It is believed that the sharp bends in beth
cases are caused by oblijue shock waves, Second, dark streaks originating
at the hydrogen nozzles persist for many centimeters downstream in both

lasers,

The dark streaks are miore difficuli to explain, There are several
hypotheses. The first is that the hydrogen temperature is so low that the
pumping reaction HZ + F—HF* + H proceede very slowly in the hydrogen
side of the mixing zone, and furthermore that the ratio of the several V-T
deactivation rates relative to the pumping rate is higher at the lower tem-
perature on the hydrogen side, Both these effects reduce the excited state
population on the hydrogen side of the zone. The deleterious effects of cold
temperature are even more pronounced for the "hot" (H + FZ—*HF* + F)

reactions which would explain the absence of the orange glow in the troughs.

In the CL II device, the hydrogen is not preheated and is thus neces-

sarily cold after expansion from the free jet slit through which it is injected,

The hydrogen stream in the CL III test series exited at approximately
11501{. This results from the large expansioan ratio (effective Aex/At= 24/1)
and the fact that the hydrogen combustor temperatures were established at
approximately 1100°K. Higher operating temperatures up to 2000°K can
be produced but were not included in the initial test series to avoid any

pessibility of HF/DF isotope exchange.
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A further explanation of the reduced emissions from the H, jet results
from the discovery of an erroneous calibration of a sonic flow control
orifice in the F2 feed line for the HZ preheater, As a consequence of this
calibration error, considerable ground state HF was produced in the H2

combustor and introduced along with the diluent and preheated HZ'

The discharge of ground state HF from the hydrogen nozzles would
have similar effects on the production of excited states as the low tem-
peratures discussed above, i.e., on the hydrogen side of the mixing zone,
where the concentration of HF is higher, the HF V-T deactivation rate
would be higher and thus the HF* concentration lower, The deleterious
effect of the grouad state HF is, or course, reinforced by the low tem-

perature of the hydrogen stream,

Next, it should be pointed out that the molar concentration of hydrogen
was higher than that of the fluorine in all the test runs and that this condi-
tiocn caused the flame to bura towards the fluorine side. To see this, con-
sider the simplest situation in which the two streams have equal velocity
(Case 5 of Table VIII). In this case, the hydrogen concentration is approxi-
mately four times that of the flourine, Assume an approximation that the
two reactants diffuse turbulently and therefore with equal diffusion coeffi-
cients, to a narrow reaction zone, As is indicated in Figure 69, the
reaction zone is shifted towards the fluorine side by the requirement that
the reactant fluxes and thercfore the concentration gradients be equal. In
turbulent flow, of course, the reaction zone is smeared out but the effect

should still exist, In the absence of a reliable method for dealing with

Figure 69

Concentration Profile Across
Mixing Zone

CONCENTRATION

DISTANCE ACROSS MIXING ZONE
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reactions in turbulent flow, the above picture cannotbe made quantitative but

it seems unlikely that it fully explains the asymmetry in the reaction zoue,

If we accept these explanations for the lack of emission from the
hydrogen jet, then the angiz of spread of the orange glow into the fluorine
stream (observation 2) provides an indication of the gross mixing rate,
There is considerable emission from the center of the fluorine stream at
approximately 1 inch downstream and almost uniform emission 2-1/2 inches
downstream, The estimates based on the subsonic mixing experiments,
see Figure 31 (Section III. 3b (2) for example, predict that the edge of the
mixing region reaches thec nozzle conterline at approximately 1-1/2 inches

from the nozzle exit,

Referring to Figures 59 through 62, the axial variation in intensities
along the hydrogen and flucrine centerlines, the 'valleys,' are shown
together with the intensicy zlong the ''ridge'' between them. The data were
taken from the flow fieid downstream of the third fluorine nozzle from the
left hand side. The effects of parallax have not been removed from these
data but it is uscful, as it slands, in indicating several points. First, at
distances greater than approximating 1 to 2 cm from the cavity injector
exit there is little axial vzriation in the peak intensity, a result implying
that the pumping rezct'ua is not cornpleted within the 14 cms scanned,
Second, the radiaticn in the fluorine valley rises to a significant fraction
of the peak intensity in 5 toc 8 cm, a result consistant with considerable
chemical reaction on the fluorine side of the mixing region. Finally, the

much lower radiation from the hydrogen rich part of the field is evident,

The conclusion must be that the rate of gross turbulent mixing is
approximately equal to that predicted in Section III, 3. b{2). The apparent
failure for the pumping reaction to have been completed within the 14 cm
length must presently be ascribed either to a failure to thoroughly mix on
the microscale or to excessively slow kinetics as a result of the low nozzle
exit temperatures, As was described previously, observation of a spread
angle of approximately 0.1 radian for the boundaries of gross turbulent mix-
ing is not sufficient to describe adequate mixing for efficient lasing. The
mechanism of microscale mixing within the turbulent zone is not well known
and could be sufficiently slow to cause the observed extended reaction zone.
The answer to these questions will be addressed by subsequent tests of the

