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UMCLASSinED ABSTRACT 

The spectral conparison method bes been developed for the measuremeht of 
temperatures of both the gas and condensed phase in a flame. This method utilizeä 
measurements of  spec ~um  line emission from the gac ar^ "ontinuuir. emission from 
the particle cloud to allow determination of the temperature ^ both phases. The 
method accounts for the effect of scattering by the particle cloud through measure- 
ments of effective particle size and number density used in conjuction with the 
Mie theory. 

The measurement precision for this method for a clean gas was determined 
from measurements on a H2/O2 flame; the resulting standard deviation in gas 
temperature was l60Ko With particles of alumina introduced into the flame, the 
standard deviation in gas temperature was increased to 1»0.80K. For the particle 
temperature the standard deviation was lU0oK, a relatively high value because of 
the uncertainty in the refractive index of molten alumina. 

The first spectral line of the sodium doublet {0,589M) was assessed to be 
a good indicator of the gas temperature in flames. This was determined by a 
comparison to the lithium line at 0.6708IJ which is associated with an electron 
transition of longer radiative lifetime. 

Measurements of particle cloud emittance in small flames were obtained under 
controlled conditions from which the imaginary part of the refractive index for 
molten alumina could be determined. These measurements and emittance data of 
other investigators were used tc determine an  approximate average value of 0.005 
for the imaginary part for alumina above its melting temperature. Light scattering 
measurements were also performed using small flames with entrained alumina parti- 
cles. Particle number density determined from the scattering measurements gave 
striking agreement with the quantity derived from a material balance. 

Measurements were taken of light extinction and emission in the plumes of 
small rocket motors having propellants which contained aluminum, IW-2, or Uffl-2. 
These measurements indicated a mean particle diameter in the plume of 0.6 to 
1.0 and thermal lag as high as 700oK. Gas and narticle temperatures were 
measured in the chamber of ein IW-2-type motor, which indicated that significant 
combustion is occurring downstream of the propellant grain. The measurements 
definitely help to clarify the combustion-expansion phenomena and demonstrate 
the valuable utility of the measurement technique in this type of investigation. 
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A.  OBJECTIVES 
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I. 

IMTRODÜCTIO» 

The iomedi&te objective of this program is to develop a method for 
measuring chamber and exhaust temperatures of metalized propellants and to distin- 
guish between the temperatures of both the gaseous and condensed species in a 
rocket motor exhaust. 

The specific objective is to utilize the measurement techniques 
developed in this program for those propellants specified in Exhibit A of this 
contract to gain insight into the actual performance })otentlal of such systems 
and into methods of improving their performance. 

A secoadary objective is to obtain thrust and chamber pressure measure- 
ments on small motor tests to correlate measured thrutit and specific impulse with 
the measurements of temperature. 

B.  SUMMAKY 
P. 

The program was initiated on 19 May 1965. The first half of the 
program was devoted to (l) initial analysis, (2) checkout and calibration of 
spectroscopy equipment and optics, (3) determination of measurement precision, 
and {k)  spectroscopic and light scattering measurements using small ^/O^  flames 
with entrained alumina particles (0.1 to l.Opdia). 

■ 

The second half of the program was devoted to (l) development of 
equipment ancillary to that used in the laboratory so that the motor test 
measurements could be taken and (2) testing of 1KS-250 motors. 

Measurement precision was determined by measuring amall E2/O2 flames 
that contained AI2O3 particles. Briefly, the results of the random error deter- 
aination indicated a confidence interval about temperature typified by the 
following: 

With no particles in the flame: 

T = 2600 + 170K (25 degrees of freedom)(1^ 
8      - 

With particles in the flame: 

T = 2600 + ltl0K (50 degrees of freedom) 

T = 2600 + 750K (50 degrees of freedom) 

TT)   For the case where one mean of a set has been determined, the number of degrees 
of freedom is one less than the number of measurements. In the usual case 
throughout this report, the number is only approximate, and is stated in thi^. 
manner to allow the reader to draw his own statistical inference from the set, 

i 
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I, B, Summary (cont.) 

