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Cameron Station, Bldg. 5, 5010 Duke Street, Alexandria,
Virginia, 22314,

This report has been released to the Office of Technical
Services, U. S, Department of Commerce, Washington 25, D. C,,
for sale to the general publiec,
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FOREWORD

This report wvas prepsred for the Air Force Flight Dynamics
Laboratory of the Research and Technology Division, Air Porce
Systems Command, Wright-Patterson Air Force Base, Ohio by
Astrosystems International, Inc., Fairfield, New Jersey under
Contract No. AF 33(615)~1614; Project 8224, "Propulsion and
Auxiliary Systems Instrumentation for Flight Control Purposes”:
Task 822405, "Prcpulsion Parameter Measurement Technologv".
The work was administered by the Flight Dynamics Laboratory;
Mr. D. A. Shumway was Project Engineer., The manuscrint was
reieased by the author 10 October 1964 for publication as an
R & D Technical Report,

These studies were made bv the Research Division of Astro-
systems International, Inc. under the directfon of Robert F,
Strauss, Director, The major contributors to this study and
their fields of competency were:

John Gordon - Thermochemistry
Marvin Hauptman Spectroscopy
Charles Sage Svetems Analysis
Allen Schwald -« Gas Dvnamics

This report summarizes all work conducted during the
period 10 April to 10 August 1964, The contractor's report
number is TR 6400lF,




ABSTRACT

An analyvtiral investigation was conducted to study the emission
spectra of the exhaust stream of selected rocket engine liquid propei-
lant combinations to determine the feasibility of detecting exhaust specie
spectra as a measure of various propulsion system characteristics.

The propellants selected for analysis were oxygen/hydrogen,
oxygen/ -1 and nitrogen tetreiiidn/unavmmet=ical dimethvlhvdrazine
as being most representative. A rocket engine for test was designed
having & chamber pressure of 50-100 psia and a flow rate of 0.1 gm/sec.
Calculations of signal strength with mixture ratio were made and the
species OH, NH, CO and NO found to be of most interest.

I. was determined that mixture ratio variations and flow rate
variations could be separately detected. A system for detecting incip-
ient burnout by monitoring metallic oxide emissions and instability by
intensity frequency pattern variations was presented. A flight weight
system was shown to be feasible.

Recommencations were made to conduct an experimental pro-
gram using N204/UDMH propellants to study the variation of the OH,
CH, CHO, CN, C2, H20 and CO? species with mixture ratio a* constant
flow and with total flow at constant mixture ratio. Burnout and instability
tests were also recommended as well as a prototype detector design
based upon the recommended experimental studies.

This technical report has be=n reviewed and is approved.

Colone], USA
Chief, Flight Control Divir’ -
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SECTION 1

INTRODUCTION

This report presents the results of an analyt{cal investigstion of the
emiasion gpectra of the exhaust stream of selected rocket engine liquid pro=-
pellant combinations to determine the feasibility of detecting these spectra
&s a measure of various propulsion system performance characteristics. The
goals of this analysis were as follows:

A. Problem Definiticn, including: need, background information and
potential.

B. Propellants Analysis, including: selection of combinations to be
studied and theoretical emission wavelengths of selected systems.

C. Signal Analysis, including: theoretical emission intensity of
selected wavelengths and sensitivity of detecting instrumentation,

D. Rocket Engine Analysis, including: design of engine to provide
signal strength compatible with volumetric capacity of vacuum
facility to be used for testing and calculation of instrumentation
response to anticirated emission intensity,

E. Mixture Ratio Analysis, including: calculation of the relationship
between mixture ratio and plume emission and applicability of
seeding.

F. Exit Plane Gas Temperatu:e Analysis, including: calculation of the
relationship between ozzle exit plane gas temperature and plume
emission and the relationship between mixture ratio and temperature.

G. Malfunction Analysis, including: the feasibility of detecting
metals and oxides quantitatively, applicability of "signal"
coatings and the feasibility of detecting combustion instability.

H. Flight Systems Analysis, including: possible configuration and
paramecers best monitored as determined from prelimiuary analysis.

The need for new methods of measuring chemical rocket engine operating
parameters, as opposed to the force reaction measurements made during ground
test, {s apparent for in-flight monitoring and control of space vehicle
propulsion systems. Past studies utilizing probes and similar devices
inserted into the exhaust gas stream have distorted the gas flow causing
uncharacteristic stream property measurements. But {f accurate rocket engine
performance measurements are to be made which do not rely on the assumption
of constant throat area or thrust coefficient, or upon heavy liquid flow
meters or ground designed devices, performance observations must be based upon
exhaust stream properties.

One of the most promising methods of obtaining stream properties without




AFFDL-TR=-6A-163

the use of & gas stream disturding device is by spectroscopic analysis of

the rocket exhaust stresm covstituents. Past sxperience by Astrosystems im
the conduct of high altitude rocket plums studiss in the ultraviclet, vigible
and {nfrared wavelengths, has revealed that a definite relatfonship exists
between: propellants mixture ratio and exhaust constituents emission-band
intensity, combustion temperature and exhaust constituents emission-band

intensity, and incipient chamber wall oxidation and trace metal oxide contem~
inants in the exhaust gas composition.

Based upon the gnalysie presented herein, and the sbove-mentioned data,
it seems highly probable that essential conditions of rocket engine perform~
an: - ~an be determined spectrally theraby permitting an accurate computation
to be made uvi oversall enginc efficiency. This would appear o be especially
valuable for example, in pulsed engine cperation in rendezvous or inter-
orbital transfer vhere conventional instrumentation suffers from lack of
rapid response. In addizion, analysis by the subject means can serve very
effectively in the prevention of major malfun~tions through the immadiate
catectivn of combustion component failure. If automatic shutdown {3 initiated
by spectral signals, then it should be possible to repair the rocket engine

and make it useful again before it causes major destruction which may abort
the mission.

It was the purpose of this program to {iilustrate the feasibility of
ocbtaining propallent mixture ratio and combustion temperature by spectro-
scopic techniques, as well as providing a wmeans for the detection of
combustion chamber ox{dation and/or combustion instabilities.
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SECTION 2

PROPCLLANTS ANALYSIS

It {s the purpose of this program to illustrate the feasihility of od-
taining rocket engine propellarnt mixture ratio and combustion temperature by
spectroscopic analysis of the combustion stream properties, and t> provide a
means for the detection of combustisn chamber oxidation and/or c.mbustion
instabil{ity.

In order to initiate this analysis propellant combinations were selectec
based on their probable applicability to the subliect technique, These prco-
pellants were then theoretically analyzed to determine their thermodynamic
characteristics and the molecular makeup of their comvustion gases. In some
cages the required thermodynamic data was not available {n the open literature,
primarily because a thorough mixture ratio analysis suitable to the purposes
of this program had not been previously conducted. The thermodynami. {nforma-
tion was then used as a basis for selecting the emission that could be
expected from these gas2s in the ultraviolet, visible and infrared wavelength
regions.

A,  SELECTION

A number of space propulsion systems were reviewed to determine the
propellants generally being considered for application and their probably
operating combustion pressure, Reference (1), a general survey of propulsion
requirements for future space missions, indicated a preference for liquid oxygen
(LO;)/1iquid hy _.ogen (LH;) at chamber pressures of 20 to 200 psia and
nitrogen tetroxide (N,0,)/507 unsymmetrical dimethylhydrazine (UDMH)-50%
hydrazine (50-50) at the same chamber pressures. A later study’ considered
the same two propellant combinations as those most likely to be used in space
vehicles, but narrowed the probable operating chamber pressures to 50 psia
for LO,/LH, and 80 to 110 psia for N;0,/50=50.

Regarding systems currently under development, the "Surveyor" vernier
propulsion enpine operates on 90X N,0,~10% nitrous oxide/monomethylhydrazine
at 170 paia chamber pressurel; the Maneuvering Satellite propulsion systems
currently under development at Bell Aerosvstems for Edwards AFB operates cn
NyQ,/50~50 at a mixture ratio of 2.1:1 and a chamber pressure of 65 psia.
Testing at reduced chamber nressures (to 45 nsia) however show little
degradation in nerformance, The Gemin{ Lunar Excursion Mcdule reaction con-
trol system under development for NASA Manned Spaceflight Center operates on
the same propellants at a mixture rat{o of 2:1 and a chambher pressure some-
what less than 100 psia. Practical considerations to date have prevented the
attainment of higher chamber pressure at near optimum mixture ratio.

Based upon the above, it was decided to select LO,;/LH,, N,0O,/UDMH (as
chemically and spectroscopically renresentative of all the various hydrazine
blends) and LO./RP-1 which {s representative of most booster rocket systems,
Prom a practical viewpoint {t appears that chamber pressure values for most
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space propulsion systems wvill be less than 100 psia. Hence, thermochemical
analyses of the selected propellants were made at reduced chamber pressures.

B. METHOD OF ANALYSIS

In order to conduct thermodynamic analyses of the selected propellant
combinations a determination must first be made as to the probable condition
cof the exhaust gases in the rocket nozzle; i.e,, does the chemical reaction
condition most nearly approach equilibrium, or does the reaction cease and
the composition remain frozen? This questior has never been answered anal-

ytically for flows of more than one chemical system, because as explained
in Reference 5:

“There is a very serious shortage of the chemical kinetic data
which is essential for the solution of non-equilibriunm nozzle
flow problems. Accurate date {s corpletely lacking for the
majority ot reactions which are likely to occur, and resort must

be made to order-of-magnitude guesses and extrapolations over
large temperature ranges"”,

Actual testing of space application engines shows, however, that the
typically large area ratios and low chamter pressures of these engines results
{n performance much closer to theoretical frozen than theoretical equilibrium®,
Internal NASA documents’ support this view, It was, therefore, declided to

conduct frozen analyses as being most representative of actual current con-
ditions.

The requisite thermochemical calculations were then obtained emploving
existing computer programs. Species and temperature calculations for LO,/LH,
as detailed in Table 1 (following) were :aken from the reference cited there-
on (NASA Memo $-21-59E), These calculations were conducted on an IBM 7090
computer, and the program employed for these thermochemical calculations {s
described in Fuff, Gordon & Morrell NACA Report 1037 (1951). The LO,/RP-1
data (Table 2) wvas calculated for Astrosvstems in October 1961 under company
sponsorship by the IBM Service Bureau using an IBM 7090. The program employed
i{s described in G. S. Bahn, "Kinetics Equilibrium and Performance of High

Temperature Systems”, 2nd Conf., 1962, Gordon & Breach Pub., 1963, pp. 2£1-
270,

The thermochemical calculations for NO,/UDMH applicable to this program
wvere not available i{n the literature and were, therefore, calculated during
the course of the work rejorted herein. These calculations were conducted
at Thiokol Chemical Corporation using a CDC Bendix G-20 computer. No report
reference exists for this particular program but the approach and equations
solved are cssentially the same as referenced sbove (Huff et al). The onlv
input data required for a calculation were the assigned chamber and exhaust
pressures, the elemental composition of each propellant i{ngredfent, {ts heat
of formation and mass used; a selecticn of either frozen or equilibrium
expa.sion; and rcugh guesses for the chamber and exhaust temperatures. A
sample calculation as printed by this computer i{s shown {n Aonendix A. It {s
possible to {teratively converge toward a desired nozzle expansion area ratio
with this program, but this procedure is laborious. It is usually msore

|
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worthvhile to obtain answers at three to five arsigned exhaust pressures for
2 given chamber condition snd present the results {n graphical forw.

C. THERMODYNAMIC PROPERTIES

Tabie 1 presents the results of thermodynamic calculations for the
LO2/LH; system as conducted by the NASA Lewis Research Center at 60 psia
chamber pressure and frozen flow conditions using the program described in
the preceding section. Similar d-"a {s presented for L(./RP-1 and N;0,/UDMH
in Tables 2 and 3} as computed by this corporstion in the manner previocusly
explained. TFigures 1-) descridbe the variation in concentration of combustion
species as a function of mixture ratio for the three propellant combinations.
These plots are based upon the data presented in Tables 1-3.

It can be noted {n Pigure 1 that for LO,/LH; both OH and O, {ncrease
significantly i{n the normal operating range of 4 to 6:1 while Hy0 shows a 25%
{ncrease {n concentration, Since temperature {s also rising sharplv {n this
region, it can be exrected that emission intensity at the shorter wavelengths

wvill show a significant increase with increasing mixture ratio (several orders
of magnitude).

The major constituents of LO,/RP-1 are plotted vs O/F {n Pigure 2, Of
these species 0, and OH again show corsiderable increase as a function of
mixture ratio indicating that sharp emission changes can be expected {n the
UY region. Th~ H,0 content shows 2 slovly rising concentration and CO a
slowly declining concentration, Also of interest i{s the CO, content which

ircreases about 507 with iacressing mixture ratio anld CHO which decays with
nixture ratio.

The N,0,/UDMH system displays the same major constituent variations as
LO,/LH; and LO,/RP-1but with some additions (see Figure 1), Beth Oil and O,
show very marked increases with mixture ratic (in the O, case over four orders
of magnitude); in addition NO, & good UV emitter, is also present in varyine
quantitv, In this case CO; increases over an order of magnitude with {n-
creasing mixt.re ratfo, but H40 peake at 3 max{mum temperature,

In nrder .0 provide nertinent information for the analvsis of nlume
fntensitv and simulated altitude test condition., {t was necessarv to know
the rocket engine exit temerature as a function of norzle expaneion ratio.
Figures 4-6 were, therefcre, prevared based unon the nreviouslv conducted
thermodvnamic arilvses to provide that informs-{on for each nropellant
combination as & functior of various mixture ratins. This analvsis {s,
again, based on frogzen flow coreiderations.

D. EMISSION WAVELENGTHS

Table & summarizes the emission characteristics of all species of
interest from each of the three propellant combinations consi{dered, I=
should be noted, however, that complete snectroscopic dats for wolecular
fragments which often exist {n rocket exhaust gases are far from cownlete,.
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TABLE 4

EMISSION KNOWN TO ARISE FROM COMBUSTION

CHZ0
CoH,0

REFERENCES:

( PERSISTENT BAND HEADS ONLY)

Wavelcggth

6191.2, 6122.1, 6059.7, 6oou.§, 5958.7, 5635.5,
5165.2, 4737.1, 4382.5, 2325

4890, 4312.5, 3889.0, 3156.6, 3144 R

7.6, 3.4, 3.3 p

16.3, 13.8, 5.0, 3.0 u

12.1, 10.6, 7.4, 6.9, 6.1, 3.3 u
4092.0-2585.5, 3802.7-2704.5 R

5107-3410 A; 8.5, 7.8, 6.6, 5.7, 3.6, 3.4
14.6, 12.4, 11,6, 8.7, 7.9, 6.9, 6.7 u
2800- < 2000 A

5430-3911 A; 15, 7.6, 7.2, 4.3 4

16.1, 11.8, 6.4, 4.5 4

(many line continuum)

9669, 8916, 8097, T164.5, 6922, 6516.8,
6490. 4, 6468, 61Ff5.7 A; 15.0, 6.26, 3.17,
2.74, 2.66, 1.88, 1.38, 1.14

11.5, 7.3, 3.5, 2.93, 0.97 u

> 10,000-5000 A

3609.6, 3360, 3240.1, 3035.2 A

5270-2018, 3458-1956 R

4606.2, 4216.0, 3883.4

4400~ < 2200 A

1%.1, 9.6, 5.75 u

3063.6, 2811.3 R; 3.1-2.7 u

Rosen, B. "Donnees Spectroscopiques Concernant
les Molecules Diatomiques™; Paris 1951.