CL III with chemiluminescent spectroscopy diagnostic techniques.
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There are two possible explanations for observation (3), the lack of
influence on the spread angle caused by stream velocity differences. One
is that the vortex generators so enhance the mixing that the velocity effect
is overriden, The other possibility is suggested by the experiments in
reference 17, i,e,, combustion also can significantly increase the
mixing rate between two supersonic streams and remove the velocity
dependence, There is, at present, no basis for a choice between the two

hypotheses and further testing is required to resolve the matter,
3. POWER MEASUREMENTS

The power tests (HB5-324 through -336) were conducted under simi-
lar conditions to those which were present in the previous diagnostic test
series (HB5-308 through -323), so that the power output could be cor-
related with the diagnostic data. To preclude any HF /DF isotope exchange
in the hydrogen preheater, all tests were performed at IIZ combustor
temperatures less than 1100°K. Also, from a specific power standpoint,
a minimum preheating of the H, just sufficient to obtain the required
velocity difference was deemed advantageous. Unfortunately, the power
in all cases was disappointingly low, less than 500 watts, lhree tunda-

mental causes have been identified and are discussed below.

a. Mixing Characteristics

As stated in the preceding section, the visible and IR radiation
intensity within the fluorine jets began to risc almost immediately. The
intensity then leveled out at the fluorine jet centerline approximately
2-1/2 inches downstream of the nozzle exit plane and remained nearly
constant for at least another 3 inches downstream, The conclusion drawn
from these data was that the gross rate of turbulent mixing within the
fluorine jet was approximately equal to that predicted irom previous sub-
sonic experiments, However, micro-scale mixing within the turbulent
zone is not well known and could be sufficiency slow to cause the observed

extended reaction zone thus adversely affecting the lasing action,
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b. . Erroneous Calibration Data of Sonic Flow Contrql Qrifice

In order that ground state HF not be formed in the H2 preheater,
it is necessary that the FZ/DZ molar mixture ratio be equal to or less than

one everywhere in the combustor (see Figure 70).

H, INJECTION
- l . '
F, +DILUENT om0 y — H, DILUENT,
D +D|LUENT——)——- + — —_—
2 . DILUENT AND DF
Fp + DILUENT—fom —
—

|

Figure 70, Typical H2 Heater Nozzle Cross Section Schematic

Following completion of the test program, all sonic orifices were
recalibrated. An error of five percent was found in the calibration of the
', sonic orifice leading to exccssive F
This excess F, reacted with the H

2 flow into the HZ heater combustor.

2 injected downstream lcading to the

injection of relatively large quantities of ground state HF with the HZ
stream to the lasing cavity, This situation was further aggrevated by
comburtor injector flow maldistribution, Based upon empirical observa-
tion of the quantity of ground state HF introduced into the prior CL II
device when operated in the HF /HF mode, and the calculated quantity
introduced as a result of the CL: IIl calibration prcebklems, it is belicved
that sufficient ground state was injected to account for the low powers

observed., Additional testing is required to confirm this hypothesis,

¢, lL.ow Nozzle Exit Temperatures

The relatively low hydrogen heater combustor temperatures of
less than 1100°K led to very low H2 temperatures at the nozzle exit, on
the order of 115°K. This resulted in a laser cavity sitatic temperature
after mixing, but prior to the lasing reaction of only 150°K. Extrapoation .
of measured kinetics data (Ref. 21) taken at 350°K to the 150°K condition

revealed that production to deactivation rates of HF * were unfavorable for

lasing. As described in Section IV, 2 this is believed to be one reason for
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apparent lack of reaction in the center of the H, stream. Temperatures
in the H, and F combustors must ultimately be increased to remedy this
situation. Subsequent testing under the Technology Follow-On Program

will involve increased combustor and consequently nozzle exit temperatures

89




AFWL TR-72-82

SECTION V

GONGC LUSIONS

The conclusions of the investigations presented in this report may be
grouped into two br.ad categories associated with the cavity diagnostics

studies and chemical laser cavity injector development as follows,
e Cavity Diagnostic Evaluations

The basic feasibility of Rayleigh/Raman scattering techniques
to measure concentrations of molecular hydrogen and mole-
cular fluorine in HF/DF laser cavities was established through
analyses and laboratory experiments. By using a xenon UV
laser and modifying existing scanner equipment, detection
sensitivities on the order of 4 x 10-2 torr could be achieved
for the above indicated species, However, helium appears

not to be detectable with the current apparatus.