The confidence interval about particle temperature does not include the 
uncertainty in A^O? refractive index or particle size which causes a larger 
interval. Data from the laboratory and elsewhere (Ref 1} bear on this 
probleir end will be discussed below. These uncertainties do not affect the gas 
temperature variance but the present uncertainty in alumina refractive index 
broadens the standard deviation in particle temperature to llt0oK. 

The results fron» the experiments on thermodynamic equilibrium in hydrogen- 
oxygen flames were obtained by studying emission from the spectral lines of barium, 
cesium, lithium, and sodium. It was found that barium and cesi-  were pooi- trace 
elements to be used for flame temperature measurement, but that sodium and 
lithium appeared to be satisfactory (Ref 2). Subsequent measurements on 
small rocket motors have been performed on the first line of the sodium doublet 
(0.588995u). The results of the motor tests are described herein. 

Light scattering measurements on a particle-laden flame were related to 
effective particle size and number concentration through Mie scattering theory. 
Particle size distribution determined from microscopic examination of a sample 
collected from the flame was in striking agreement with that determined from 
the optical measurements. A further check on number concentration was possible 
because the mass flow rat« of particles was monitored. Again, the agreement with 
that value of number concentration obtained from the optical measurements was 
very good, and good confidence li the light scattering measurement technique was 
established. 

Motor firings were then conducted with measurements of spectral emission 
and scattered light intensity being recorded in the exhaust plume Just past the 
exit plane of the motor. Initially, ancillary equipment was fabricated and 
installed to allow three sequential spectroscopic measurements to be taken at 
different axled locations during the firing (Ref 3). It was learned from 
the first vwo motor firings that the reference light source when coupled to the 
ancillary equipment was of insufficient intensity to allow determination of the 
plume extinction coefficient. Upon eliminating a portion of the ancillary 
equipment, successful measurements of gas end particle temperatures were obtained 
at one station in the exhaust plume during three small-motor tests. Successful 
measurements were also obtained In the chamber region during one test. 

The light-scattering measurements in the rocket motor exhaust plumes, 
which were conducted to isolate cloud scattering properties, were not completely 
successful because the intense emission of light from the plume obscured the 
ücattered radiance. However , good light extinction measurements resulted from 
these studies., which allowed delineation of cloud scattering and absorption 
characteristics in a manner shown in the text. 

Page 2 
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If B, Summary (cont.) 

The exhaust plume measurements indicated that a large amount of thermal 
energy was lost from the system in the form of molten oxide particles, partic- 
ularly during the last portion of the motor firing. It was observed in the m-2 
and Dffl-2 firings that the "freezing front" (i.e., that region where the particles 
reach their freezing temperature) passed downstream of the exit plane at some 
time approximately halfway through the firing. Hence the heat of fusion of the 
particles made essentially no contribution to the motor specific impulse. The 
chamber measurements further indicated that considerable combustion has occurred 
downstream of the grain surface, somewhere between the plenum (where the 
measurements were made) and the exit plane. This is corroborated by the particle 
temperature measurements. Although the measurements should be considered as pre- 
liminary until verified by further tests, they definitely help clarify the 
combustion-expansion phenomena. Further, they clearly demonstrate the valuable 
utility of this neafcurement technique in investigating propellant combustion. 

From the knowledge gained during the present effort, earlier measuremenc 
techniques which were applicable only to optically thin regions have been improved 
to allow treatment of the optically thick case which is normally encountered in the 
chambers and plumes of large motors. It is now evident that the incorporation of 
this more general technique into the present system will permit meaningful and pre- 
cise measurements leading to a more complete understanding of the combustion and 
expansion phenomena of metalized propellant systems. No other technique has demon- 
strated meaningful temperature measurements under these conditions. 

C.  TECHHICAL APPROACH 

The method used for the measurement of both gas and particle tempera- 
ture is the spectral comparison method^), which has been used in various forms by 
other investigators (Ref U through 8), This method uses spectrometric measurements 
of radiation intensity from the flame and particles to determine the electronic tem- 
perature of the gas and the thermal lag between the gas and molten particles. 

The components of the spectral comparison pyrometer (SCP) consists of 
a carbon-arc lamp, calibrated against a tungsten ribbon lamp (a secondary standard), 
associated optics, motorized light choppers, a spectral dispersion element, and a 
detection scheme arranged in a manner shown in Figure 1. A high-speed scanning 
spectrometer is used to provide spectral dispersion and detection. 