Pearse, R.W.B. and Gaydon, A.G. "The Identifi-
cation of Molecular Spectra”; London 1950.
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The emission wavelengths shown are those which can be expected to occur during
a combustion process. Table 5 summarizes the adsorption spectra that might
be obtained from combustion flames of the tyne studied herein.

In reviewing the exhaust gas constituents for each propellant combina-
tion as a function of the emission spectra which can be expected, the follow
ing observations can be made for LO,/LH;., The only exhaust gas constituents
of spectroscopic interest are H,0, OH and 0;,. Both ionized H and O present
a true continuum while Hy displays the characteristic ''many-1li{ne” continuum.
It can be noted from the compilation presented in Table 4 that OH and O, both
emit in the UV region while H,0 presents consicerable orange emission as well
as the known, strong IR emission. Table 5 presents known UV and visible
absorption regions for species of interest in this program. Although self-
absorption may not be a problem in & rocket plume under space conditions,
known absorption regions are probably best avoided at this time. Hence, {t
would appear that the bands of most interest in LO,/LE, studies are the OH
3064 and 2811A regions, the O, 4400-2200R regior. and the H;0 6166) region.

It will be necessarv to confirm this through experimental spectroscopic
scans, however, over the full range of interest for this propellant svstem
0.22-6.3u.

In the case of LO,/RP-1 it is interesting to note that the large number
of minor constituents, or exhaust gas moleculsr fragments, which arise during
this combustion process add an unknown factor to the analysis of this propel-
lant combinatior.. Past spectral analyses of 0, 'RP-1 conducted at Tullahoma
under moderate test altitude conditions show strong emission attributed to
Cz in the exhaust®. Most of this radiation occurs i{n the visible, providing
the characteristic yellow-orange color of the RP fiame. Other radicals
vhich can be expected to emit stronglv because of their excited nature are
CH and CHO. Both are strong UV emitters and, i{f not overly sensitive to
mixture ratio change, may prove to be good performance indicators.

For N,0,/UDMH the rise and decline characteristics of H,0 make its use
less likely for O/F monitoring because of the difficulty in determining
vhich side of peak {s indicated by the signal. CO, however, may be a good
fndicator {n the UV, Of the minor constituents it can be exmected that CH,
CHO, NH and CN will emit strongly. C, emission is not =nticipated in this
system since the UDMH molecule contains C-N, N-H and C-H bonds. but no C-C
bonds. The most promising emitters for performance determination in N,0.,/UDMH
can, therefore, be expected to be OH, 0,, CH, CN, NO and NK, all good UV
emitters.,

17
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TABLE 5

ABSORPTION SPECTRA OF COMBUSTION SPECIES
( PRIMARILY PERSISTENT BAND HEADS)

Specie

CoH,
CH 0
C.H,0
Cq02
R0

REFERENCES:

Wavolcnggh

7901-7874, 2377-2245.8 A
3456-2667 A
3399.3-3172.2 &
3350-2946 A

9420, 9060, 8227, 7227, 6994, 6524, 6324,
5952, 5924, 5722, 1780-1610, 1%00-1300 &

3700-2150 A

2415-1910 &

7593.7, 6867.2, 6276.6, 2221-1768 &
6020, 5730, 3432-3090 &

Rosen, B., "Donnees Spectroscopiques Concernant
les Molecules Diatomiques”, Paris 1051.

Pearse, R.W.B. and Gaydon, A.G., "The Identi-
fication of Molecular Spectra®”, London 1950.
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SECTION 3

SIGNAL ANALYSIS

This section describes the methods used and results odtained in deter-
mining the emigsion i{ntensities anticipated at the wavelengths of principal
interest and the calculated instrumentation response to those intensities
(signals).

A. EMISSION INTENSITIES

Emission intensities in the UV, visible and IR were calculated on a
digital computer employing a program prepared during this project., In
order to describe the manner in which these calculations were made, a review
of applicable physical principles is presented followed by a description of
the program and terminating with a presentation of the results obtained.

1. Definitions - Consider a cavity penetrated in all directions dy
radiation. In this cavity select an arbitrarily oriented small aree
do and erect on it at the point F a normal n. Then drav a line L at an
angle 6 to the normal, wvhich then is taken as an ax{s for an elemsnt of
solid angle du.

The cone c? i{s similer to the cone du. Its cross-sectional area at
the point P, perpendicular to L will be dc cos 6. The quantity of
enexrgy dE, passing in time dt through the area do inside the cone 41 in
the frequency interval between v and v + dv {s called the specific

intengity of radiation or just the intensity, and {s defined by the
following limtc:

I, = l= dz, in erg-cw~2-gr-!-sec~! (3.1)
dv,dt ,dw,dveo dodwdtdv cosd

8o that:

dE, = I d0 cos® dtdwdv in erg (3.2)
The intensity due to the whole spectrum is obtsined simply by:

I = /; Iydv (3.3)

and ts czlled the integrated intensity.

The total smount of radiant energv traversing the surface elemsnt do
from one 2{de to amother, expressed in terms of unit area and unit tiwe, con
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be written as:

F, - lgv f,"’ 1sind cos® dBd?d in erg-car?-gec-! (3.4)
and {s called the redistion flux.

The radiation flux going in the opposite direction is:

P - :’:"l K 1sinOcos8d8de in erg-cori-sec~! (3.9)
- v/2

The net flyx of radistion, F, across do per unit arca per unit time is:

? = ?+ - '_‘ and (3.6)
- 2' ) |

Y=l Jo Istrbcossdos erg-carZ<sec-! (3.7

or

F e/ lcosOda (1.8)

over the complete sphers,

The amount of rsadiant energy floving from one element of surface to
another element of surface will now be derived.

Let du and do' be the two elements of surfac surrounding the points
P and P', regpectively., Lat r be the distanc between P and P', Purther,
let FP' make angles 6 and 6' to the directior  of the normsls to do and
do' at P °nd P', respectively. Pinally, let I be the specific intonsity
at P {1 the direction PP', In fre~ space the energy which traverses the
element do {n time dt and which alsou traverses do' fs, according to our
defin.tion of intensity,

dE » 1 (osBdodwdt (3.9)

vhere dw is the solid eangle which the elemeat do' makes at P, This is
geen to be:

- do'cosd'

de 2 clemear of solid anile (3.10)

From the two equations (3.9 and (3.10) we have

? [ ]
dE = 1 °°'°°°""‘: dodo_ ¢ (3.11)
r

vhich {mplies that the specific intensity {s coostant along the path of
any ray in free space.

Let us nov consider the energy density. The emergy density u of the

20
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{ntegrated adistion at a given point {s the amount of radiant energy pez
unit volume which is {n course of transit, per unit time, {n the neigh-
borhood of a point under ccoasideration. The energy density f{s given dy:

u -'% ! ldw erg-ca-? Q.12
also

u, ® %’f Iydw erg-cu~3-(frequeary interval)-i (3.13)
and

ue l: uydv (3.14)
If the radiation {s {sotropic,

4 4
uyo 1,  werI (3.13)

Equation (3.11) estabdlishes the geometric relation between the de-
tector and the lighc source. Ome can take O and do as pertaining to the
source and ' and do' ss pertaining to the detectrT, The area of the
source viewved by the detector is determined by the cone defined by the
acceptance angle of the detector's sensitive area, In the case vhere a
large section of the source i{s viewed, tnen the el.ment of avea {s
integrated over that section.

2. Optical Depth of Rad{ation Source - The intensity of the radiation
observed from the surface of light source may not alwavs depend only on
the area viewed, but also on the geometrical cdepth of the emfitting
layer. This means, essentially, that the intens{ty I included {n
equztion (3.11) can be a function of s, the depth of the emitting laver
aloue the line of sight.

There are two extreme cases in categorizing light scurces; the cass
of an optically thin source and the casge of an optically thick scurce.
Optical thickness is defined as:

K,ds (3.18)
and for a homogeneous laver

oK, ¢ s {3.17}
wvhere 2 {83 the deoth of the emitting laver. In order to qualify the
sources, the parsmeter to be used will be *he ratio of the geometrical
:hickness of the emitti{ng laver to the mean free nath of the photen for
the particular frequency of {nterest,

3 . 1 -1 P
T‘-. -, = K, *s since K, = 1 N o’ L
ph o

Lk
o
e
4
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in the case of 2 homoganeous emitting layer where -3—'<< 1, that 1s

in the optically thin case, the intensicy I {3 lpn
given by:
Inm * ApBneNnS erg~cm-2-~gec~lesr~! (3.19)

vhere Apg is the Einstein transition probability in sec-legr=!, and Ipy
indicates the radiated specific intenaity for a transition m*e, n being
the upper state of the atom or molecule, Ejm i{s the energy di{fference
between the ltates. Np is the number density of particles in the upper
state in cm=3 and & i3 the depth of the emitting layer in cm. In the
optically thin source, therefore, the radiation emitted is isotropic
and depends on the source geometrical thickness.

For ar intermediate situation where T£;‘< 1, equation (3.19) be:omes:
v

Iom ® Annfamn © 8 (e=Tv) erg-car2-gec-! (3.20)

The factor (e~'V) allows for the fact that there ~v'g*¢ appreciable
ahsorption of radiation along the line of sight. The radiastfon detected
in this case depends on both s anu e Ky .« g,

When the optical depth of the source {a T—_'~ 1 or larger, than the
source radiation may be described in ph
terms of a blackdbody for the frequency interval where the optical depth
i{s large, and at the temperature of the source, Under such circumstances
the radiation intensity becomes I, = By, (T), wherc By(T) is the Planck
radiaticn law and therefore independent of the geometrical depth of the
light source along the path of observation. The intensitv B,(T) depends
on the sucrface area of the source viewed by the detector,

3. Computer Program - The radiation equations programmed on the digital
computer were derived assumirg ar uptically thin humogeneous source.

The radiatior. intensicv for this homogeneous source is proportional to

the th.ckness of the radiating laver ar indicated in the previous section,
For a homogeneous source where absorption becomes important, the

radiation {ntensity 1s dependent upon the absorption factor e~' where t

{s the optical rhirkness of tlhe r-diating layer and has a role analogous
to that which the Knudsen number plays in rarefied pas dynamics. For a
thick radiator approaching blackbody emissior, the radiation is {adepend~
ent of the thickness,

In this calculation the collision rates among the plume constituents
were assumed to be high enough so that local therawodynamic equilibrium
existed, The Maxwcllian velocity distribution, the Boltzman distributfon
of excited states &and the Saha equation were assumed to applv.

The intensity of vibrational bands which are associated with elect-

ronic trans{tions and which appear &s radiaticn in the visible and ultra-
violet were calculated for optically thin sources as follows:

e e e o A =
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16w Pyt y"
IV'V"(.) = '51;3 V“vivn‘ vs: NV’ L (3.21)

The intensity of pure molecular vibrational bands which radiate ia the
infrared were calculated for thin sources as follows:

16 3 (]
IV'V"(.) - "3_:'3' (["}v v )? Nv *

Both equations are for a homogeneous emitting laver.

s (3,22)

In the above equations Py'y" i{s the "band strength”, {n erg-emd,
fm 18 the statistical weight of the uvner state, s i{s the denth of the
emitting layer along the line of sieht in cm, and Ny s the vonrulatien
of the uprer vibrational state in cm3 which 1s calculated bdy:

N, =N (Bm) o X@/kT, e -Xy'/kT, (3.23)
v 7 ﬂv'

Where N {s the total number densitv for the apecies under consideration,
Z the electronic partitiorn function, Ny' the vibrational nartition
function, Xy the energv of the m state measured from ground state, X¢'
the energv of the v' vibrational state measured from the veo state,

and:

"Xv' /kT -Xv' 2/kT

0 =1+e ! + e . S (3.24)

Where k {s the Beltzman constant and T the temperature in °X.
. "
{[H]v v }2 in equation (3.22) 1s the nure vibrationsl band strength
and can te calculated as follows:

2'2VV'V"
3ch

s v VY

vadv = { {41} } Nvu (3.25)
Where K, is the absorption coefficient in cm'1$ defined for S.T.P.
conditions, h {s Pianck's constant (6.6 x 10~2/ erg-sec) and ¢ i the

soeed of 1ight.

Eauation (3.21) war rewritten in the following form before beins
programmed:

Tagn(s) = S.33(w/c)3(Ev,v"/h)“Pv.v"Nv.s/zm (3.26)

With the existing G~20 nropellant nerformance analvaie nrogram
no nrovision exists for nrinting our vslues for the throat pressure
and temperature. Hence, for expediency, data way calculated st V./Py =
2.0 which approximates the sonic throat condition to within one nercent
(Ae/A¢ = 1.01), Because of the uncertaintv i{n exnerimental combustion
temperature which is alwavs lower than theoreticel (due to heat transfer
and incomnlete combustion) this degree of annroximation was deemed
acceptable, Coples of the UV and "R radiance nrograms {written in GATE
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transla‘or languags) are shown in Appendix 3. The input data required
include the mech come temperature (taken as Ty, calculated previously),
the pressure, specics mole fraction (assuming frozen compositisn)
molecular constaats and :ransition probabilities,

&, Tsbulation of Coustants - Before initiating the computer cnalvsis
it was first necessary to tabulate the radiation constants fer the

species of interesc, An extensiwve survey was conducted (see General
Referancas list) to obtain the requisite ccnstants, but the eomputer
anzlysis was limited by the unavailability of constants for some of the
wove "exotic” species which generallv occur only under the conditions
of high temparature and pressure that exist in a rocket cowbustion
¢hamber, PYollowing are the main bYands from which intensities vere
computed for seclected frzguercles:

(I) Cz .