Holographic interferometry appears to be a viable cavity
diagnostic technique when employed on larger chemical laser
devices where the optical path length is on the order of 1 meter,
However, the method has marginal utility, i.e., it produces
extremely small fractions of a fringe, when used in conjunction
with current, smaller chemical laser systems unless modifica-
tions are made to existing interferometry devices and techniques
to extend the state of the art. This is caused principally by the
relatively short optical path length and very low density gases . i
in the lasing region of the smaller laser devices, ‘

o CL III Cavity Injector Development

The testing of the CL III device during this program must, :
of course, be considered preliminary, The CL III |
design represents a new ciass of chemical laser cavity !
injecltors that may be generi:ally designated as high Reynolds ;
number devices, As only limited testing was accomplished

during the subject program, tihe substantiation of the high {
Reynolds number approach must await further evaluation

testing. However, with the test results at hand the following

preliminary observations can be made.

(1) The CL III chemical laser is the first device capable of
supplying a fully developed, preheated H2 flow at high
Reynold's number along with a similar parallel F flow
to investigate the effects of hydrogen/fluorine velocity
differences on turbulent mixing and lasing over a wide
range of supersonic conditions.
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(2) Analyses of the CL III cavity diagnostic data revealed
that very little IR or visible radiation emission occurred
directly downstream of the hydrogen nozzles in any of
the runs observed. On the cother hand, the intensity
within the fluorine jets began to risc almost immediatcly
and leveled out at the centerline approximately 2-1/2 ]
inches downstream of the nozzle exit plane. The con-
clusion drawn from these data is that the rate of gross
mixing within the fluorine jet was approximately equal
to that predicted from subsonic experiments,

(3) The inability to derive closed cavity power greater than
500 watts can be attributed to three fundamental causes:
first, sufficiently slow microscale mixing within the gross
turbulent mixing regions to cause extended axial reaction
zones thus adversely affecting the lasing action; sccond,
the relatively low laser cavity static mixture temperature
of approximately 150°K leading to adverse production-to-
‘deactivation rates of HF* as predicted from extrapolated
kinetics data; and third, excessive ground state HF
injected into the laser cavity as a 1esult of a miscali-
brated fluorine orifice in the reactant feed system.

Further testing of the CL Il device employing chemiluminescent
spectroscopy is required to understand and correct the deficiencies ob-

served in this initial test scrices.
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Table VIII, Boundary Laycr and One -IDimensic
culation Results (150 psia combust

Combustor Cunditions -__:\j/rl. P—.:v F o i’r-.p--n.:“- -
PD!;:::H sz ™ "2 'i‘u. " iy ™ N v, Tamperaiyre N 3 - " Yex LA o
Condition  Injector | (B #ec) (gm/ae'c) (gnv/ sec) (rm/aec) (aon/ s} (psia) iy (e raote)  BacSer  {CMs UM M., B R AU
. ”2 1. 41 26,6 17,6 0 4.0 75 100 4. 8% 1.527 L1505 R PREDF T o200 5. =4 4.0 R LT an
F 1. 60 4.2 [ 0 0 on 1000 [ 8 1. 4%) LT L3Th L2 2,204 LTS 4.4 [Z L PRt 204
2 HZ 1,66 15,8 1.2 Y a 75 1 5. n 1,580 LLeTs UM LAy 2o a0 AT 5.t 1iede o L Ll
) ¥ 1,60 34,2 a a ¥ [ 1700 15, B4 1.4si L 1e27 STiuw L 2ene 2.2k 5. 52 4. 54 Lt s on
. “l 1.0 15.2 ted B 1.0 7% 1370 o 1. 542 R Ll i 2. CE LN il oo LN
} 1.0 34,2 « 0 [ [ 1700 [ 1. 4a1 12 LT L 2¥ae, PARNEN §. 52 4.4 " dn 2o
H: 1. 60 15,2 10, 4 0 o2 T8 1470 T LN AR PRI PR Lo E 4. -= 1l B RN I~
‘ ¥ 1.20 2.8 0 1o u [ JRTIN] o434 1545 DESH M (IR ' i 3 N 24
H, 1.41 13,3 17. ¢ [} 4.0 T 1900 4. 8 1. 5Kt Lt Le7s Yo ' 5. 1% 3 .
® F 1,82 26,8 LN ] i\ u 75 PELL] Phoon 1. 34 PR LY PR NRYALY L0 n, 4l LAY EEA T vd i
H,y o 0 0 9K, 1 Lt 7 S0 bt LA NS e L TTeT [ s.12 4.7 25 S kR
¢ F 1.92 370 4.2 Y o 5 1o 14,4 HRLASY Ltes JORle 2T e LR 5.4 Ta2 ! 172
”Z 0,85 7.98 Q 4.0 a0 Tt 1 tH. . I, = L lud L -1 s 4. 4 524 LiE -5
! ¥ 1,67 10,0 [0 o o 7% [t 12 [ RET o 1 - ek -2 2 2
H, 1,52 4.5 17.2 o .0 s (AR a5 1,52 140 ' L) 1 [P 1 13
¢ r 1.40 15,2 [ 22.4 u 75 1 ' AT [ 14 . 22 &7 4.0 % 5 e L]
H, Q v g CLAN 3t 5 $0u b 1.8 "y i e 1.5 < 1 153 h
’ F 1.vb 34 bt 0 Q 75 17tu et L4 U T Lo~ 8. 37 AL 124 28
- HZ 1.52 [E N ] 17,2 0 3.6 75 1 Sob- il Te LA o 5.7 o3l e ils
o ¥ 1,66 4.8 o, 0 0 v 7% 1700 12, 15 BET Lot Lled ot s, EEAEEN MR