TD Also referred to as the "brightness-emissivity method." 

Page 3 
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I, C, Technical Approach (cont.) 

A beam of light from the carbon-arc reference light source is passed 
through the rocket motor flense, yielding a continuum of light which is focused on 
the dispersion element of the spectrometer. This continuum contains light from the 
carbon-arc lamp and the condensed species in the flame and the gas. This light is 
resolved into its separate wavelength constituents by the dispersion element. At a #.» 
particular wavelength isolated from all possible spectrum lines, a spectral radiance 
from the continuum is determined with the reference light source both on and off. 
The first reading is, of course, greater because of the light from the lamp being 
transmitted through the flame. The difference between these two readings is indica- 
tive of the radiation absorbed and scattered from the reference source beam by the 
particles, from which the absorptivity and, hence, emissivity of the particle cloud 
Eire obtained. With the ligh* source off, the measurement of radiance from the parti- 
cle cloud together with the value for emissivity is used in Planck's radiation law 
to determine particle temperature. 

Additional measurements like those above are made at a spectrum line 
of a trace element in the gas, such as sodium, barium, or lithium. With the lamp 
off, the recorded radiance is that of both the particles and the gas, but that 
contribution from the particles, having already been measured, allows isolation 
of the radiance from the gas. The light fron the lamp transmitted through the gas 
and particle cloud at the trace element spectrum line is attenuated by absorption 
by both the gas and particles. The attenuation due to the particles can be estab- 
lished with the previously determined values of particle cloud absorptivity and 
reflectivity, thus allowing the calculation of gas emissivity. The gas tempera- 
ture can then be determined from the values of gas radiance and emissivity, again 
using Planck s law. A detailed treatment of this method is shown in Ref 3. 

In order to separate the effects of scattering and absorption by the 
particle cloud, either a knowledge of condensed species size distribution and 
refractive index is necessary or further measurements on the cloud are required. 
These considerations are discussed further in this report. 

TT5 Radiance or radiancy is the radiant flux emitted in a given direction per unit 
solid angle per unit projected area of the emitting surface. In this case the 
"surface" is at the plane of the reference source image, within the flame. 

Page k 
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II. 

TECHNICAL DISCUSSION 

A.  DESCRIPTION OP APPARATUS 

The design features of the apparatus used in this program are presented 
in the following paragraphs. 

1.  Spectral Coaparison Rrroaeter 

The spectral comparison pyrometer is built around a Jarrell Ash 
Model 82-010, manual-drive scanning spectrometer. The instrument has been modified 
to scan a 200A^1' range at a frequency of at least 100 ops, allowing a measurement of 
both particle and gas temperature to be made every 0.020 sec. 

The  internal optical system of the spectrometer is shovn in 
Figure 2. The concave mirror has a 500-inm focal length and a diameter of 150 am. 
Light enters the entrance slit and passes to the 150-BBB concave mirror «here it is 
collimated and reflected to a 5&-iiB-square planar reflection grating. The diffracted 
light is reflected back to the mirror where it is ageiin reflected and focused on 
the exit slit. The wavelength of the light brought to the exit slit is changed 
simply by rotating the grating about its center. The grating used for the measure- 
ments on rocket motors and flames has 30,000 grooves/in.« and is biased for 5000 A9. 
This grating allows dispersion of light in the 3000 to 8000A0 range with O.O5A0 

resolution. 

The scanning arm of the spectrometer was modified to achieve the 
high scanning frequency by replacing the original rigid scanning arm with an articu- 
lated assembly  Kcvement of the articulated assembly is induced by two electro- 
magnetic coils that are excited by a push-pull amplifier. The coils alternately 
attract and repel the movable arm. The arm can be driven as much as 0.G50 in. at 
its tip, which produces a spectral scan of approximately 200AC near the sodium 
doublet 5839A0, A manual adjustment is used to set the wavelength around which the 
scan is centered. For most of the measurements the scan width was 15A0 with the 
seem centered at 589OA0, the first line of the sodium doublet« 

The detector used in the spectrometer is an RCA 1P21 multiplier 
phototube located at the kO  micron exit slit of the spectrometer. This phototube 
has a broad spectral sensitivity curve and an excellent time response. Radiation 
with wavelengths from 3000 to 7CCOA0 can be detected with this tube, which has 
maximum sensitivity at UOOOA0. The signal from the tube is amplified with a Dana 
amplifier, having variable gain from 2 to 100Q. Output from the amplifier is used 
to drive a 2500-cps galvanometer and Is monitored on an oscilloscope. 