23125A (Mulliken's System) Probably dI + a‘%L (0Q,0)
Also intenss bands in the Swari System Adw » X3

Swen Svsgeme

B,H, Relgtive Inteasitv Vibrationyl Transition

5635.5 8 {0,1)

5585.5 3 1,2)

5540, 7 6 (2,3)

5185.2 10 (0,0)

5129.3 6 Q1,1

4737.1 9 (1,0)

4715,2 & (2,1)

4697.6 7 (3,7)

4684.8 ) (4,3)
(b) H

430CA System

4312.% 10 (0,0) A%+ x2¢

giggé dystem

3889.0 4 (C,0) B2L + X2y
(¢) CHO

System A

3588.64 8

3502.7 8

3377.4 1 8¢ 1,9)

3299.2 10 (0,8)

301a.8 8

2948,2 7

28%8.0 A
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B.H. Relative Intensity Vibrational Trau.;;ign
System B
3359.04 5 (1,9)

(d) co,

1.R. Bands at 2.7y, 4.3y, 154

(e) CO

Fourth Positive System Alw + Xig

2286.1 7 (6,1%)
2311.,5 8 (7,16)
2337.9 7 (8,17)
2381.6 3 (6,16)
2407.6 7 (7,17)
2433,9 9 (8,18)
2463 ,2 10 (9,19)
2509.9 8 (7,18)
2567.8 5 (9,20)
2492,9 8 (10,20)
(f) Hy0
I.R. Bands 1.38u4, 1.88u, 2.66u, 2.74u, 3,174, 6.26)
(g) NH
AS, > xat
33604 (0,0)
3370 (1,1)
(h) NO
B System
52,, -+ xz,
2198, 8% (1,0)
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Y 3ystenm

Azi »> Xzi

2262. 84 0,05

(1) CN

B2L + X2L Violet System

3883.4 10 (0,0)
3871.4 9 (1,1)
3861.9 8 (2,2)
3854,7 ] (3,3)
(J) OoH

A2 + X29%

3063.6 10 (0,0)
2811.3 6 (1,0)

S. Results Obtained - The types of radiation expected to be emitted
by a rocket plume are molecular: electronic-vibrational and pure
vibrational-rotational bands in the ultraviolet-visible and infrared;
and blackbody radiation, Some of the exhaust product specie concen-
trations were not calculated by the computer as their moler fractions
were below the limit of the machine's capabtlity (<10-6), These had
to be hand calculated assuming chemical equilibrium exists in the
rocket combustion chamber and subsequently the gas fiow through the
rocket nozzle is frozen, thus maintaining constant composition,.
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Table 6 gives the results of intensity calculations for the srimsry
vibrational bands associated with electronic transitions in the UV-viei-
ble, Calculations were made for LO,/RP-1 (Table 6, Part A) and N 0,/UDMM
(Part B) propellants. It i{s of interest to note that the null radiant
intensity calculation result for the 3064A OH band at the Mach cone {is
due to high self absorption., It is possible to observe this band at the
Mach come but only blackbody type radiation. A spectral (3064%) black-
body intensity calculation for the temperature indicated, vielded a
value of 5.16 x 10~6 watts/cm?/ster. Chemiluminescence and non-equili-
brium effects will affect the radiation intensities computed. Also, in-
homogeneous burning will result in pockets of combustion species and,
in turn, will change their number densitv. This will also noticeably
affect the radiation intensity.

Tahle 7 presents a detailed listing of the UV-vigible radiation
which can be expected from the secondarvy transitions of the prime
radiating species in the LO,/RP-1 exhaust flame. This data indicates
that several CH, OH and CO lines will be detectable and many C,; lines
vill also be detectable.

Employing the computer program previously described, calculations
were carried out to determine the primary radiation intensitv of the
plume at the Mach cone in the IR portion of the optical spectrum. It
was assumed that the plume thickness was 2 cm, and that the band width
ov was 0.2 cm~!. These results are presented in Table 8, The
vibrational-rotational bands calculated are, for the most part, readily
detectabdble.

Blackbody radiation intensities can be calculated by the following
exprsssion:

1
I, = B, - Ky grad B, (3.27)

where I, = radiation per unit area per steradian for the surface in
question,
B, = radiation from a blackbody surface at temperature T for a
particular wavelength,
K,'= absorption coefficient in !,

The blackbody intensity per steradian can be calculated from the
Planck distribution:

B, = c133/(ecz“’T-x) (3.28)

vhere C; = 1.1909 x 102 vatts/cm?/ster
C, = 1.4388 cm-°K
v = wave number = 1/A = /¢

The gradient of B, along s (3B,/3s) can be calculated provided the
quantity 3T/3s {s known, since:

3B,/3s = (3By/3T) (3T/3s) (3.29)
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TABLE 7

UV-VISIBLE SECONDARY RADIATION INTENSITY AT THE MACH CONE

Propellants: 1L0,/RP-.
o/r éRatio: 3.4:1
Chamber Pressure: 100 psia
Exhaust Av v Vibrational Iy X-
Product A Transition watts/cm*/ster
C, 5160. 4 (0,0) 5.864 x lo-11
5123.9 (1,1) 2.996 x lo-1?
5090. 4 (2,2) 1.368 x lo-1!
4731.8 (1,0) 2.675 x lo0-1?
4708.3 (2,1) 4.123 x lo-1?
4687.2 (3,2) 4.046 x lo~1?
L668. 4 (4,3) 5.102 x lo-1!
4375.2 (2,0) 4.320 x lo-1%®
4361.4 (3,1) 9.355 x lo~12
4349.5 (4,2) 1.550 x lo~1}
CH 3889.0 (0,0! 1.44 x lo0-1°
3886.6 (0,0) -0-
3143.2 (0,0) -0-
OH 2806.8 (1,0) 1.432 x 10-2
2602. 2 (2,0) 1,181 x lo0-2
o) 2463.2 (9,19) 1.117 x 10-°
2483.6 (10, 20) 3.225 x l0-°®
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and 3B/3T can be calculated from the expression given for B, in equation
(3.28), The result for the calculation 3B,/3T is:

@B,/3T) = (CaByD)/ (€, v212) & C2V/T (3.30)

Thus, the radiation intensitv will be given by:

Cv/T

I, = By[1-CaB,e ) /Ky Cy v2T2) %g— (3.31)

where 3T/3s is determined from available results for the required plume
temperature distribution.

B.  INSTRUMENTATION SENSITIVITY

Optical i{nstrumentat{on was reviewed for sensitivity in two general
ranges: the near UV-visible-near IR from 2000 to 10,000A and the infrared
from 1u (10,0600A) to 8u.

1. Near UV-Vis{ble-Near IR - In the near UV (above 2000%), in the
visible and up to about 1 micron, phototubes offer the most sensitive
means of dete.ting radiation. The sensitivity of the phototube devices
will be expressed here .n terms of current per unit {ncident radiant
energv in units of amperes/ att,

There are several combinations of UV sensitive nhotocathodes and
UV transmitting windows that cover the rai.ge between ZOOOX and 40004,
The 1P28 has an S-S5 response which peaks at 3400A with a sensftivity of
0.05 amp/watt, a current ampli{fication of 1,25 x 106 and a Corning 9741
UV transmitting window that cuts off around 22008. The maximm equiva-
lent anoue dark current is about 2 x 10~'? watts with a supnlv voltage
adjusted to give a radiant sensit{vitv of 0,04 amp/watt. The nhotc-
cathode {s Cs-Sb. The 7200 tvne photomultinlier 1s almost {dentical to
the 1P28, except for the fact that it has a fused si{lica vindow giving
{t an S-19 response, with a cut cff around 1700&.

T™wo E.M.1. photomultipliers seem to have outstanding characteristics
for the near UV region, the 62558 and the €254B, W{th a nhotocathode
sensitivity of about 0.06 amp/watt these photormuitipliers have a pain
of about 26 x 108, The €2553 has an enuivalent anode dark current of
2.5 x 101" watts at an overall voltage of 14970 volts, and the 62568
has an equivalent anode dark current of aher= 1,5 x 10=*> yatts at an
overall voltage of 160" volts. These twe tudbes have fused silica windows
and a spectral response of S~13 which neaks at 6&OOA and covers the
range from 5n00k to l?OQR. T™he rhotocathode coemosition for the S-13
response {8 S5>-Cs-0,

E.M.R., ASCOP produces photorultipliers similar to the ones manu-
factured bv E.M.1, of Britain. Their ,413-03 S5-Cs photocathode, 9741
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glasg vindov P.M. has a range between 22004 and 65001 with a pesk of
4500k. The maximum gain of the P.M. s about 10%, with an eouivalent
anode dark current input of 1.2 x iU~} watts. A similsr P.M. is the
5417=05 which has a sepphire windov extending the spectral range down

to 1450, The maximum gain for this tube {s 1 x 108, with an equivalent
anode dark current input of 10~!3 vatts.

Pliotocathodes fur visible light detection usually fall {n the
categories of spectral response S-11, S-17 and S-20, The quantum
efficiency for S-11 i{s about 10 percent, and {ta composition is SH=Cs-0
with a photocathode sensitivity of about 0.05 amp/watt. The S-17 and
$-20 cathodes have a quantum efficiencv of about 15 percent, ard their
composition {s for S-17: Cs-Sh, and for S-20:  Sb-K-Na-Cs. Th.
spectral ranges for S-11 and S~17 are from 3200A to 600NA with a pesl
at 4400k, and for S-20 from 3200% to 7000} with a peak at about 4000%,

A particularly suitable photomultiplier for the visible (s the
E.M.I. 9558B, S-20. It has a quantum efficiencv of 20 percent, with a
photocathode sensitivity of about 0.1 amp/watt., The maximum gain {is

3.5 x 10%, and at a gain of 1.4 x 10® the eauivalent anode dark current
inpur is adbout 1035 wates.

Photomultipliers with sensftivity {n the {nfrared un to lu have an
S-1 resnonse, with the ohotocathode composed of Ag~O-Cs. The S-1 curve
peaks at 8500A with a quantum efficiency of 0.5 percent and a sensitiv-
ity of 0.003 amperes/watt. It covers a range between 60008 and I0.000X.
A particularly suitable nhotomultip'ler for the near infrared {s the
I,T.T. buile FWI1B, It has a cathode radiant sensitivity of 00,0022

amp/watt, a gain of 107 and a1 equivalent anode dark current inout of
abour 1071C waiis,

The signal produced br a photomultiplier has alreadv been consider-
ably amplified by the electron secondarv emission process taking place
between the cathode and anode electrodes. The output signal can be
measured by using a load resistor at the anode and measuring the voltage
drop across {t, or by using 8 cathode follower for {mpedance matchinyg
at the output ard measuring the cathcde follower output. The basic
limitation in measuring low radiant fluxes is the noise level of the
tube. To aculeve low noise, lowv pain is required (low overall voltage)
eand therefrre, the lowering of the anode sensitivitv., A compromise
usually has to be worked ocut bdetween signal strength (vhich depends on
gain) and a tolerable rolse level,

2. Infrared from !-8) - B8efore discussing infrared detectors for ths
1-8% ranr . {t {s necess ~v to define the svstem under vhich these de~
tectorr ares to be comparea. The magnitude of the resncnpe related to
the quantity of {acident radiation 1s called the responaivity »nd {3
given bdy:

R(A,€,8,) dh = S(h,f,Ag) Ga/W(4) (3.32)

32




APFDL-TR-64-16)

vhere W(A) = incident radiation in joules, watts, photons
or photons/sec
S = detector output (response)

The detectivity is defined as the signal-to-roise ratio per uait
quantity of incident radiation, given by:

S(A,f,A4)dA
W(AN(E,of,A4)
vhere D {s in units of (joules)=!, or (vatts)-! or (# of photons)=! or

(# of photons/sec)-!. The reciprocal of the detectivity 1s the nolse-
equival ent power.

Pa(r,£,af,A4) = 1/D (3.34)

D(A,£,0f,Aq) dA = R(A.£,AQ) AA/N(E,Af,Ag) =

(3.33)

The detectivity of a detector reduced to a sensitive area of 1 cm?
and measured wvith a bandwidth of 1 cps is called the specific detectivity
and is useful for intercomparison among various detectors. The specific
detectivity is given by:

D* = D Adl/z(Af)”"’cn-cpa”z-(wntt)'x (3.35)
ard {s denoted in the general case by D*(A, £f,T4).

It {8 useful co establish the limitations to the detection of small
signals set by ultimate physical conditions external to the detector
i{tself. The condition of oneration of a detector under background
photon noise limitations has been termed the BLIP (for hackground-limiced
infrared nhotoconductor) condition,

(Ac,0) = D* (Ac,27) esc (0/22 (3.36)

D
BLIP BLIP

where A. {s the long wavelength cutoff. A specific BLIP detectivitv is
defined with reference to a detector exposed to 2v steradians sclid
angle of background radiation., It is given in term= of N by:

DE# o nAd"z (a£)1/2 g1n (0/2) 3.37)

Present day {nfrared detectors in the operational stage include a
variety of photosensitive elements: PbS, PtSe, PbTe, InSb, fe:Au,
Ce:(Au,Sb),Ce:Cu,Ce:2n,InAs, themistor bolometers, golav cells, thermo-
couples, and carbor bolometers.

The principles of operation of the photosensitive detectors em~
ploying sich elements as listed above are: thermal detectors and
photon detectors. The nhoton detectors can operate as photoconductonrs,
nhotovoltaic detectors, and photoelectromagnetic drrectors.

Por the range of interest here, 1-8u, the Au doped germanium

detectors appear to provide the basi spectific detectivity coupled to a
time response of less than a microse-ond. Th: cool.ng required is at
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a temperature of 77°K, the beiling temperature of liquid nitrogen. The
usual sngle of the fleld of view is sbort 60°,
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FIGURES 7 and 8. VIEWS OF DYNAMIC VACUUM FACILITY NO.
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SECTION &

ROCKET ENGINE ANALYSIS

This secticn presents an analysis of the factors influencing a rocket
engine dezign capable of providing the necessary radiation signal strengzh
and compatible with the volumetric capacity of the vacuum facility to be used
for testing. In a program designed to study the characteristics of a rocket
plume under simulated spsce conditionsz a certain interdependency exists among
the capabilities of the rocket engine, the test facility and the optical
monitoring instrumentation., Ideally, one would design a rocket engine for a
very lov flow rate requiring a minimum vacuum facility investment, since the
facility 1is the major cost element {n the program. But this approach would
require very sensitive radiation instrumentation, which would then become
the ultimate limiting factor in reducticn of engine flow rate, and would not
‘consider the simulat!on characteristics of the angine, lence, as a result,
the vacuum facility must be sized to the minimum engine flow which is satis-
factory from a simulation standpoint and vet provides a detectable signal.

A. FLOW RATE VERSUS ALTITUDE

The subscale engine techniques developed on previous contracts at this
corporation (see Appendix C) provide good radiation simulation (as evidenced
by comparison with Project RAMP data) with verv low flows of 0.1 gm/sec or
less. The ultimate limitation on reduction of engine flow from this viewpoint
remains to be determined, but {t {s probably governed by the ability to avoid
excessive nozzle heat transfer and to compensate for boundary laver effects.
However, in order to initiate the necessary tradeoff study among the three
prime parameters ncted above, the vacuum facility and rediation instrumenta-
tion requirements will be examined infitially on the basis of rocket engine
flow rates in the range 0.1 gm/sec. This was ihe same value used to compute
radiation intensity.

1. Facility Deccription - The vacuum system to be used for experimental
verification of the analysis conducted under this program i{s shown in
Figures 7-11, The main chamber measures six feet in diameter and twelve
feet {in length. It is provided with six viewing ports along the side
spaced at two foot intervals; three viewing ports along the top-one at
either end and one four fect from the working end; and four ports
located at %oth ends of the tank positioned at 45° angles to the hori-
zontal plane. These latter ports are one foot from the forward end and
one foot from the aft end. The ports consist of 9" flanges with "0"
ring grooves machined into them. The actual openings into the tank
through these ports are 4" in diameter. To insure that the top and

side ports are mutually perpendicular and that the ports at 45° to the
horizontal are properly located, the entire tank was nlaced in a large
surface grinder after the port flanges were welded and all of the flanges
were then ground while the tank was accuratelv rotated i{n the grinder.