94



r and Onc-Dimensional Mixing Cal-

pts (150 psia combustor pressure)
:

Pv Properties

Mix Properties Without Heat Additinn

Mix Properties With Heat Addition

A

v » 1 TR S U A K v T T m N % T, T P m
ex s o T X R N m 5 m m om om 2 m - M m o om arn 2
S rsect  tpsiar {“K) vx {H, (URY {ft'Seed {emT) | {piaf mote) m Mnt  (f/Sect (O3 (KD (psia)  GM {anif mole) Ym m {(f/5ecy (PKy  (°K)  (psia)  (emf)
97z . uoBY 98 126, 1 2450 38,1
0. b0 7. 95 1.53t 4, Ha 7790 150,64 1086 2" 69. 4 7,954 1,531 2.102 7790 797 1732 0.0910 367
6480 L0963 204 2470 G1Ys 20,3
10200 IRV 12 la1.2 s 44,0
AUNIR 8.7 1.534 4.52 8100 203,58 13146 20.0 86.4 8. 711 1,534 2,174 8160 :2:2% 1994 1,00t 374
40 L0 g0y 2450 Lion EEA
11010 PRI 2au, o 10580 25,7
0,53 10.n7 1.527 4, ROET 320.1 1733 12,85 93,4 10. 07 1.527 2,401 80ud 9is €249 1,410 268
G4 - 0301 204 23 .u nis AT
11014 ) 181 230, 10550 2.7
0.57 12,0t 1,512 4.0 7890 344.5 1761 12,00 103, 8 12,01 1.812 2,407 TR0 916 23133 1. 5832 276
610U PRRECR 248 283,02 GUTH 24,8
9460 LR B4 118, 1 ©1g5 33,4
0,95 .03 1.572 5,137 RERY) 1346, 8 1165 43,82 6|, 0 7. 035 5572 2,980 8380 444 1573 L1 198
KRGO 0943 1KY 24),0 RGO 35.5
2R70 Lh240 48 409 21155 3.6
258 17. 46 14344 3,7 4140 161. 1 675 1,26 131,38 17. 40 1,444 1,776 4140 769 1283 0,513 929
7420 L0 21,1 7155 3u.4
33 TOR L s
1,31
[ 208
g0 LNl 115
¢, 8
5 gn LuT 34
NOT CALCULATED
1l L1585 70
2,51
sl - B4 222
PRI L I
0,3
a2 121 203
i
;
3
E
>

e b T




Table IX, Boundary Layer and One-Din;
Calculation Results (75 psia

Teet 7 i . . Combustor Conditions ] j o Nozzle Iixit Pr
Co::.c(l)i.tion Injector mD2 ml‘.2 ﬁxI e myy mHZ (pI:;a) Temp(;-;:‘ature (c{r)n) (cé:l) _1_\‘1)% :'17 M oM (i‘ngc)
’ (gm/sec) (gnyf sec) (gm/sec) (gm/sec) (gmfsec) : Fe ex ¢ 4
1 HZ 2,82 53.2 35.2 0 8,0 150 1000 0.1147 0.0685 0.1571 1,785 5,92 5,28 9735
¥ 3,20 68,4 0 0 0 132 1700 0,1176 0.055y 6.z2Glvw 1,u,32 5.571 5.05 6450
) H.& 3,32 31.6 34,4 0 G. 0 156G 1300 0.1227 0.0687 O.ls4b 1,803 5,95 5.30 10280
) ¥ 3.20 8.4 Q 0 0 132 1700 0,1176 0.0552 0,201 1.682 5,57 5.05 5450
. 11, 3.20 30,4 20,8 0 2.4 150 1870 0,1354 0.0e87 0.227+ 1.834 5.95 5.2 11025
) o 3.0 08.4 0 o] 0 132 1700 0.1176 0,0559 0.201l¢ !.682 5,57 5.03
Hz 3,20 30,4 20, 8 o] Z.4 150 1870 0,1354 0.0(87 0. 22745 i.824 3.95 5.29
* F 2,40 45,6 [ 35.2 0 134 1800 0.1140 0,0499 0, 2051 1,025 5.34 4.89
i, 2.82 26,6 35.2 0 8.0 150 1000 0,120 0.074y  0.1371 1,848 6.20 5.49
° ¥ 3. 64 53.06 13.6 u o} 150 2000 0.1332 0.06069 €.2.75 :,302 .00 5,34
iy 0 0 0 196.2 7.2 150 300 0.0572 0.031+ 0.0780 1,323 5,12 4,.5&
¢ ¥ 3,84 74,4 8, 4 0 0 150 1700 0,1197 0,00611 0.7 1,722 3,87 5.29
H,
¥




iLa\ cr and One-Dimensional Mixing
in Results (75 psia combustion pressure)