The primary comparison source used in the experimentation is a 
tungsten ribbon lamp, which also serves as a secondary standard. This lamp has a 

(1) 10 angstroms (A0) = 1 micron (p). 
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II, A, Discripticn of Apparatus (cont.) 

horizontal tungsten-ribbon filament, 1/8 in. hlgb by 1/2 in. wide. The tungsten- 
ribbon lamp can be used without damage at temperatures to 2870oK {U700oF). However, 
if the lamp is operated at this temperature for extended periods, the glass envelope 
will cloud because of tungsten vapor deposition on the inside. A regulated dc power 
supply provides power to ♦.he lamp circuit with less than 0,2% ripple. It is neces- 
sary to keep the ripple at this low value so that fluctuations in temperature do not 
confound the results. 

The lamps were first calibrated by measuring brightness temperature 
at a wavelength of 0,65 y with a hand-balanced optical pyrometer. Having this 
brightness tempersture, the true lamp temperature was calculated and used with tabu- 
lated emissivity values io generate the entire radiance curve for various current 
settings. 

For the measurement of temperature in gases containing large par- 
ticle concentrations where scattering is extreme, a comparison source of high 
intensity is required. For such cases, a carbon arc is used because it provides a 
radiance approximately 13 times that of the tungsten ribbon lamp     Intended as a 
microscope illuminator, the machine used in the experimentation uses a carbon 
feeding system that automatically strikes and feeds the cure. 

Topically, the emissivity of the carbon arc Is very high (Ref 9), 
having a value of 0.97 from U200 to 63OOA0 at a temperature of 3900oK (6550oF). 
The image of the crater in the horizontal electrode (for dc operation, the positive 
electrode) is projected in the flame and used for comparison. A brightness tempera- 
ture of 3700oK at 0,65 w was measured at the electrode image, with the equipment 
set up as shown in Figure 1, 

As was mentioned previously, four measurements are necessary to 
ascertain the tempe'-ature of both the gas and the rarticles. Two measurements are made 
at a spectral line (arising from the trace element in equilibrium with the gas) with 
and without the comparison source radiation, and two are made at a neighboring wave- 
length to determine the liquid- or sclid-phase temperature. 

The scanning arm is synchronized with the interruption of the 
source light by using a proximity pickup device mounted on the beam chopping 
assembly of the reference light source. This synchronization scheme is shown in 
Figure 1, The reference source beam is chopped for 1/2 cycle, i.e., 1/2 of the 
complete back-and-forth sweep of the grating, The phase-angle between the scanning 
signal and the chopping frequency can be altered by means of an assembly which 
rotates-the proximity pickup about the axis of the chopper blade. 

For laboratory measurement, the flame is placed in the object 
position and the lenses arranged in a manner such that the image of the comparison 
source is focused at a point in the flame. The laboratory apparatus consisting of 
the carbon arc, choppers, lenses, and spectrometer is shown in Figure 3. 

Page 6 
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II, A, Description of Apparatus (coot.) 

Since the conbustion tine of the test rocket motors vas limited 
to about 1 sec or less, automated techniques fcr high-speed spectral measurement 
of the three locations and one reference position were provided. The basic apparatus 
is the same as that used for the laboratory measurements but high-speed optical 
switching between the three selected measurement locations vas included as shown in 
Figure k.    This system vas revamped after the first tvo motor tests, vhen it vas 
learned that the carbon arc source beam vas being excessively attenuated by the 
optical switching coaponenta, resulting in insufficient precision in the measure- 
ment of cloud emissivlty. 