The forward end bell of the tank {s detachable and swings awav from
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the main chamber on a davit vhich is permsnently attached to the tamk.
This design allows access to the entire six foot diameter of the tank
vhich facili{tates installation and operation of the cptical collecting
system. The end bell is sealed to the tank by means of an 0" ring
which is 74 inches in dismeter; swing bolts clamp the end bell to the
tank, The port located in the center of the end bell of the tank is
one foot {n diameter and has an "0" ring groove machined {nto it. This
is the port through which the rocket engine {s fired.

At the aft end of the main chamber i{s ¢ permanently attached water
cooled manifold which communicates to three 32 inch diameter diffusion
pumps, These pumps were manufactured by the Consoiidated Vacuum Corp-
oration and are their type PMC-50000. These pumps are conmected to an
0!l ejector pump by means of a manifold. The cil ejector pump was also
manufactured by the Consolidated Vacuum Corporation and is their type
KS2000. The oll ejector pump is connected to a mechanical pump which
was manufactured by Beach-Russ and is thelr type RP-Model 375. The

location of these devices is a2vident from the three views of the facility
presented.

A liquid nitrogen crycgenic baffle (or cold trap) is located within
the vacuum tank at the -ft end just upstream of the diffusion pump elbow
inlets. This baffle serves the dual purpose of trapping heavy rocket
exhaust gas particles such as CO, and H,0 and preventing oil backflow
from the diffusion pumps, The baffle is fabricated of low carbon stain-
less steel (type 316) to insure against the formation of latent leaks
which would otherwise appear after repeated thermal cvcling. The
chevron {s non~amealed sheet and the liquid nitrogen tubing which {s
fusion welded to the sheet is 3/8 inch seamless with an 0.049 inch wall.
Design provisions have been made in the baffle assembly for thermal
expansion and contraction.

Four 6 inch vacuum valves are emploved tc control vacuum in the
tank-pump system. Three of these valves are located one each at the
outlet of the three diffusion pumps, and the fourth is at the inlet to
rhe mechenical pump. By proper manipulation of these valves, the
nechanical pump and the ejector pump can be {solated from thr svstem
ard the three diffusifon pumps can each be {solated from the ejector
pump. However, the diffusion pumps cannot be isolated from each other
at the inlets. The physic el location of these valves is shown on tue
thiee views of the facility,

The vacuum instrumentation emploved in this facilitv consists of four
thermocouple vacuum gauges and two {foni{zation vacuum gasuges. The thermc-
couple gauges are located as follows:

inlet of cthe mechanical pump
inlet of the oil elector pump
aft end of the main chamber

fore end of the main chamber

The fonlzation gauges are located as follows:
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aft end of the main chamber
fore end cf the main chamber

The thermocouple gauges were manufactured by Hastinge-Raydist aad are
their type DV-3, The fonization gauges were manufactursd by Veeco and
are their type RG-75P, The thermocouple and {onization gauges are
readout on a Cook Vacuum Cauge Unit Model CD-22,

2, Total Gas Losd on Systems - The ultimate pressure which can de
attained by the vacuum facility will be a function of the effective
pumping speed of the facility and the total gas load on the system,
wvhich in turn is dependent on the type(s) of propellants selected for
test. Considering initially the total gas load on the system, the
following equation can be derived from a material balance on the system!

v -g-t’i + SP = Q conat + Q(t) (4.1)

wvhere: V; is the volume of the chamber in liters
P is the pressure in torr (or mm lig)
t is the time in seconds
S i{s the total effective pumping speed (or conductivity)
of the system in liters/sec
Q const is the gas load due to leaks and engine flow in t-L/s

Q(t) {s the time-dependent gas load due to outgassing in the
system i{n t-%/s,

The solution of the equation® can be written:

S =S
G-t G
P(e) = (p) - L6208E) V1, Degmet, Lo (4.2)
S
+ 2
[Fawy e Y17 a

The third term may be integrated by expanding 0(t) in a Taylor's series
and the aquation written iu general form as:

s

(= =1t) .
P(t) = ke 1+ LEOBIE Ly .3)

where: K = P, - (Q-Sgggi) +X

M(t) = ¥ o "
(t> n-o‘u
X = a constant
The first term of equation (4.3) will disappear in the order of 170
to 1000 seconds since S/V; will be in the range of 1 to 1/100. Experi-

ence with our present large carbon-steel tank system indicates that the
third term containing the time-dependent outgassing function will die-
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appear in the order of 5 to 10 hours (the tank has been pumped to a
steady pressure of 2 x 10°6 torr tn 5 hours). Thus, after S to 10 hours
the ultimate steady pressure in the system would be Qconst/S. The
Qconst will be composed of tank lesks (Qp) and the rocket flow (0y).

The amount of Qp can be estimate from tests to be adbout 0.07 torr-
liters/sec or approximatelvy 2 x 10~" standard cubic feet per minute at
273°K and 1 atm (SCPM).

The values of Q due to rocket flow can be calculated as follows:

o-w-ax-r-%wr-ez.:.a% (4.4)
where: is the zas load, torr-liters/sec

Q

w 13 the weight flow rate, gm/sec

T is the static gas terperature, *x

M {s the average gas molecular weight, gm/gm-mol

A convenient conversion factor is:

Qgcom = 0-174 *% (4.5)

Actual gas loads muy now be calculated for the three propellant
systems selected for analysis. However, before so doing two things must
be kept in mind., First, the static gas temperature to be used in the
calculation 1is the terperature at the diffusion pump inlet downstream
of the cryogenic baffle. This temperature can be closely estimated from
past tests conducted by this corporation in the facility previously
described under contracts listed in Appendix C hereto. The static gas
temperature is shown as a function of exhaust gas temperature in Pigure
12. Secondly, the weight flowrate is also assumed to be that which
reached the diffusion pums and must be reduced by the proportion of
exhaust constituent whicn will adhere to the baffle. Figure 1] presents
the vapor gressure curves of various substances as a function of temp-
eratureld’l} Since {t {s known that the maximum altitude for testing
need not exceed that vhich {s sufficient to provide free molecular flow
(1.e. test pressure will be 5 x 10" - 5 x 10~3), and the cryogenic
baffle when LY, cooled will be at a temperature of 80°K, it can then be
seen from Figure 13 chat H,0 and CO, will stick to the baffle and not
reach the diffusfon pumps. Past tests have shown that sticking factors
are close to one under these conditions.

Employing the data presented for 0;/H; in Section 2, a family of
curves was constructed during the course of this program as shown in
Tsble 3A and Plgure 14) which describe the full range of operating con-
ditions anticipated during rocket tests and how they affect gas load
on the vacuum systems. This unique analysis was required to determine
the capability of the vacuum system to be used for test over s range of
rocket engine operating conditions not previously investigated by this
corporation. This {nformacion is presented for O,/RP-1 and N,0,/UDMH
in Tables 9 and 10 and Figures 15 and 16,
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ROCKET ENGINE EXHAUST CAS TEMPERATURE VS
DIFPPUSION PUMP TNLETS STATIC GAS
TEMPEPATURE (AFTER COOLING)

FIGURE 12,
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Qscrm

Figure 16, N0, - UDMH Gas Load on Vacuum System as a
Punction of Expansion Patio and M{xture Ratio
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3. Effeqtive Pumping Speed of Svstem - The effective pumping spced nf
the vacuum system is detemminesd bv the sneed of the purming system and
the conductance of the lines leadine to the rurming svatem, Thus, the
speed or volumetric flow capacitv of the svatem can be calculsted as:

) o

1 1 1
- = & 4+ =
S ® Cl b Sp (4,8)
where: S {8 the effecti{ve t«peed of the gvatom
Cy is the conductance of the lines
Cy is the conductance of the crvogenic baffle
Sp is the speed of the pummps

The speed of Astrosvstems pumping equipment (e 5. a in Figure 17 for
calibrations with alr at 520°R (2R9°K). T ’'s curve in effect describes
the speed of the overaii svatem (S). it =an be see.. that the most
efficient operating point for high alt’tuce ~csting iy between 300,000
and 340,000 feet (Py = 1 x 10=3 w0t x 10="),

The pumping speed of an oil diffusior pumn can be calculated as
follows:

Sq = 2 va ma¥/l (.7

wvhere: V, = average velocitv of pumpec molecules
a = radius of the rump inlet port
1 = length of inlet port

This equation assumes correct inlet port design which is true for chise
case, The velocity of a gas molecule {n free molacular flow i{s described
by the following equation:

1.4 .« &2

Hence, the diffusior pump speed for a constant inlet Feometry and at a
specific pressure is dependent only on the factor (I) /2,
M

The above factor can Le calculated for the calibration conditions
shown in Figure 17 to be 3.2. The same factcr can be caloulsted for
each conr ‘on being analvzed for experimental studv from Tables 8-10,
By ratio o chese values to the above value a pumping capability can be
egtablished for each test condition emmloyving the calibrated flow rate
of 0.1 SCPM shown in Filgure 17, These results are presented in Tables
11-13 in comparison with actual gas load as previously determined.

The resulting values {ndicate a need to reduce flow {n most test
cases; however, in the regions of most interest (large expansion ratio
and near-optimm mixture ratio), capabilitv and calculated gpas load are
closelv matched for the assumed flow rate. It, therefore, apnears
advisable to design the teat engine for a nominal flow rate cf 0.1 gm/see

53




A1TT19Vd WAWDVA J1IWVNAQ 20UV SHILSASOYLSY 40 ALIOVAVD

) wm - 3ansvzg

L1 dNOI4

AFFDL=-TR=-64-163

139301 1N ‘apnajav

1-01 001 —ln.: z-01 ¢ =01 =01 ¢=01
At —— + =t ——— m
1
” (t1?11vaed uy s3jun g)
0000S OWd
IAD 14
| [
_ o ]
| a1)3ve °
| ajuagola) ”
I 000Z-SA ) ) !
- — e — m _— |V' - - — ——
/.
(
€l 19poR
sy yosag
|
06 091 061 0%¢ 00t ove

54




APYDL-TR-64~163

TAZLE 11

CAPABILITY OF VACUUM SVYSTYVM FOR OXYGEN-HYDROGEN GAS AS A
FUNCTION OF MIXTURE RATIC AND EXPANSION RATIO

Case Expansion Gas Capability Capability Gas lLoad
No. Ratio Factor( £;) Factor of Pumps at w=0.1 g/s
* ¢ (T/m) /2 fq/fair Q Q
A 1.0 9.2 55 o0 58 03
2.0 7.4 2.3 0.23 0.80
4.0 6.3 2.0 0.20 0.59
8.0 B4 1.7 0.17 0.44
15.0 4.9 1.6 0.16 0.35
4o.0 2.7 1.2 0.12 0.20
B 1.¢ 10.2 3.2 0.32 1.18
2.0 8.3 2.6 0.26 0.77
4,0 7.4 2.3 0.23 0.62
8.0 6.6 2.1 0.21 0.49
15.0 6.0 1.9 0.19 0.40
ko.o 4.9 1.6 0.16 0.27
. 1.0 3.5 3.0 0. 30 0.71
2.0 8.2 2.6 0.26 0.53
4.0 7.3 2.3 0.23 0.42
g.o 6.5 2.1 0.21 0.35
15.6 6.1 1.9 0.19 0.29
Lo.0 5.2 1.6 0.16 0.21
D 1.0 8.4 2.7 0.27 0. 44
2.0 7.3 2.3 0.23 0. 34
b.o 6.6 2.1 0.21 0.28
8.0 6.0 1.9 0.19 0.23
15.0 5.5 1.7 0.17 0.19
4o.0 4,8 1.5 0.15 0. 14
*Case A O/F = 1.2, M = 4,42
B8 O/F =28, M= 7.60
C O/F = 4,8, M = 11.14
D O/F = 7.9, M = 15,40
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TABLE 12

CAPABILITY OF VACUUM SYSTEM FOR OXYGEN - RP-l
GAS AS A PUNCTION OF MIXTUXE RATIQO AND EXPANSION RATIO

Case Expansion Gus Capability Capability Gaz Load
_No. Ratio Factor( fgj_ Factor of Pumps at w=0.1 g/s
* ¢ (T/M) /2 f5/fairx QscrM QgcrM
A 1.0 7.1 2.3 .23 0.65
.0 5.9 1.9 .19 0.45
4.0 5.4 1.7 .17 0.37
8.0 4,9 1.€ .16 0.32
15.0 4.6 1.5 .15 0.27
Lo.o L,2 1.3 .13 0.22
B 1.0 6.9 2.2 .22 0.52
2.0 5.9 1.9 .19 0.38
k.o 5.5 1.7 L17 0.32
8.0 5,1 1.6 .16 0.27
15.0 4.8 1.5 .15 0.24
0.0 4,2 1.3 <13 0.19
o 1.0 6.9 2.2 .22 0.48
2.0 5.9 1.9 .19 0.35
L.o 5.4 1.7 .17 0.30
8.0 5.C 1.6 .16 0.26
15.0 4.7 1.5 .15 0.22
40.0 4,2 1.3 .13 0.13
D 1.0 7.2 2.3 .23 0.51
2.0 5.9 1.9 .19 0.34
4,0 5.3 1.7 .17 0.28
8.0 5.0 1.° .16 0.25
15.0 4.6 1.5 .15 0.22
40.0 4.0 1.3 .13 0.17

*Case A C/F = 1.80, M = 19.23
B C/F = 2,35, B =215
C O/F = 2.65, M = 22,45
D O/F = 3.10, M = 23,60
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'TABLE 13

CAPABILITY OF VACUUM SYSTEM FOR N,0,-UDMH GAS
AS A FUNCTION OF MIXTURE RATIO AND EXPANSION RATIO

Case  Expansion Gas Capability Capability Gas Load
No. Ratio Factor{ Ig) Factor of Pumps at w=0.l1 g/s
* € (/1) 272 £q/ faiy QscrmM Oscrm
1.0 6.0 2.2 .27 .63
2.0 5.9 1.9 .19 .46
4.0 5.2 1.6 .16 .36
8.0 4.6 1.5 .15 .28
15.¢C 4,1 1.3 .13 .22
40.0 3.4 1.1 11 .16
B 1.0 6.8 2.2 .22 .50
2.0 5.9 1.9 .19 .38
h.o 5.3 1.7 .17 .30
g.o 4.8 1.5 .15 .25
15.0 4,3 1.4 14 .20
4o.0 3.7 1.2 .12 .15
c 1.0 6.6 2.1 .21 U7
2.0 5.9 1.9 .19 .35
4.0 5.2 1.6 .16 .28
8.0 4.7 1.5 .15 .22
15.0 4.3 1.4 14 .19
40.0 3.7 1.2 .12 .1y
D 1.0 6.4 2.0 .20 .43
2.0 5.7 1.6 .18 .33
4.0 5.1 1.6 .16 .27
8.0 4.5 1.4 .14 .21
15.0 4.1 1.3 .13 . 18
40.0 3.6 1.1 .11 .13
B 1.0 6.1 1.9 .19 .ho
2.0 5.3 1.7 .17 .23
k.o 4.8 1.5 .15 .24
8.0 4.3 1.4 14 .19
i5.0 3.9 1.2 .12 .16
4o.0 3.3 1.0 .1o 11
*Case A O/F = 1.5, M = 18.68 Case D O/F = 3.5, M = 24.98
B O/F = 2.3, M = 22.08 E O/F = 4.5, M = 26.46
C O/F = 2.75,M = 23.38

57




AFYDL-TR-64-163

and decrasse flow rots as equired to sudy the reglons of leas intarest,

It should also be noted (hat the molecular weight of the sxhaust
gases entering the diffusion puips will not be the same 28 thar leaving
the rocket engine. This affac~ adds vo the capebility of the pumping
system for &il casas of oxygen~hydrogen testing and aids the higher
mixture ratio cases for the other two propellants, It will cause s
slight decrease in capabilitv for the csarbonacecus propellants whean the
relative percentage of H,0 to CUy exceeds 2.5:1. Hence, the overall
effect supports the general plan of designing the experimental engine
for & flow rate of 0.1 gm/sec at optimm conditions and recucing flow
at points well off optimum.