AFWL TR-72-82

Nozzle Fxit Prope les

Mix Properties Without Heat Addition

e . Pex Tex hﬂf_}_\ <Vex” A Vm Tm 1"2
U7 My <M (ft/sec) (psia) (OK) Vi (Iip) (ft/sec) (cm?) (ft/sec) (OK) {cm?2)
1 5.9 5,24 0.184 96 . 9350 34.

0, 606 7775 131,8 1063 60,9
1. 22 5.57 5.05 0.184 201, 6275 27.6
1, -63 5,95 5.30 0.181 122. 10015 40,

0.63 8185 191,2 1327 80.4
1 2 5,57 5,05 ¢.184 201, 6275 27
1 5.495 5,279 0,181 176. 10685 33.

0.58 8225 307.2 1752 88.4
1 > 5,67 5,05 0.184 201, 6275 27
1 1 5.95 5.29 ¢. 181 176. 10684 33

0. 58 7985 331.2 1761 98,7
1.-2- 5,34 4.89 0. 207 245, 6150 33.
1.-43 v,22 5.49 0.165 81, 9275 31.2

a. 95 3000 125, 7 1284 55,3
1, 2 .00 o34 0.177 184, 8720 33.
1.0 3002 4.8 0. 247 47 2865 30, ¢

2.59 4160 159, 5 75.5
1 3.87 5.29 0.184 108, 7220 34,1

A e e — e i
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Tabie XII. Summary of CL IIi Test