2.  Flames and Motors 

The flame source used in the laboratory studies consists of a small 
hydrogen/oxygen torch into which alumina particles (about 0.1 y dia) are injected from a 
fluid!zed t 1 underneath. Hydrogen gas passes from a small rotameter (9000 nl/min 
max., STP) directly to the gas mixing chamber below the exit nozzle. Oxygen gas, 
after passing through an identical flovmeter, is split into tvo streams, one of 
which passes to the mixing chamber. The other stream enters at the bottom of the 
AI2O3 particle injector, veil below the level of the particle bed. To inject 
particles into the flame, a mechanical vibrator is energized, causing vigorous 
stirring of the particle bed. Gas is then introduced through the inlet tube, 
causing partial fluldlzation of the bed. The fluidlzed particles enter the plenum 
and thence flow through the mixing chamber Into the flame. Particle number density 
in the flame is simply controlled by changing the ratio of flow rates of the two 
oxygen streams. The system vas used successfully, vlth the particle concentration 
remaining quite steady during the run. Particle mass fraction in the flame of up 
to OJi  could be obtained without difficulty. 

To determine gas temperature, a trace element such as calcium, 
sodium, barium or lithium in the form of a salt is injected into the flame where 
it is ionized. The Intensity of the spectral line emitted by the ions is measured. 
Fcr the motor tests, only sodium vas used as a trace element, and because this element 
exists as an  impurity in most propellent raw material, no external injection system 
was necessary. A wicking arrangement vas used to inject the trace elements into 
the small flame employed in the laboratory tests. The vick, fabricated from rolled 
asbestos cloth, was soaked in a saturated solution of the trace element halide, and 
then vas dried. The vick vas placed around the gas exit of the hydrogen/oxygen mixing 
chamber, and was exposed to the flame to cause evaporation of the salt. To gain 
the maximum concentration of trace element in the flame, the iodide of the cation 
was used, since this group of the halides normally has the highest vapor pressure. • 

The motors used in the experiments were of the configuration shown 
in Figure 5, which also shows the design of the viewport used in the chamber 
measurements. The motors vere filled with approximately 1 lb of propellant, 
and developed a thrust of about 350 Ibf at a chamber pressure of 700 psla. Because 
of the cylindrical grain configuration, the chamber pressure Increased monoton!cally 
during a firing, from approximately UOO to 700 psla. 
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II, A, Description of Apparatus (cont ) 

3.  Apparatus for Light Scattering Studies 

Light scattering measurements were made both on the small flames 
with entrained particles and on the motor exhaust plumes so that the cloud 
reflectivity could be determinedc The detector used in the laboratory eaqperi- 
ments, shown in Figure 6, consists of the collimating tube, filter holder, image 
elements, and detector. The detector assembly is supported from the framework 
above the flame and can be rotated around the flame in the so-called observation 
plane. The scattering volume, subtended by the detectors, can be properly defined 
through the appropriate location of the lenses in relation to the image elements 
(Figure 7). A polarizing filter in the detector was positioned to intercept light 
in either the I. or I. position as explained in the section on "Experimental 
Studies." For the jiotor tests, the detectors were fixed in position about 7 in. 
from the plume center line at angles of 0°, 57.5°, and 120,5° to the incident 
light beam. 

i 

j 
The light source used for these measurements was a high-intensity 

water-cooled BH-6 mercury arc lamp, the beam from which was focused at the center 
of the flame or plume at the position of the scattering volume. 

Light striking the phototube detectors was filtered by means of a 
narrow-band interference filter centered at O.U36 y. The emf recorded from the 
detectors was coupled through an RC network to an amplifier and galvanometer. 
Because the reflected light from the mercury arc was of lower intensity than 
emission fluctuations from the plume, the recorded emf was basically of an erratic, 
random character, with a superimposed 120-cps wave representing the light reflected 
from the mercury arc lamp. 

B.  EXPERIMENTAL STUDIES ON SMALL FLAMES 

Spectroscopic and light scattering iriasurements were first conducted on 
small H2/02 flames with injected alumina particJes. These measurements were con- 
ducted to develop the various techniques of photometric measurement; the apparatus 
which evolved from these studies has been described. The experiments included 
measurements of temperature measurement precision (random error), determination of 
the emission properties of various trace elements, and determination of the emission 
and scattering properties of alumina particles. These studies were followed by 
experiments on the small motors, where emission and light scattering measurements 
were made simultaneously. 