B. SIGNAL=TO-NOISE RATIO

The radiant intensi{ries detailed in Section 3, Table: 6, 7 and 8 wers
based on a flow rate of 0.1 gm/sec. The forepning rocket engine analyscis
versus vacuum test capability was based on the same flow rate. Thervefore, a
signal-to-noise ratio can now be specified by employing the detector capa-
bilities detailed in Section 3, Part B.

Table 14 summarizes the radfant intensities at the primary tranaitions
of the major radiating species in the ultraviolet-visible region of the
spectrum and the dark current of the phototubes which we plan to use in these
regions. The phototubes selected were awmong those described in Sectiom 3,
and were chosen from those currently available at this corporaticn based omn
their applicability to the detection of the wsvelengths discussed previously.
Because of the apparently good margin of detectadbility (at least four orders
of magnitude), it does not appear to be necessary to select more specialized
instrumentation than the two phctotubes noted in Tahle 14, The EMI tube
appears to be more than adequate from 2800 to 5500 A and the EMR appeais to
he adequate at the shorter wavelengths down to 1450%. The sensitivity values
noted for these phctotubes in Table 14 were taken {rom calibration curves
previously conducted at this corporation, and the dark current specified s
an actual measured value,

In the {nfrared the noise-equivalent nower ratio (NEP) of nolse-to-signal
ratio, for the common lead sulphide cel! is 1.6 x 10~i1 at 2,7u and 70°F and
1 x 10-% at 4.3 microns and 70°F, This sensitivizv will suffice for the de-
tection of H,0 up to 3.0u where intensity {s at least five orders of magnitude
greater than the noise (*ee Table 8), However, for the detection ol COy up
to about 6.0u an uncooled lead selenide detector is preferred., This will
provide a signal-to-noise ratio of at least two orders of magnitude. Infrared
detectors are available at thirs corporation,

c. SPECIFICATION OF DESIGN CRITERIA
The performance characteristics of smi:ll operationel rocket engines

functioning in s true space environment cannct be duplicated even in very
large and costly space simulation chambers. Practical considerstions,
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therefore dictate that compromises Le made in order to obtain preliminary in-
formation on space phenom2na for the purpose of establishing the feasidiltty
of concepts.

1. Engins Degcription - Over a period of several years Astrosystems has
developed and refined & tachnique for the production of rocket exhaust
plumes at altitudes up to 350,000 ft. Thia technique utilizes the
vacuum svstem described in Part A of this section together with minfature
rocket motors operating efficiently with exhaust gas flows into the
vacuum systems of approximately 1,5 gms/sec to under 0.1 gms/sec.

In order to achieve a high combustion efficiency (approxi{mately 90
of theoretical C*) and a low level of heat loss from the combustion
products to the chamber wall, the rocket motor is operated at relatively
high propellant flows and the excess combustion gases, exceeding that
of the vacuum system pumping capability, are dumped overboard outside
the vacuum tank, irdence, the combustion gases vented intuv the vacuum
tank are representative of the center core ombustion region and are
relatively unaffected by the flow and thermodynamlc conditions at the
combustion cliamber walls,

Schematically the experimental system may be represented as shown
in Figure 1B, From this figure it can be seen that various parameters
can be controlled, The propellant pressurization and flow controls
together with the injector pressure drop determine the total propellant
mass flow and mixture ratio. The plume nozzle throat size and overboard
bleed orifice size determine the combustion chamber pressure and rela-
tive fraction of combustion products that exhaust to the vacuum tank,
The pumn controls, nitrogen control and plume exhaust characteristics
determine the pressure (altitude) in the vacuum tank. There are inter-
relaticns among the various avaf{lable controls, and not all of them are
necessarily used in any given experiment.

Figure 19 shows a typical micro-rocket with overboard bleed. This
motor was designed for premix injection of gasecus oxygen/RP-1 1liquid
hydrocarbon fuel, For varivus propellant combinations the aft injector
section of the motor is changed using the same bypass and nozzle section,
The nogrles are rewovable so that various sizes, shapes and materials
may bte used.

2. Exhaust Nozzle Design - In designing the model rocket nozzle, con-
sideration was given to simulation of full scale rocket engine noszle
exit conditions since they affect measurements made by the subject
technique. Since the spectroscopic technique for monitoring mixture
ratio 1w dependent upon the radiation from the nozzle exit station,
both the temperature and density at the nozzle exit station must be
simulated as close as possible. The exhaust temperature in microrocket
engines i{s somevhat lower than the corresponding nozzle exit temperatures
of full scale rockets. Thus to increase the exhaust temperatures in che
model rocket, small area ratio (c+l) nozzles have been considered for
this program, These sonic nozzles will maximize the radiation intensity
emitted from the rocket exhaust.
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To Jdemonstrate the iimulation of the other {mportant thermodynam{ -
variable {n the model rocket exhaust namelv: density, a calculation
was made comparin, the sonlc nozzle exit density with that of the
Titar Il second stage (£=49.2) which {s comparable to the anace rocket
engines (c=40N) being considered for spectroscopic monitoring.

The continuitv equation for the conservation of mass can b= written:
o = w/(Au) (4.9)

Using the subscrint M for the model rocket enpine and the subscript il
for the full sca.e engine:

oy = Gyl (Aw)y (4.10)

and
oy * wM/(Au)H

Defin{ng the ratio o, as the relative density between the model and full
scale enginesa:

L
Mo (A /A (uy/uy)
where &r, A, and u, are the corresponding relative flow rates, exit
areas and exit velocities,

o, = oﬂlo - ﬁr/Arur (4.11)

The flow rate wy through the model rocket engine at the simulated
altitude {s dictated by the vacuum tank pumping capability. Using the
appropriate values for the Titan IT second stage engine (classified)
and the model rocket sonic nmozzle engine, it was found that one obtains
equivalent exit densities (°r'1) for a sonic norzle design throat (or
ex{t) diameter of .066 Inches with a flow rate of .11 gm/sec. The
resulting mass density at the nozzle exit in both the full scale and
model rockets {s then 1.5 x 10-3 1bs/ft3. One should note that for
different model rocket nozzle throat df{ameters, p, is directly pro-
portional to the throat diameter squared, {.e., o, is proportional to
the sonic nozzle throat or exit area.

The radiation from the rocket exhaust however, is actually dependent
upon the number density N and not the mass density p. Thus the factor
Na/H has to be applied to p to obtain N. Since Avogadro's number is a
constant and M {s approximately the same for both the full scale and
model rocket engines, the total number densitv N will be equal for both
engines (N =1). The value for the total number density is 1.85 x 1022
particles/ft3,

Thus, {n conclusfon, the number densityv at the nozzle exhaust which
fs an important paramete¢r in the calculation of radiation {rtensities
(for the case of optically thin and optically thick radiation sources)
can be simulated by the use of the converging sonic nozzle for which
these calculations were made. Based upon this factor, and the fact that
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the sonic nozrle vill maxi{mize radiation intensity, it was decidsd to

use this type of nczzle for the experimental program. Typical char-
acteristics of a sonic nozzlc which have already heen run a: Astrosys:-ems
are given in Table 15.

It should also be pointed out that large boundsry layers exist near
the exit station of a conentiora. corverging-diverging microrocket
engine nozzle, This boundary laver builiup causes non~uniform (pars-
bolic) velocity and temperature discributions at the exi. plane., These
viscous effects aziso effect the rocket plume stzucture. Trus, to
eliminate the boundary layer bufldup on the {,vecrging section of the
nozzle, it is of further alvantage to utilizo converging sonic nozzles
in carrying out an experimental precrram,

3, Convergent Nozzle Dasign - The previous analysis was conducted to
demonstrate the corrz2epcndence hetwee the macroscopic distribution of
energies in the {ull scaie and model rocket engines, and the geometrical
similarity of the exhaust gas piume in the region of spectroscopic ob-
servation., Since the thermodynamic variables affecting the radiation
emitted frem the plume 8%¥e coupled with the dynamics of the flow field,
one would like to epsure that the distribution between the internal
energy and thec kineti: energy of the plumes are similar,

The initial i{ncliuacion angle (Ci) of the jet boundary of the plume
is a measure of tne ratio between these two energy modes. Thus the
following analvsis wasg conducted to Jdetermine: (1) 1f the sonic nozzle
presently being cons{dered for the program actually simulates the nlume
energv distributicn and ceomatry of space engines (e=40/1) in the
immeafate area of the nozzle exit station where radiation will be spec=~
trosconically monitored, and to detevmine: (2) the optimum sonic nozzle
convergence half angle for this curpose.

The method of analysis emploved is the method of characteristics fer
ncwreacting gases. The assumption of non-reacting gases is valid for
both the microrocket plume znd the full scale plume in the {immediate
nefghborhood of the nozzle exit station where the plumes initial in-
clination (spreading) occurs, since the fluid dvnamic flow time from

the norzle exit station to tie pulnt at which the initial snrreading
takes place {s amall,

The equation used here to demonstrate simulation of init{al Jet
boundary {nclination angle {s basic to the method of characteristics and
in pa~ticular to the Prandtl-Mever tvpe flow considered, For this
flow, 1t is required that from cne noint to another i{n the flow fileld,
the chanxe in flow defisction angle (0) must be equal to the change in
the Prindti-Mever functicn (v); thus:

40 = dv, or (4.12)
Oy =0 = vy = v,

where in gcneral:
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TABLE 15

SUMMARY OF NOZZLE AND PLUME PARAMETERS
FOR THE SONIC NOZZLE

Nozzle Exhaust Area Ratio ¢ 1
Nozzle Type Converging Sonic
Exit Diameter 0.063/0.067
Exit Angle (Degrees) -70
Throat Diameter (in) .063/.067
Chamber Pressure (psia) k2
Characteristic Velocity ( ft/sec) 4920
Flow Rate W, (gm/sec) .110
Vacuum Tank Pressure (microns) .5/.7
Overall Pressure Ratio

(Chamber Pressure/Vacuu.. Tank Pressure) 5.8 x 10%/3.7 x 10°
Overall Turring Angle (degrees) 145
Exit Mach Number 1
Internal Turning Angle (degrees) (o]
External Turning Angle (degrees) 145
Initial Inclination of Jet Boundary (degrees) 75
Radius of Initial Portion of Jet Boundary (in) 1.48
Burning Time (Duration-sec,) 930/975
C* /C* theor (%) 90.3/92.6
0/F (L,0,-Aerozine) 2.25/2.24
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1/2 - 1/2
ve @b Veanmt (GDO2D] - eanl 21172 (5.13)

This equation can be derived from the ejuation for the chaage of epeed
across & weak oblique shock (which in the limit is a Mach linz):

& m2o1)1/2 o g (4.14)

by definition:
us= aM (‘Q;S)

(u i{s the local velucity snd a {s the local sound speed), where M is
given by the {zentropic relationship:

T a s v~=1
—£.—£—;-1+-—M2 (4,16)
T a 2

Differeriiating, one fiuads that:

gy dM _da dM =1 2y
s "Mty v (4.17)

and therefore,

- =1, M
d = (1+L2w S (4.18)

Integrating this expression gives:

coy = (L P et S o) 1 - e | G
97 = 6y = [ (ean=d \ [P (8 Dy, = tan™l M2l | (4019)

The right-hand side of the above equation is defined as the Prandtl-
Meyer function v,

Thus,
92 - 01 - V2 - \)l (‘020)
where

. Y+l 1/2
\Y (Y-l)

- 172 1/2
tan=! [CED(M-1)] - can! (42-1) (“.21)

as given previously.

For the problem conasidered here, the points of interest in the flow

field are the nozzle ex{t station (e¢) across which the flov prepertics
are assumed to be uniform, and the jet boundary (b, of the rocket ex~
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haust plume where it {s justifiably assumed that the plume static
pressure i{s equal to the local ambient atmospheric pressure. Yor poiats
between the exit station and the jet boundary, the above procedure {s

not applicable aince this included flow field f{s not a simple wave flow
field but {s instead a repion of wave interaction (non-simple wave flow).
Unfortunately, therefore, the above procedure cannot be applied to cale
culate the entire plume flow field. To acccuplish this, a digical
computer program is required which can calculate the plume aerothermo-
dynamics from the input conditions at the nozzle exit station.

In applying equation (4.20) to the problem at hand, namely deter-
mining the sonic nozzle convergence half angle Op required for simulation
of the initial plume inclination angle Oy of a full scale rocket engine,
the following equation can be written for the full scale rocket enginet

Oe - Ob = Ve = Vb (‘ 022)
or Og =0y + vg = VbH
(For a bell shaped nozzle Bq = 0).

For sonic nozzle model rocket engine case, v, {8 zero since Mo = 1, and
hence:

Ge - Gb - Vb (‘023)

The following considerations have to be made in determining the
infetial plume inclination angle O from the values of ve, Vb and Oy.
Since O, 18 known for a given €ull scale rocket nozzle peometry {t is
only necessary to determine ve and vh for the full scale rocket plume,
Since v = £ (M,y) it is only necessary to know the nozzle exit Mach
number M,, the ratio of specific heats ve, and the nlume boundary Mach
number My. The quantities Mg and ve are usually known for a given full
scale rocket nozzle and the nlume boundary Mach number can be determined
from the {sentropic flow ralationship:

1/2( pp v-1/v 1/2
My = 2| -T_l’ :

P (4.28)

where P, Is the total pressure in the {sentropic flow field and {s thus
constant throughout the plume flow field, and P {s the static pressure
at the nlume boundary,

Assuming an {sentropic nozzle flow, the total pressure in the flow
field is the combustion chamber pressure P, (i.e., Pp = P.). The
static pressure at the jet boundary is simply the local ambient atwos-
pheric pressure (P=) by virtue of the matching of the boundary condition
that must be imposed at the plume boundary. This is necessarily true
when a supersonic (or sonic) nozzle exhausts into a low pressure region
as the exhaust Jet expands until the pressure along the jet boundary
adjusts to the ambient pressure, With these equations and the corres~
ponding assumptions indicated, the following calculations were carried
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eut, using the procedure indicated.