- OMRUSTOR € — suppLy €
Reat Loss
ren , . RS e
Duration Ty F, f "He oy "y FlowRat]d Pe | T | Dirnortation] Ditvent | Mintare] “CToaateT] MeIeT 4 mp Py e
(erc) | Combastor[{mo/aec) tnio/azcy (mo/aec) [{mo/aec) | imo/scc)|lmofeert|tmo/acce)] (psin)| {9K) Fraction Ratio Ratia | (Btu/ser) [{Btufsec)|i@m/ace)| gmisect|gm/svc) il
10 t, 0. 444 . - 3.52 . 1.80n | 5.456 [S$7.3 ] 790 - - 1.045 17.1 36.7 0,895 8,82 14,08
F, (Teat vun with I, combuster only) -
66 i, (Teat run with F, combustor only) - N
F, 0.596 0,030 0.640 - - - 1,266 150.4 [ 1695 0.913 1.70% [2.199 18.8 40.7 1.187 24,62 -
13 I, 0,437 - - 319 B V.50 $330 1658 790 - 10.572 | 1.044 14.9 9.7 0. 481 8,32 13.58
l-‘; 0.598 9.010 0. 704 - - - 0.680 1534 | 1900] 0.971 1.651 |z.212 1.0 37.4 1.7204 26.12 -
4z ", 0.524 1,681 2,011 ont Jeb.o | 745 12,18 |i.055 18,5 35,7 1,056 10.51 14,22
r, 0,606 0.04z 0.585 1.2335 [St.4 | 163¢] 0.573 1.812 12,104 19.5 52.4 1.221 24,24 -
st I, 0.930 3.358 1.977 s &6s l&1.e | 770 10.983 | 1.018 17.8 56,4 1,068 10.25 13,44
¥, 0.59q 0.066 0.576 1.241 |s1.8 [ 15t} o B4 1.692 | 2182 19,2 53.1 1.206 24.83 -
R 47 1, 0.551 3.348 1.972 59871 1610 770 - 0.978 6.7 61,7 1109 10.23 13.40
12 ! I, 0,551 1173 96 5.893 [63.1 | 20 21.21 |0.974 17.2 54.8 110 10.20 13.50
F; 0.664 0.019 0.332 1.288 2.24% {66.4 | 1545 0. 599 10,551 | 1.55] 32.2 S1,6 1.348 19.7% 5.1%
4 i, - - - - - - - - . - - - -
¥, 0.6€68 0.025 0.%17 1.277 2.2R7 l&b.4 | 1500 0.863 10.599 | 1.550 1.1 54.8 1,345 19.67 5. 11
35 ", 0,722 4.218 1.500 o440 |85z | 1108 19.52¢ | 1,096 21,5 16,7 .a54 thoo lo, Hm
. ¥, i 6.702 0.021 .- b4 0,823 2.000 o4 | 1e70] 0,916 6.028 | 1.721 26.7 11.9 1414 22.96 -
72 b, 1o 4.256 1.52° €551 85,4 | Nze [z fiazs 22.5 55.4 1.554 15.0% 17.0%
' ., 1 o.704 0.035 v.425 0.827 1991 [91.3 | 1585 0.859 6.186 | 1.704 27.1 52.1 1.413 22.79 -
. L1y llZ 0,435 i - L.678 0. 985 3.094 74.2 910 8.486 10,948 10.6 46,4 0.%76 B8.24 -
: F, 0.835 o.avy 0.458 1,818 2,443 |69 | 1845 0.979 9.438 | 1.598 161 23.7 1.681 25.34 6.05
. ! 42 W, . o e s | s.omse 1.3 ] . 18.036 - - . - !
l i, 0.752 0.020 0.398 1,528 2498 [74.9 | 1590 0.907 9. 498 | 1.584 10 %7.8 1.514 22.52 5.31
| 321 $-6-72 | 19 “/ 0.7%9 | 4 24 [ 6h.630 85. % 1040 20.318 | 1.0%s 22.7 LR 1.927% 18,21 1706
; i v, o.8:5 1 o.020 0.457 1520 2832 |am) 1ae2s 0.919 9.477 1.595 6.6 5.9 1,641 £5.30 6. 0K
;\ZI 1_R-77 | 44 Hz 0. 7HY 4,25 . 484 6 &7 RS, 7 1i2s 21.103 11,017 22.7 57.0 1.57h 15.11% 17.01
! - v, 0.717 0.0zZ6 0,425 0.811 roant |as b | 16250 0.H90 6.415 | 1.666 27.1 s.7 1.444 22.70 .
BT ! 55 1, 0.192 .02 0,360 1572 |18z | 78S 15,439 11,000 85 4.0 0. 3%h 3.67 4.08
R : o F, 0. 198 0.046 0.065 0.201 0510 |23.4 | 1200] o0.412 5.083 {1.796 19.9 22 6 0. 198 6,74 -