Comparisons of plume initial inclination angle were made between a
kigh srea ratio nogzle such as that employed on the sscond stage of the
Titan 11 missfle und the sonic nozzle model rocket engines run at Astro-
systems. Using the equations given previously the initial plume incline
ation angle for the full scale rocket Oy can be calculated using
equation (4,20). Since the Titan II second stage employs a bell nozzle,
the exit sngle Oey = 0. Tris for the full scale rocket (H)

S . = (vp=-ve)H (4.25)

wvhere vby 1s calculated from thic value of the pressure ratio parameter
P»/Pc 2nd v, and vey is calculated from the value of ey and v.

The results are pleotted in Pigure 2C from which it can be acen that
tiie relationship between 98y, and altitude is an zppreximately linesr
one over the range of the plot,

The sonic convergence half angle Ogy required to simulate or produes
this plume {nclination sangle 9 at the nozzie exit station is calculated
using equation {4.23) as follows. Since Me" . 1, Vay * 0, and thus:

eeH - ebn = VbM (4.26)

where 0O L ig the initial plume inclinations angle to be reproduced
&8 shown in Figure 20, The value of is calculated in the same way
as vy, ;namely, from the value of the pressure ratio parameter Pw/P. and
v. It should be noted that the rocket chamber pressure of the full
scale engine (¢ = 49.2) is approximately twentv times larger than the
chambar pr:ssure in the model rocket ennine.

The 7egults of the calculation for the variation of sonic nogsle
convergence half angle with altitude are shown in Figure 2!. From this
figure it can be seen that the sonic nozzle convergence half angle
must he approximately -75° to simulate the initial plume inclination
angle over the range of altitude between 150,000 and 350,000 feet (and
probably higher). Thus one nozzle can be used to simulate the plume
jet boundary in the vicinity of the nozzle exit station where spectro-
scoplc measurements are observed. This simulation implies that the
distribution of thermal and kinetic energy at the rockat exhaust, which
effecis the radistion characteristics, will be duplicated. The manner
in which the energy distribution {s accounted for in the equation used
here (A0=(v) can be seen from the derivation of thir equation which was
presented previously,

Comparative calculations were also carried out for "emall" area
ratio nozzles (¢ « 8) such as the Titan II first stage, to deteraine
what the plume initial inclination angle and the nezessary corresponding
nogzle convergence half angle required are as a function of altitude.
The calculations were carried out in the same manner a3 the previous
calculations for the Titan II second stage. The results for 8y and Og
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are shown {n Pi{gures 20 and 7] respectivelv,

From Pigure 20 {t can be seen that the lower expansion rati. hss a
nuch larger Oy (on the order of 30°) as would be expected, since the
gases have not been accelerated to as high a velocitv or expanded to as
low a temperature as is the case with the higher area ratic nozzle. The
relationship between Oy and altitude fcr ¢ = B {s u ain linear as was
the relationship between O and altitude for € = 49.:. The corresponding
so..ic nozzle convergence half angle required to produce the values of
Op shown in Figure 20, for ¢ = 8, are shown in Figure 21, from which it
can be seen that & sonic nozzle with G = -45° {8 required.

In order to determine {f simulation of the jet boundary {s obtained,
one can use Latvala's circular arc approximation to calculate the jet
boundary for the sonic nozzle from the following equation:

r(y+l)(5+Me2)“ 1/2
R/rq = (R/r,)v_l.,.!l_u(1 =L.7) (4.27)

where r, = nozzle exit radius.

(R/Te)ym],4 can be deternined from Figure 22 as a function of Me. For
the sonic nozzle where v = 1.4 the value of (R/re) s 38.4. For other
values of v the value of 38,4 {s st{ll valid since setting Mg = 1 {n
equation (4,27) reducea the equation to (R/re) = (R/re) 41 4,

Therefore, the circular arc plume boundary can bte geomezrically
dravn using the sketch shown !n the upper right cormer of Figure 22,
using the value of R given above and the value of Oy calculated given
previously in Fi{gure 20,
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SECTION $

MIXTURE RATIO ANALYSIS

The objactive of this section {s the determination of plume radiant in-
tensity as a function of mixture ratio and the applicability of seeding to
the determination of mixture racio by spectroscopic techniques, Plume
radiant {ntensity as a function of mixture ratio was determined by programming
the pertinent equations previously described for electronic transition, ,
molecular vibration and blackbody {nduced radiation; examples of exnerimental=-
ly determined variations are also presented.

A. THEORETICAL INTENSITY VS MIXTURE RATIO

The calculations of the rocket exhaust radiant intensities for the con-
stituents in the microrocket plumes radiating in the ultraviolet region of'
the optical spectrum have been completed for N20,/UDMH propellant. The data
vas obtained as a function of O/F ratio for constant chamber (P. = 100 psia)
and exhaust (Pe = 50 psia) pressures, for a sonlc nozzle, assuming frozen
flow,

The nozzle exhaust species considered were as follows: C2, CH, OH, CO,
NO, NH, CN and CHO., The f values, or oscillator strengths, for several of
the species (NO, CO, NH and CHO) were not available and therefore assumed,’
Many bands were considered for each specie so as to determine the most {ntense
band system for the species. In some cases many such bands were considered,
as in the case of NO (34 bands): In such cases the data for the more i{ntense
bands are presented. All of the intensities presented are given per unit
path length (in cm) in watts/cm?-ster. To convert the values given to the
intensities emitted by microrocket exhaust, one must multiply this value by
the plume thickness (v 2 cm).

The results obtained for C; indicated a null intensity for all bands in
all cases run. This was found to he due to the limitations of the digical
computer in handling the value e~X as x becomes large. This {is presently
being corrected by breaking the exponential up into two parts namely;
e~ . e=b where a+ b = x.

The data obtained for the CH molecule at 4315.3A (shown in Figure 23)
indicated almost a linear relationship between the intensity (I) and the
mixture ratio (0/F). The value of the slope of the line, i.e., S = d1/d(0/P),
which gives an {ndication of the sensitivity of the radiant intensity I to
the O/F ratio, was 4 x 1019, Tuwo other CH bands were calculated and showed
the zame linear relationshio (Figures 24 and 25). The corresponding S values
for these band wavelengths (3889.2& and 3145.48) are 1 x 10~!0 and 1.67 x 10~!!
respectively, The percent change (decrease) in intensity from the peak in-
tensitv value over the range of mixture ratios considered are: 702 for the
4315.3R band (peak intensitv of 2.32 x 10~10), 70% for the 3889.2% hand (peak
intenstty of 5.9 x 10-!!) and 777 for the 3145.4% band (neak intensity
8.7 x 10-12),
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The ¥B mwiecule at 2358.81 ¢isplays the same characteristics as the CH
molacuie namelv a linear relstionship between I and O/7 ratio with I de-
crassing with increasing O/F as can be secn in ‘igure 26, The peak {ntensity
for the Mi molecule radisting at this wcvelength {s 4.5 x 10-° watts/cmi-gter.
This intensity docveases with increasing O/F ratio to a value at approximately
7%% of the neak intensity at O/F of 2,22, The value of the slopz (or sensi-
tiviey) S 13 3 x 10-8,

Intensities obtained for the CO molecule at 2455.5 and 2433.6X, the
latter intensitv runnimg about 57 lower over the range of O/F ratios con-
sidevad, ave shown i{n Figure 27, In both cases the intensity remained
reiatively constant over the range !,R5 < O/F < 2.0 and decreased over the
renge 2.0 < O/F < 2,25 to approximately 75% of the peak intensity of
1.602 x 10=7 watrs/cmi-gter (far 2455.5A). It should be noted that these values
are sased unon the assumed value of the oscillaticn strength f,

Radf aticn intensities were calculated at five different waveicngths for
the CHO molecuie and are presented in Figure 28, The curves followed the
gzame trend as those obtained for CH and NH, {.e., decreasing intensity with
O/F ratio, however at the lower wavelengths (higher intensit!. s} the curves
exhibit a bit more non'inearitv, The peak intensity of the most intense band
{3108.2A) was 5.9 x 108 warts/cm-ster. The intensitv dropped off to
approximately 587 of this value at O/F = 2,25, S was approximately 6 x 10-7,
and decreased to 4 x 107 at the ‘ower intensity bands.

The CN molecule radiant intensities were obtalned for eight different
wavelengths four of which (the most intense) are presented in Figure 29. The
mst intense emitting wavelength was 3876.3A the peak value for which .s
6.8 x 107 watts/cm3-ster., The four peak intensities were within 25 percent
of one another. The genaral trend shown is similar to that diszlayed by the
CHO molecule {namely 1 1is inversely proportional to O/F ratio) with the
exception that the slope decreases with increasing 0/F ratio for the CN
molecule, whereas the slope increases with increasing O/F ratio for the CHO
rolecule. The percent decrease in I over the 0/F range considered was 59
percent for the 1876.3& band. The value of S for this banc was 1 x 10-%,

Radiation due to the NO molecule at nine different wavelengths (of the
34 caleulated) are presented in Figure 30. The highe=t intensity occvrring
at the iowest wavelength 2362.&&. All nine carves are similar, the magnifude
of the intensitv increasin; with increasing mivture ratto. The salient
feature of these results is that NO {s the onlv snecie disnlaving this char-
acteristic other than the OH molecule. This trend i3 infiuenced by the role
the absorption factor plays in the fntensity value. The intensity increasea
(neariv doubled) from the value at O/F = 1,85 to the peak intensity of
1.65 x 10~° watts/em3-ater at O/F = 2.25 (stoichiometrv)., The shape of the
curve indicates tha: the peak intensitv {s not reached at stoictiometric
O/F. The curves are seen to be slightlv nonlinear. The snread in fatensity
from the most intense to the least intense of the nine bands nresented here
{s approximately one order of magnitude.

Values were obtained for the O molecule from tie computer program des~-
cribed. liowever, the computer program does not consider absorption which
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plays a large part in the radiant intersity emitted by this specie in the UV,
The self abscrption {s high and thus these values must be decreased by the
factor ¢~ T/8V yhere t 1s the optical thickness calculated from the abserption
coefficient (K,) and the plume thickness (1). That is, the equations pro=-
grammed were derived assuming an optically thin homogeneous source. The
vadiation intensity for this homogeneous thin radiation source is proportional
to the thickness of the radiating layer. For a homogeneous source vhere
absorption becomes important, the radiation intensity {s dependent upon the
absorption factor € 7/4vV where t {s the optical thickness of the radiating
source, For a thick radiator approaching blackbody emission the radiation

is independent of the thickness and is given by:

2hv? 1

Bv = = TR

Since the self absorption for the OH molecule is high, it will radiate as a
blackbody at the corresponding exhaust temperature T, and therefore the
equation above was used to calculate the spectral blackbody OH intensities
in addition to the computer program,

The values shown {n Pigure 31 are uncorrected for absorption. The trend
of 1 vs O/F ratio is similar to that of the NO bands. When absorption is
taken i{nto account in the blackbodvy calculations, the shane of the curves
and their trend change as shown in Figure 32 since each point on the curve
represents a different set of rocket engine exhaust conditions. The in-
tensity {s seen to peak at 1.5 x 106 for 30653 and for all three bands at
O/F = 2,05, decreasing slightly (8Y) with increasing or decreasing O/F ratio.
The f value was assumed for the OH band radiating at 2602%.

The results of all bands nresented are summarized in Table 16, which
give the radiant {ntensities emitted by the speclie indicated, at the vave-
length {ndicated and over the range of mixture ratios considered for the
N,0,/UDMH propellant system.

B, EXPERIMENTAL INYTENSITY VS MIXTURE RATIO

Data previously obtained at Astrosvstems has been correlated to demon-
strate the effects of O/F ratio variazion on radiation intensitvy for sevearal
propellant combinations, These data are oresented {n Figures 33-42 and
summarirzed in Table 17.

Figures 33 and }4 shov the relationship between O/F and I for LO,/RP-1
propellant at 215,000 and 110,000 feet resnectivelv, Note that the inten-
sities peak before the stoichiometric O/F ratio of 3.4 {s reached. The scan
(1000-5000‘) at the lover altitude produced intensities on the order of 50¢
times the intensitv of the 2811 Ol band at 215,000 feet. This altitude
effrct was not observed with LO,/Nil; propellant for the 2811% OH band, as
can be seen from the data presented {n Figure 35.

The relationship of spectral emission {ntensitv to mixture ratio, for
each of three radiating molecules, was atudied at three altitudes. The

23
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TABLE 16

SMMARY OF N,0,/UDMH SPECIES
RADIANT INTENSITIES VS MIXTURE RATIO

Specte A(A) Peak I lntn/lnax®) | Slove(s)
CH 4315.3 2.32 x 10°10 10 -4 x 10-10
NH 3358.8 4.5 x 10-6 75 -3 x 10°¢
co 2455.5 1.08 x 10~ 78 -

CHO 3108.2 5.9 x 10°8 58 -6 ¥ 107
N 3876.3 6.80 x 10~7 59 -ix1 -6
NO 2362.8 1.65 x 10=5 52 +2 x 108
| oM | 3064.0 1.50 x 106 9% -
|
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FIGURE 36
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FIGURE 38
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FIGURE &1
o,/uﬁpwc RADIANT INTENSITY (3075 ) vs,

XTURE RATIO (Altitude 136,000 Ft)
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radiating solecules_i{ncluded were O, CH, and C; at the selected prineipal
vavelengths of 3100&, 43001 and &700*. respectively., PFor the OH molecule it
can be seen from Pigure 36 that the emission intensity increases with {n-
crecsing O/F ratio (2 £ O/P £ 3) {n a similar manner at all three altitudes
tested, and seems to peak at O/F = 3,0. The emission intensity from the CH
molecule at 43008 (shown n Pigure 37) {ndicates a definite peak in intensity
at all three alritudes tested. The intensity peaks at lower O/F ratios with
increasing altitude, The difference in intensities between the lower and
higher altitudes {s one order of magnitude. Also, absolute intensities of
the C; molecule at 47008 1s shown as a function of mixture ratio in Pigure 38,

Por 0,/H, propellant (at 3075%) the radiation intensity peaked at O/F
ratios higher (> 9.0) than the stoichiometric value of 7.94, a% altitude; of
80,000 and 136,000 feet (see FPigures 39-4l)., Pigure 42 {s a comparison of
the plume radiant {ntensities for two propellants (0,/RP and 0;/NH;) as a
function of propellant mixture ratio at an altitude of 215,000 feet.

C.  APPLICABILITY OF SEEDING

In & pract{cal case {f seeding of a bipropellant liquid engine were
permitted, independent {dentification of ox{dizer and fuel flow rates could
be simplified somevhat, Such seeding need not de deleterious to rocket engine
performance aseuming small smounts (< 1I) were employed and the seeding in-
gredients were {n themselves active oxidizers and fuels.