N : 120 ! : 55 ", - 6.00 1.22 7.220 19,7 - 42.704 - - - - - 23.96
I‘ : \ ¥, 0.%q | ovuer | o0y 0,408 0.972 |44.1 | 1320 0,56 5,352 |1.817 16.7 1.9 0.6 11,858 -
N | 127 i | 120 “r. 0,206 ! 1.104 n.1e} 1 669 1K. g K45 14,623 10.932 Q.0 24.2 0.41r 3.68 4.42
R : o I 1, | e.200 0.0%% | 0.0%5 0.211 a.514 lza4 fruas] 0.3 5,444 | 1758 12.1 2.8 0.402 .67 -
* bian : | 1en ! H, | oeaer , | 0,196 0.3¢4 1537 1.1 | H2s 15.595 {0,987 4.5 24.8 0.397 3.70 3.0k
; ! i { | ¥, | u.oage 0.u4y ] 0,05 ! G.200 : o500 |23.7 | 117 6,360 5176 (1.782 1.3 22,0 0. 395 6.64 -
s J3e | i 104 H, p0.7RS H 4.1385 : 1.4R88 6.65R 1565 | 1125 20.314 {1,919 22.7 55.7 1.58 15,19 17.5%
' : . T, ! oo.60s 0.046 0.417 0,424 1.98) 93,2 | 1550 0,820 5.965 |1.732 27.5 RESLY 1.39% 2285 -
r | e i ! . i, - R 3,24 1.00 anan fez.6 . 11.936 - - . . .
s i ' i ¥, 0.74f 0.032 0.399 1.346 2823 |w0.2 | 1538 o.m61 9.037 11.622 318 52,5 1.502 22.9» 5. 34
A ! 1 1n-72 54 H, 0.5 1.608 0.978 vz J1201  ms 4.394 |0.997 10.9 40,4 0.K7w u.27 .
i F2 Q. 837 0,006 0,475 1.517 2 Bis LR 1%1s 0.975 4y.667 1.582 36.0 406.5 1.686 25. 16 6.07
| 332 3-14-72 (3 I, 0.255 0.993 0.354 1602 120.9 | 106 16.103 [¥.008 10.0 28.49 0.514 4,89 1.74
. 1 4 ¥, 0,251 0.019 0.117 0.207 0.594 lz8.8 | 1375 0.753 s.910 |1.619 11,5 27.2 0.505 7.71 . J
l 43t ( 120 ”Z 0,256 0,940 0.the t 550 2t.0 1065 15.432 [1.010 10,5 28. 4 0.51% 4,.9] 3.76
} } Fy 0.252 0.019 0.117 0.208 a 596 28,9 | 1174 0.751 5.935 [1.614 t2.1 26.8 0.508 7.7 R 5
{334 ! 53 M, 9.5%) 2.000 0.7 1264 J45.5 | 1370 34.435 |0.945 16.6 37.3 1.060 v. 51 8.0z
¥ 0.256 0.042 0.063 0.216 €577 }29.4 | 12i0] 0.428 6.422 [1.575 1.6 5.2 0.515 7.65 R .
145 ‘ 41 H, 0,544 2.00 0.734 3218 [45.6 [ 1335 19.875 l0.927 16,7 42.4 1.99% 9. 57 R 00
N : ] y, n.490 0.092 0.252 0.413 1155 Ise.7 [ 1830]  o.0m 7.039 {:.5%3 8.5 3v.9 0.987 14 b8 R I
I SV I . 0. 16 19 0.730 | 5.705 k1.7 | 1370 44.175 [0.037 22.4 555 | 170 15.07 | 16,76
i ! ' i £, 0.650 0.000 0.228 0.41) 1.289 165,11 [ 2390] 0.909 9.307 |1.35) 20.1 52.2 ' gy 16,68 . "
- I TR I n, 0243 1.027 0.359 L6za [zr.e | 1008 16.076 [1.0&2 vl 27.9 0.494 4.85 4.1
[ ' ¥, 0.249 0.016 0. 126 - 0.208 9.599 |28.0 | 1405{ @.z00 5.785 |1.632 10.7 26.3 0.502 7.7% . .
230 I ", v, 149 0.410 0,23 0.795 20,5 150 6.988 [1.107 4.7 23.8 0.300 LN 3 I
. ) E, 1,249 0,01z 0136 €.366 0.763 3.8 | 1410]  0.830 7.688 |1.640 125 22.4 0.507 7,77 1.47
L : ! ", 0 7u8 .3 1.49 6.568 fus3 | 1128 21.336 [1.020 22.3 52.8 1.547 15,02 17.27
’ l | | 1-’2 0.710 0,021 0.434 0,826 1991 934 1660 0,912 6. 454 (1.07! 26,3 49.8 1.430 22.54 .
. | w2 ] | 1, 0.425 1,660 0,946 307t [74.4 | 9s0 7.342 {1033 10.0 435 0.858 FETY “
i | :.,r._nJ ¥, ¢, %30 0,003 0.482 1.4099 2.814 |Ba.1 ) 1925  0.986 K.20) }1.588 4.0 40,6 1,672 25.05 6. 00
1 l |