A good eéxseple of active seeding compounds are lithium nitrate and
trimethylborate. Trimethylborste (trimethoxyborine) B(OCHj3)3; {s a colorless
l11quid, commercially available, m.p.-29°C, b.p. 68.7°C and miscible with all
propellant fuals. 1he characteristic green emission bands of doron occur at
4715, 4930, 4950 and 5180k, Lithium nitrate (LiNO,) s soluble in many
organic and inorganic liquids and notably in N,0,. The sensitivity of flame
emission of lithium {s about 1004 times that of boron, so that a much lower
concentration of tracer in the cxidizer will be sufficient, The character-
fstic red emission bands of lithium occur at 6104 and 6708x.

The admixture of tie tagging compounds can alwvavs be kept at a constant
fraction of the tagrel substance; hence, the intensity of the total flame will
be related to the {~tensities of the characteristic areen or red emission ov
the tracers. Therefore, it seems nossible to discriminate betwveen a change
in mixture ratio and an accomranying change in flov rate of both propellants,

As a practical matter, the signais developed hy the tracers could be
handled as follow .

The rad{ation frca the nlume bdefore deing detected by shoto-
cells would be filtered (Wratten Filrer Neo. 29, dominant
cransmitted vavelength at 4316 and Wratten Filter No 38A
dominant transmitted wave ength at &7!9X) to senarste fuel
contributio. and oxidirer ~ontribution tc the flame emission.
Separatior could also b cffected bv a high efffciency dichrotie

aa
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coating (Liberty Mirror Division, Libbey-Owens-Pord Glags Co.
e.g., No. 90-720) which has a reflection of 122 at SOOOA snd §12
at 6700 und a transmission of 83 at 5000A and of 8T at 67003
This system is much 7nre stable thar 3 gelatine Wratten filter.

The voltage signals from the two photocella with *“e sepsrated emisafon
responses would then he compared in a balanced circuit and the unbalanced

signal would i{ndicate the deviation of the mixture -at{o from the normal
balance.
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SECTION 6
EXIT PLANE GAS TEMPERATURE ANALYSIS

Monitoring of rocket exhausts can be of great value in detecting engine
partial failures on malfunctions such as valve inaccuracies, combustion in-
stabilicy, combustion chamber erosion (oxidation), etc. Changes in mixture
ratio occasioned by such failures, which are not neceszarily, although most
probably accompanied by changes in flow rate (&), can be detected by spectro-
scopic means, This technique, however, requires complete knowledge of how
O/F ratio effects the combustion chamber temperature, which in turn affects
the exhaust temperature. The latter in turn affects the radiation intensity
and possibly the type of radiation that will be emitted from the plume. The
following paragraphs of this report explore the interdependency of these
variables, and prosent a method for determining exit plane pas temperature.

A. TEMPERATURE VS MIXTURE RATIO

The effect s and sensitivity of changes in O/F to changes i{n nozzle exit
exhaust terperature have been analyzed (in order to be able to determine the
relationship between O/F and 1) for three propellant combinations and a rocket
engine nozzle with an expansion ratio of forty to one (e=40). These results
are presented in Figures 43-45, from which {t can be seen that the exhaust
gas temperature increases with O/F ratio until the stotfchiometric O/F ratio
{s reached., Upon further increase in O/F ratio the exhaust gas temperature
decreases. From examination of the apnlicuble radiation equations, the
effects of changes in O/F rati{o upon the radi{ation intensity emitted from the
rocket exhaust can be attributed to the effects of changes in exhaust temp-
erature and number density. These functienal relationships between the
nozzle ex{t plane temperature and number density on rad{atfon intensity are
given {n the following paragraphs of this section.

B. FLOW RATE VS RADIATION INTENSITY

The effect of changes in flow rate on the radiation intensity (which will
ultimatcly be monitored) {s in essence a different problem than detecting
changes {n O/F ratio (wvhich may ramain unchanged during ef{ther a simultaneous
fncrease or decrease in both w, and wg). That is changes in O/F ratio are
predominantly radfation temperature effects on {ntensity, whereas changes {in
flov rate primarily produce a number density effect., This can ba {1lustrated
as follows.

The mass flow of rocket propellant into the rocket engine combustion
chamber must equal the mass flow of the exhaust gases out of the rocket
nozzle exit station., That {s, the law of conservation of mass must apply,
and the equation of continuity is applicable for analysis of the desired
effects. This equation can be written for the flow at the nozzle exit
station as follows:

100
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ﬁ. . o.A.U. (6.1)

vhere: o, = exit dansity
Ay = exit area
Ue = exit velocity

and

ée - ﬁo + éf - ép (6.2)

FPor a given rocket engine and nvzzle geometry A, is fixed, and, therefore,
a change in éb is reflected by corresponding changes in p, and U,.

Thus, it is certainly obvious that the mass flow rate & ie directly
proportional to the nozzle exit mass density. In turn masg density p 1is
proportional to ¢he total number density {J) o the exhaust by a factor of

A!ogadro's number (Njp) and the average molecular weight of the exhaust gases
(H)‘ 1'e.;

N = pNA,-::? (6.3)

Since we do not have a blackbody situation (the rccket exhaust is not a
blackbody radiator), cne must consider the individual specie number densities
of all of the exhaust pas constituents, as these constituents all radiate at
different wavelengths with different intensities. These specie number den-
sities Ny can te determined as follows:

Ni “ 0, NA/M1 (6.4)

where o, can b2 determined from the equation of state:
o, = PM/R T (6.5)

In the five equations above, R is the_universal gas constant, T, is the
equilibrium exhaust gas temperature, M; is the specie molecular weight, and
Py is the partial pressure of specie 1. The latter is determined from
Dalton's Law ot partial pressures from the known species mole fractions,
Therefore, it has been shown that changes in the flow rate &, are propor-
tional to changes in rnumber densitv of the emitting exhaust gas constituents,
which are in turn proportional to changes in radiant intensity emitted from
the exhaust gas.

Having determined the effect of O/P ratin and ¥ changes on exhaust gas
temperature and constituent number densities, one can then determine the
overall effect of O/F and w on radiant intensity based upon calculations such
as those presented previously, Having done this, one {s in a position to
determine changes in G/F ratio by measuring or monitoring the radiation
intensities of different (the most sensi{tive) emitting species, perhaps using
the insensitive species as a reference.

N4




AFFDL-TR-64-163

C. MIXTURE RATIO VS FLOW RATE

The relationship between O/F ratio and flow rate for a rocket engine
operating under constant combustion chamber and nozzle exit pressure con~
ditions has been examined, This was done to demonstrate how simultaneous
changes in O/F ratio and flow rate might produce constant pressure conditions
in the chamber and exit station which might go undetected by pressure trans-
ducers and other types of pressure instrumentation. This phenomena could
occur when O/F ratio goes off stoichiometric (such as at increase in ﬁbx)
thereby causing a decrease in combustion chamber temperature. However, sin.e
the flow rate has increased, the chamber pressure may remain constant as can
be seen from the following equation:

T.a/2
S ¥ (6.6)
M

for a given engine nozzle with throat area At'

P_ = C*/(sA) W =

The propellant combination choszr to demonstrate this effect was
N,0,/UDMH. The nozzle exit pressure P for these calculations was 2 psia.
The O/F ratios considered were 2.5, 2.8 and 3.1. The chamber pressures con-
sidered were 10, 20 and 40 psia. The nozzle exit conditions produced by
different O/F ratios {for a constant combustion chamber pressure) were cal-
culated using an existing thermochemical computer program which yields -s
output data the values of Te, Mg, Ag/A¢ and Ue. The flow rate corresponding
to these engine operating parameters was calculated as follows:

w myw =p AU (.7
14 e eee
where: _
P P M
- —_— . —£.E
e RT R T ’ (6.8)
e e
or Pe:' UA,
: _° & (6.9)
PORT
[

v
P . eee
A 76 T (Ae/At) (6.10)

where P, is an atm M, in 1b/1b wole; Ug in ft/sec, R = 1549 fr 1bf/1bw-°K, T,
{s {n °K end &,/Ay 18 in 1bm/sec-ft‘.
Since the quantities on the right-hand s{de of equation (6.10) are all
output .aantities of the available computer program, the values for 6p/At
were calculaced as a function of O/F ratio for constant P.. (These flow
rates could alsc have been calculated from the comtsstion chamber conditions
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using the squationt
- 1/2
oA, =g ? (T )/, (6.11)

The results of this calculation are given in Figures 46-48 for chamber
pressures of 10, 20 and 40 psia. It can be secn from these figures that
the relationship between O/F ratio and & for a given rocket engine noszle
configuration and a given chamber pressure, is a linear one, Also, it {s
shown that the sensitivity of changes in O/F ratio to changes in flew rate,
decreases as tne chauler pressure is increased.

Thus it has teen shown that it may be necessary to monitor conditions
at the exhaust rather than in the combustion to determine changes in O/F
ratio,
D. GAS TEMPERATURE MEASUREMENT

Ons method suggested for the attainment of rocket engine gas tewmpecature
is based on the ratio of two emission band intensities in the exhaust gases.
This method {s, therefore, independent of engine size, chamber pressure, areas

ratio, etc. Tempecature information is cotained by means of the following
expression:

I Pyvi" (E~E;)/kT
oame W . z
T (€10
vhere:

I} and I, are the intensities of transition 1l and 2, respectively,

P; and P, are the raspective transftion probabilities (including the
statistical weight factors).

vy and vy are the wave numbers.

E; and E; are the transition energies.

k {s Boltsmann's constant,

T {s the absolute temperaturs.

Relative intensity data for certain lines, e.g.: OH, CH, NH, C;, ete
emission will be determined bv the mnnitoring optical svstem; transitiom
probabilities are known from wave mechanics tables of etatistical weights,

etc and wave numbers snd transition energies are known to high aceuracy
fror laboratory experiments over the last 50 years.
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SECTION ?

MALPUNCTION MONITORING

The previous sections on mixture ratio monitoring and exhaust gas temp-
erature effects covered the varicus kinds of radiation changes whieh will
occur due to upstream malfunctions in the propellant supply and feed svstens,
This section will, therefore, ba confined to those malfunctions which can
cccur in the combustion chamber and exhaust nozzle) namelv, combustion {n-
stabii{ty and chamber burnout,

A, COMBUSTION INSTABILITY

A considerable amcunt of open literature exists on the subject of rocket
engine combustion instability (see for examnle Reference 12). In general,
however, it can be said that instablilitv is influenced by rocket engine chamber
rressure, injector pressure dror engine characteristic length, operating
nixture ratio and length of propellant lines, Past studiec have shown th.
two basic tvpes of instability can occur: one at reiativelv high froqucac.cs
(screeching) and one at relatively low frequencies (chupging). The former
tvre 1s penerallv asseclated with large enpines and 13 nrimarily a function
«f engine peometry. It is chavacterized by the failure of exhaust tempcrature
to follow fluctuations in combustion temperature, The latter tvpe i3 more
general {n nature and is largelv dependent unon the narameters nreviouslv
ncted. Our concern, therefore, will be with the chupeing tvpe of inzcability,

Assuming that tne chemical processes in stable and chugging rocket flames
are the same, the intensity of the electromagnetic radiators from such flames
must be dependent upon flame nressure and temrerature. Hence, anv fluctuation
{n ef{ther the comhustion or exhaust gas pressure and temmerature should {n-
fluence the corresponding radiation intensitv. (Past theoretical and empiri-
cal studies sunport the relationship of temmerature fluctuations in the
chamber to correspeonding fluctuations in the exhaust for chugeing inntabilitvl“).
Fluctuations, however, can be caused bv three azeneralized factors, viz:
oscillations in the gas dvnamic flow, turbulence in the expanding rases and
afterburning of fuel-rich rocket exhaust nroducts with ambhient air, Both
turbulence and afterburning are difficult nhencmena to characterize, and the
absence of literature on these sublects, especiallv with regard to radiation
fntens{ty variations, makes their analvsi{s difficult, It is, therefore,
preparable to study the i{nfluence of chugping oscillations {n l{auid nropel-
lant rockets arfising from gas dvnamic flow fluctuations onlv.

In order to + .minace considerations of turbulence and afterburming from
model rocket engine studies, two conditions must be met, viz: tests must be
conducted in a vacuum environment and nozzle size should be small enough to
insure laminar flow, Turbulent flow in a rocket exhaust is character{zed by
mean particle velocities upon which 13 {mposed a random fluctuating velocitv,
This latter componert can be minimized bv the attainment of nozzle design
conditions which will insure a Revnolds number consistent with a laminar flow
regime (Re < 20r))4 5, Figure 49 presents the relationship of rocket engine
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flow rate and chamber pressure to Revrolda wumbev for small svstams. It can
be sesn tnat the engi:es previously recormended for testing (¥ ¥ 0.1 am/sec
and P < 140 peia) will provide flows withlu the iaminar region. Testing at
rimuilated high altitudes (vacuum), of course, insures the absgence of after-
burning, but {n adiition also serves £~ nreserve the laminsr flow pattern
setun in the rocket nozsle,

Some experimental studies have been conducted with combustion devices
to investigate the ;eneral area of radiation fluctuations as a function of
chamber pressure variation. Of the more pertinent empirical work in this
area, the most excensive 1s that reported bv R, A. Goundry et allé, During
the course of this program, experimental studies were conducted with a “tunnel"”
burner, s~herical comhustion vessel and small scale rocket motor. The former
device {8 essentially a pulsed combustor which acts acoustical verv much like
an crgan pipe. It was selected for test because of {ts simple constructior,
adaptabiiity to alteration of fundamenta: vibration frequencies, inherently
high combustion rates and higl. attainable acoustic noise levels, The com-
bustion vessel whicn consists of an eas{iv vented gas reaction sphere was
selected to climinate the variables of rocket engine design that could {nflu-
ence the irstabilitv mode.

The tunnel burner emploved for these tusts was 25 wm ID by 1.9 mm wall
thickness, and the length relative to the gas entrance noint was varlable to
permit alteraticn of resonance frequency. Combustion was attaired by rhe
fgnition of air with ethylene or acetylene. Ultravioiet and visible radiation
emizsions were mcnitored by unfiltered photomultinliers of RCA Tynes 1P?1 and
IP28 through slits which limited the detector field of view., The PM tube
signal was fed to an AC voltmeter which indic.ted average power of the
radiation modulation and to a Tzktronix scope which nrovided signal level,
percent modulation and wave form. Infrared radiation +sas monitored bv a PhS
detector in a similar manner. All tests wevsz conducted under sea level
standard temperature-nregsure conditions {SLSTP),

Results showed that the UV, visible and IR signals were essentially the
same {ndicating 8 DC commonent with &5 auch as 50 percent AC modulation.
The wave form picture presented a repular series of pulses equivalent te the
resonant operating frecuency of the tube. Scans taken downstream of the
nozzle in the UV showed maximum intensi:v at a point approximatelv 2-1/2
inches from the tube exit nlane with some afterburning emission starting 10
{inche . downstream. The latter emission was, as expected, stronglv dependent
on mixture ratio., The Iintens.tv measured i{in the UV for afterburning was
anout cre order of magnitude less than that cbtained near the exit which
ragult {s in line with the lower energv <*ate of this reaction, Commarable
infrared measurements mav have shown a hipher relative intensitv level,

The pressure vessel consisted of a heavy walled four liter aphere with
a fast acting valve., A combustible mixture of oxvgen and ethylene was
introduced into the vessel, isolated, sparked and expanded through a nozzle.
All tests were again conducted at SLSTP conditions. Supersonic flow was
attained in the jet as evidenced by a shock zone 1 to 2 cm downstream of the
nozzle exit nlane. Afterburning on the average was visible commencing 15 em
downstream and for a total distance of 10 em althcugh the incidence of
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afterburning was dependent on the jet temperature., A pressure transducer vas
used to measure vessel pressure and emission of the flame {n the UV, Visible
ard IR vas cbserved by a 1P28 PM tube and a PbS detector both of whict vere
nermirted to view the entire flame over thei{r full range of sensitivitv,
Acoustic measurements were made with a condensor microphone. A dual beam
scope equipned with a 35 mm camera was employved %o record radlation and
acousgtic signals,

Resu.ts indicated marked denendencv of radiation intznsit. on afrer-
burning and no correlation betwcen vessel pressure and radiation signal
mcdulation, The modulation freauszncy of the UV radialion with afterburning
was founcd to be about 700 c¢ps; without afterburning a higher irequenc
component {about 2000 ¢ps) was noted. No conclusions were drawn from this
work.