[ <1. Il Test Results

I > PV CONIITIONS NOZ7LE CONDITIONS CAVITY CONDITIONS
| Tatat Ve "")lm ity Shroud GRa
L | w - Weight PO LA IR TP TR N w Lrceaures Mirfor I
< s . | 2 M Fiow Rate] Pressure [Temperature . Velocity e Toss 1. [ Ditnent | Upperr | Lower Purge i.
. X e 1o omegt bpri/aen) 1un\."rc)l R fmect {peral 19K} tfi/seed | Voy (“2) (tufsce)[ttorr) Ratio | ttarr? tarr) (gm/eec) [ imoles) REMARKS
— T
. ! Reduced (irld orange glow photos from bettony;
o 14,00 - 3.022 26,82 - - - . 2.2 - - - - - - [R. #can checkeut {rom top. Heat loss t28is
! al 78% of rated flow rates with one stean-
= ejector,
i 1.70% -
8 - - - 25,81 2.2
' AT - 1022 75,5y 0.4 12,222 4,149
a4 - - . 26,11 0.
E 1.0 - 4.058 24.44 0.0n02 1.5 K531 1.1 Reduced {.rld orange grow phatos from
. . N R p 0,697 6,25 11,99 8.0 6.012 | boroni. I R. scan checkom trom tap; 75% of
21 2546 n.087 211 5345 Iy rated flow raten with one steam cicctor, 204
£u 31 - M7 . -
3 1 3.98 B, 75 1.4 6.251 12,67 8.0 5. 585 outcoupled Mat mirror and Y‘ =CRN,
Oo AT - - 76.04 1.4
02 . 0.2 L] - 1.9 .
i iR 13,4 397 21,71 0.1 172 w0 B
B | - - -
]
o [ - 28,7 . K
! preo 397 B.78 | 0.u84 8 609 wooon | ' s.67( 31,762 B0 | l0.643
45 R 26.23 0,086 ‘ 147 74i9 1.4
- ) ° - - N : - 2.3 10.548 8.0 -
45 T ol - 26,13 0.7
64 L Te, 4 - 3.0 36.41 [P R {3 115 q6 43 2.4 1097 rated flov -as w1l & #leam cpector.
220 _ 21 0.592 6.46 |25, %5 8.0 5.96a | Reduced field orunge glow nrotos frsm hottom
| 3L 22,0 .06 47.4% 0,197 130 5699 z.4 snd I.R. scan from top. 4. wcan wiln Z0%
54 15.0% 17.04 - .07 3669 LI RTY E1s 9631 2.5 autcoupied flar misra~.
o227 . 2317 4738 | a.107 ! 339 5690 0,592 4.5 7191 26.501 16.0 6.154
P
76 %24 - 47.00 V.95 5810 0. 156 I 185 5207 1.2 i
a1 2534 6. on _ 31,00 123 | 200 w271 1.SKE |, 6081 17,024 16.0 3.956
- - 11,89 3.80 11448 0.185 i 70 114 -
N i
514 22 5?7 (SR - 29.44 o124 | 222 1y 61z oy o, 10,34 | 27. 534 6.0 K. 128
529 15,71 171 - 3,00 6.0 9. 111 ’ [ARS o 7.4
61 | 2550 [N - 3106 | 0.12% \ 201 | w27 ) 2.9 R e .8 Hiad
576 1501, 17.0! - 2.99 s6.70 ane | 1s ah13 1.6 Ple~c ahrnuds tet at 207, 5% outcoupled fat
- 23 - . . 0,592 7.70 27 517 502 4.0% 10.0 ©.222 mivv. = with purge ducts anted to both mirrers
Baa 22,70 - 22,78 16,93 n, 1oy |‘ 334 Shat 2.6 H Reduced colorimeter waier Mow rate by 50%
X56 1.7 4,05 - 0.73 ¥. 4o 0.035 RS 7402 1.1 and increased water «t sensetivity for tests '
box .74 } 5 64 12,78 T w671 [FRRTT 110020522 .83 2.95 16.0 4.586 | 1iB5-327 and subaequent.
- - 2396 - 2.45 25.491 0053 10 haag .
boy | armx . 1,43 24.01 | 0.10% 204 5318 L ) T.T0 (48,057, 6893 5,58} 6.0 8,083
12 Ui 442 | - 0.72 a.21 0.035 25 7802 ra
0 s -
02 w6t S .60 12,98 | o.060 271 5059 VR %.21)20.067¢ 4.240 %62 | 160 | 4728
4
397 T poe ! - 0.7 .70 0.015 e 7402 1.1
box 6.1 i .60 1261 5.060 21 5059 0.648 | | 2.07)20.7T7) | €.97 1,59 4.9 4,927
38 119 7, - 3,00 31.32 0. 160 s 9631 2.6 1
.51 . » 3 2 . 5.
98 | z2.4% - 1,00 4.3 | 0107 +30 5699 0-592 1 5 4 6.00126.279( 3.87 A 40 847 :
- - ! . ), 54 2,20 9,74 0,134 Tt 3110 .
oz |z ot - 207 | 0124 222 b3 2B 4791250031 5,95 : a0 ekl :
379 w2t | - 15,04 1.97 56,17 0. 150 135 5207 2.4
P PR vy oan 171 ans 1.579 4.76 118,061 3.05 - 4.0 4.016
LSo ! [ - V.57 sz 283 PN
k14 4. K9 (IR ZI - 6. 71 985 1.1 Closed cavity power trats with plume 4! rouds
ko5 7.7 t [ 14,02 .3 1.aL]ze.013| 0.9 - 4.0 4.568 | sct at 20P. Orange glsa photos from tos
. B - ¢ 3.81 . . through port in upper plumes ghroud 4 incres
516 st b - 0.71 9190 1.4 downstream of ntzele exit.
; N R
Box 7.7 . 5.83 14.07 14 1.81j21.367] 0.82 4.0 p A8
D69 9.51 k.02 . 1.48 20.10 1.6 i
.. 7.5 B .06 14,23 e 2.38)40.457! 0.98 - 9.973 !
pon G.nF - 1.48 20,15 2.0
1 3. 26 M - . 5,71
B87 | 1418 11,51 20,68 2.0 lof26.9141 0 4.0 74
yo 15.07 - 1.47 15,00 2.4
. 2 .
M 16,60 11,50 26.50 2.4 4.39 153,482 1.81 4.0 6. 404
394 4,15 0.724 10,14 1.1 Tull field vrange glow photographs fop and
. . . - . 544 .
0z . . 14,06 . 1.76 ) 21.861} o0.21 4.0 4.5 alde l
A0 317 11,47 0.476 15. 4% 0.9 I
.3 0T Y - . .
02 | s 0o 139 1eer6] 0.1 '1 40 3.250 :
a7y 1s.02 3.01 36. 584 0. 110 1ns 9613 2.3 |
L - fr
s { 72.54 s 47.12 0,197 3% 5uy 0.592 2.3 <83 (27,790 1.8 4.0 6.261 l
A th. 50 V.99 5704 | 0.156 1y 5207 1.9
. . L6543 - . 472
we oy ort.ob sy | 0.2 20 w271 15881 4 43911554 4.0 3.47 96
e T - j
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