The rockct motor tests ware conducted with an air/erhylene svstem of
approxinrately 3 lbs thrust exhausting {nto alr at SLSTP conditions. Mesasure-
ments were again made in the UV, wvieihle and IR spectral rezions in conjuncticn
with chambher pressure and acoustic pressure fluctuation measurements, The
data was stored on magnetic tape, transferred to oscillographkic recsrdinas
and also fed to a pcwer spectrum analvzer.

The results of these tests were generally inconsistent especially con-
cerning piume radiation, 1IN detectors viewing the interior of the combustior
chamber through an optical window were able to follow P., T flucruations
without difficulty. However, in the exit plane the IR and UV cesults were
not cumparable and only the IR showed intermittent correiation with the
chamber pressure fluctuations. In general the IR fluctuations were more
rapid ¢ the exit plane than for the plume ia its ertiretv., Regarding tae
UV howevaer, it should be noted that different PM tubes viewing the same
event did provide signals of similar characteristics thereby increasiny the
rellabiiity of that portion of the spectral data.

Ir retrospect {t can be said that given the well tested premise that
Te follows T. in chuggire combustion, the radiation pattern in the exhaust
jet must veflect this modulation unless acted upon bv other forces which tend
to Jampen or diminish this correspondence. Such factors were of course
vresent in the previously discussed tests, and seem, without exception, to
be chargable with the failure of these tests to produce the desired corres-
pondence. This is not to say, however, that afterburning and turbulence
were unequivocally that cause, but nothing in the results can dispute this
premise. It therefore follows that tests under space conditions should
provide more mcaninpful results,

The best type of rocket engine one could emplov to studv the phenomena
of chugging combustion is a gas/gas svstem which operates within a fairly
narrow comhustible zone. It i{s known from past work on engines of this tvoe
at this corporation, that operation on the frinece ol the combustible zone
will gpive rise to chuegging insatahilityv, and that this tvne of chugging i«
controllable ro r~me depree as repards frequencv bv vernier adjustrent of
the mixture ==t{c. The oplimum properiant svstem has Heen found to he an
air/hvdrocarbon gas (fcr example: propane). Bv injecting the afr longi-
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tudinallv {nto the chamher and the fuel tangentiallv, good mixing {s assured;
and {n addition, the fuel serves to provide a cooling thermal layer between
the combustion core and the chamber inner wall as shown {n Figure S0, Hance,
the combustion chamber can be constructed of a relativelv soft metal such as
6761 aluminum, Ignition would be effected by a snark nlug.

B. CHAMBER BUPNOUT

The erosive burning of metal parts of the combustion chamber or nozzle
wvill introduse new molecular species into the exhaust plume., These species
will consist nrimarily of the oxides of various metais all of which generally
radiate strongly in the visible region of the spectruri when acting as discrete
emitters rather than at those regions of i{nterest for mixture ratic mon{toring,
Tvpical band spectra wavelengths for discretely emitting metallic oxides of
chamber and nozzle structural materials are shown in Table I8. Band emission
sper*ra can be expected to arise in comhustion flames when the concentration
ui Such {mpurities is very low, and should, therefore, serve to {ndicate the
initial incidence of faillure. As the burnout progresses however, the flame

will tend to tax:. on an incandescent character causing it to act like a black-
hedv,

in the latter cage the radiation that can be expected from a luminous
flame depend< upon several factors regarding the nature of the incandescent
particies wsuspended trerein, including: thelr concentration, unit size,
rad{at{v> nroperties and aheorrtive nrcportic,, The ewission characteristics
of the luminous tlames can ne :losely determined frem the nrocedure outlined
in Reference 17, but it 1s anticinated that malfunction bhased or blackbodv
considerations will nct be useful in preventing extensive upstream damage.
If the fiame has already taken on & luminous character, it can be assumed
that burnout las nrogressed to destructive nroportions. llence, detection
should be based upun the abilitv to identify the discretely emitting oxide
bands,

The oxide hands of interest in this studv could exist at relatively low
levels even duriag normal engine operation since a certain amount of erosive
burning may alwavs occur in particulav rocket enpine configurations., This
{3 probably more not{iceable i{n a radiation cooled enzine than in a regener-
atively cooled engine, and, of course, is certainlv true in an avlacive
engine. In fact the zblative tvne mav have to te monitored bv tetal emission
cwnsiderations vather than the discrete banded 2missfon characteristics.

In efther of the aocove cases & ninimum level of emission {ndicative of
&llowable erosfon can be established empirically and apnlied practically
shpough tha use of minimum band-pass-minimum intensitv filters., Such
s:lertive filters can be chesen to {salate narticular high Iintens{tv bands
crraracteristic of certain metalllc oxides depending upon the construction
matetial used., Where the nozzle and chamber are of different materials,
sequential filtecinpg will distinguish nozzle erosion from hamber erosion.
The radiation changes during the {n{-{at{on of a desiructive erosion of the
chamber or nozzle should be sufficientlv large compared to normal operation
~hat gross auartlitative measuremert will te rz re than adequate to distinguish
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the abnormai condizinn. The cumulat{ve, normal, unlocalized ercsfon over an
extenced time could also concefvablvy be measurec L7 {ntepratineg the {nten-
sitv-time relationship, Sophisticated electronic systems for this purpose
have been developed for fncrtial gu{dance of missiles and submarines {n

which the integrati n of acceleration-time is monitored wit!. extreme accuracv.

There would appear to be no advantage {n the use of signal coatings
However, where coatings are anplied to the chamher for theimal nrotection,
the appear.nce of base metal oxides {n the exhaust flame would be an {ndi-
cation of a more severe condition than metal erosfion {n the uncoated
sttuat{on., These effects would be very derendent on the l:inds of coatingsa,
their thickness, the amount of normal microcracking, etc, and wculd have to
be evaluated for each specific case. A soectroradiometer svstem desipgned bv
Block Assoclates appears to be verv suitable for the purpose of monitorinp
malfunctions. In this unit four filters and a cal{bration source are
sequentially inserted in front of the detector with a 0.9 second cvcle. The
design, intended for space operation in the original concent, {s lighctweight
and compact, shock and vibration resistant,

The same svstem that monitors chamber and rozzle erosifon could a'<o
identifvy propellant contamination “ue to stcrage corrosion, If the tankage
i{s of a sufticiently different material from that of the chamber and nozzle,
one of the four filters could be used to isolate the characteri{stic
radiation of this {tem. 1If the materiais are ecszentially the swme, propel-
lant contamination should still be distinguishable since {t will be a
gradual cumulative phenomena compared to the rure sudden occurrence of
chamber and nozzle erosion. Aecailn these effects must of course be considered
relati{.e to the normal cperating condicisie since there mav alwavs be iome
contribution to the radiation from pronellant {mpurities,
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SECTION 8

FLIGHT SYSTEM ANALYSIS

To achieve minimum weight and size as well as high reliability, a fltght
versinn performance monftoring system should not require a scanning spectro-
photometer. Instead a sfimple light collimating system viewing a preselected
region of the rocket plume would transmit the collected radiation by means
of suitable lenses and mirrors to photodetectors whose wavelengths sensiti-
vities (as determined by the nature of the photosensitive surface and inter-
posed filtera) would be restricted to the specific spectral regions of
{nterest.

As discussed elsevhere in this report, the emisaion of various hands
and/or the ratio of the {ntensities of various emiss{on bands are amooth
single valued functions of mixture ratio, the particular bands of {ntcreat
being determined by the propellant system, The use of intensity ratios has
two distiner advantages: first, the sensitivity can be magnified aince o:e
of the two selected wavelengths may {ncrease while the other decreases with
changing mixture ratio; secondly, overall changes {n absolute intensity or
instrumental senaitivity which may effert all wavelenpths will be substan-
tially cancelled.

Another method having somewhat similar advantages {s the measurement of
the energy difference between two sclected radlation bands., This method {a
particularly attractive since direct measuring differential phototubes such
as the No. 5652 have becen developcdle. This tyne of phototube differs fronm
conventional types in that {t has two photosensitive plates within a single
envelope as {liustrated {n Figure 51, Both plates emi” electrons whe {rradi~
ated but either plate may act as anode or cathode depending on the relative
energy incident on the plates,

When an {l1lumination ditferencial exists between the plates of a Jiffer-
ential phetotube, the emitted electrons create differing space charge
densities which cause DC current to flow hetween the two plates when they
are connected Ly a bias resistor. The polarity and magnitude of this current
1s a function of the radiant euergy differential. A phototube of this type
can, therefore, serve the purpose of two conventional phototubes with the
added advantage of requiring only a single load resistor, This will increase
the reliability of the system by reducing the numher of components,
particularly the high-value load resaf{stors which may be subject to changing
characteristics on agingn.

The use of selective filtering with a differential phototube {s 11lun-
trated in Figure 52. The chofce of the two filters gives a combined mpectral
response characteristic {n two separate wavelength reglons. In using auch
characteristics for mixture ratio monitoring, the output voltage across the
load resistance would be nulled out in the recording instrument so that a
zero voltage s seen for the desipn operating conditions, and readings of
plus or minus voltage would measure the off-design excursion, This tyne of
readout would be partfcularly suited to automatic control of the mixture
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Figure S1. Schematic Arrangement of a
No. 5652 Phototube and Selective Filters
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ratfo with servoe=driven flow contrcllers.

Many varieties of readout {natruments have heen <dsveloped for missile
and space apnlications. A particularlv aZtractive electrometer has been
developed recently bv the Annlied Phvsics Laboratory under a NASA contract!?,
This i{nstrument was rvedesipned from a Icboratorv tvre unit 2s an off-theeghe!f
low current measuring device for general nurpcse use {n satellite experir:ants,
The instrument weighs 2.4 »cunds, ~as a voiume of 16 cubie inches and requires
one watt of power. JTts deteciion sensitivity of 10-17 smperes with an accuracy
of ¥ 17 t: adequate for measuring the anticirated outnut of phototubes
measuring rocket plume emissions. A rarticular deaign feature {9 temperature
compensation and stabilitv over lonr duratlon satellite missions,

The present extensive {nterest in solid state materials, ilasers, masers,
photoconductance and radiatinn ~easurements has crovided an almost unlimited
variety of photosensitive m-ce:. 'ls, p. ototuhes, crvstalline optics and
filters covering a wicde _.ectromagwetic spectrum, All these devices are
relatively small zad lighiweipht., Tven the more comnlex detectors reauiring
cooling for increased s’ gnal-to-rnoice efficlency might be considered in
those situations where cryseeafc rovpellanzs are on board the vehicle or
the detector could be emersed in space-cold temperatures,
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SECTTON 9

CONCLUSIONS AND RECOMMENDATIONS3

As 8 result of this study conducted td determine the feasibilicy ¢f de-
tecting emission epectra in the exhauzt strezx of s rocket engina as a
measure of varfous propulsion system charactsristics, the following conclis~
ions can be stated:

A, It appesrs feasible to detect smali changes {n mixture ratio and
propellants flow race by changes 12 plume emission and to detect the
onset of combustion chamber malfunction (burnout or instability),

B. The propellants selected for theoretical analvais vere LO,/LH,,
LO,/RP-1 and N,0,/UDMH as being most representative of current and
near-future liquid propellant flight svetems,

C. Representative plume intensity calcuiations showved that the speczies
of interest could be readily detected by avalisble laboratery i{nutru-
ments (UV, viegible and IR).

D, A rocket engine of flow rate 0.1 gm/sec and chamber pressure
50=100 pasia was found te b2 compatible wich both the available vacuum
test facility, and current instrumentation capahiliries.

E. The speclies showing the greatest varfation intensity as a functionm
of mixture ratio were CH, CHO and CN; NO and OH were also of interest
because of their positive slope characteristics as spnosed to the
preceding,

F. In examining the probiem of total flow rate changes, {t was
determined that invensity is a direct linear function of flow rate
(for constant O/F) wh!'le mixturc 1atioc is generazlly nonlinear.
These effects can, therefore, be srparated. lience, mixzure ratio
and flow racte can be messured by this technique.

G, “ombustion instabili.y mav be detected hv frequcncy monitoring
of fluctuations in exhaust gas radiation intensity when observed
under conditions of simulated high altitude.

H, It appeare to dbe feasible to monitor incipient burmou” by
detecting the intensity of characteristic metal oxides in the
exhaust stream and to dete~t contamination bv monitoring the
emigaion of certsin impurities {f known to exist tn srme asgre.
in the nropellante,

I, Flight syatems can probably be developed from currently
availsble components which will assure lightweight anu small aisge.
Complesx cual-signal phototubes are now availahle for direct signal
comparison {f this approach is found to be advisable,
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Based on the above conclusions, {t {3 recommended that:

1. An experimental program be conducted with an engine ef the size
noted above using N,0,/UDMH propellants. These prooellants are
recommended since they are most renresentative of snace enginae and
produce al: of the significant speclies rccurring in the three nropellant
systems studicd.

2. The spacies of major interest {n the recommended test program
should be: OR, CH, CHO and CN {UV); C; (visible) and H,0, CO5(IR),
One or more of the above occur in each of the three propellant
combinations studfed and their mole fractions var- with mixture ratie
in a similar manner in all cases,

3. It is recommended that tests be conducted to determine experimentally
the variation of each of the above species with mixture ratio (at con-
stant flow) and with total flow rate (at constant mixtuve ratic).

4, Since a number of bands are recommended for studv (seven), laboratory
instrumentation (spectrometers capable of scanning a large segment of

the optical spectrum) should be employed rather than discrete measuring
devices, e.g.: fiiter phototubes,

5. It 1is r2commended that tests designed to study combustion instability,
incipient burnout and propellant impurities be conducted with a ~as/gas
engine of simple construction to simplifv the conduct of such tests.

6. Based on the above test results, it is recommended that a

"breadboard" detector of discrete capabilitv be designed for prototvpe
future tests.
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COMPUTER PROGRAMS FOR UV AND IR RADIANCY CALCULATIONS
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