I.  Calibration of SCP 

^v The primary standards used to establish temperature were a carbon 
arc standard   for one temperature point at 3803.1oK and an NBS tungsten ribbon lamp 
standard for all temperatures below_2800oK. These standards were employed to cali- 
brate a portable optical pyrometer   which was used, in turn, to measure the birgbtness 

TTJ Mole-Richardson "type 2371 enclosed air arc. The temperature was determined by 
an NBS-certified standard optical pyrometer at O.653 w wavelength. 

(2) Leeds and Northrup model 8622, Serial No. 1625126 (AGC). 
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IT, B, Experimental Studies on Small Flames (cont ) 

temperature of the reference light source image formed hy the lens "2" (see 
Figure 1), This measurement was performed repeatedly during the detector-recorder 
calibration and again just before a run 

To accoarplish the calibration, the optical scheme is arranged as 
shown in Figure 1, with the tungsten ribbon lamp serving as a reference sourccc 
With the reference source as its highestvpracticable temperature (- U200CF) and a 
voltage of 900 v across the phototube,*  the adjustable horizontal entrance slit 
of the spectrometer was opened until an output current from the phototube of 
9 microamp was measured  (This was determined previously to the maximum allow- 
able anode current at which the phototube is within the range of "linear" operation. 
i.e., where 

anode current/voltage divider current tn * ■,n\  \  rrTSr 7 * r:    ■ constant (Ref 10),) light Intensity 

With the tube voltage held constant at 900 v, the reference 
source temperature was varied from approximately 2700 to Ul00oF with the spectro- 
meter set at wavelength values of O.U, 0 5, 0,6, and 0.7 u°    The emf output was 
monitored and recorded on oscillograph traces, and the ratio of emf to incident 
radiancy was generated as a function of signal level and wavelength. The data 
indicated that the "tube constant" is not a function of radiancy, but is of course, 
quite strongly dependent on the wavelength region. It was found that a rather 
large variance in tube constant resulted because of small changes in line voltage. 
This condition was rectified by installing a voltage regulator to supply power to 
the reference light source and phototube high-voltage source, 

2,  Determination of Measurement Precision 

The precision of the temperature measurements is determined from 
the soarce variance, loeo, that variance from a large set of recorded measurements 
of radiance from the tungsten ribbon lamp. With the hydrogen/oxygen flame oper- 
ating, a measured variance In flame temperature larger than the aforementioned 
source variance must be due to fluctuations in the flame temperature and emissivity 
during the run. This variance is termed the temperature variance. When particles 
are added to the stream, still more uncertainty results due to the fluctuations 
in particle feed rate and particle temperature; the resulting varianie calculated 
from the latter measurements is termed the gross temperature variance. The last 
two variances are .ot necessarily indicative of precision, but only represent the 
temperature and emissivity fluctuations during a measurement. 

TU For most of the experimentation, an BCA 1P21 phototube was used at the exit 
slit of the spectrometer. It is a nine-stage type, having a radiant sensitivity 
at U000oA of 78,000 amp/w of incident radiation. 
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II, B, Experimental Studies on Small Flames (cont.) 

From Appendix B of Ref 3, the relationship between phototube 
constant, output emf (inches of galvanometer deflection in this case) and source 
temperature is given by 

ij 
K(VV 

£(V V V (V 

\X[    f 1 8 
)-l 

(Eq 1) 

From Eq 1, the source temperature is given by 

^ + 
^V V V (V 

EiJ KiJ Ai5 ] 
(Eq 2) 

Random error in the measurement of any temperature will be no 
smaller than that associated with the reference source. It is possible to assess 
the magnitude of this error in temperature measurement through the following 
approximation: 

2 
OT 

s 

3T
a2 ( 2-) 'V 

2    3T 0 2 
a ir  + ( 2.)2 «v 

hi * KU )     e (Eq 3) 

3Ts 2 2   3Ts  2 
3Ai  Ai 3Eij hi 

The partial derivatives were determined from Eq 2 with 
measured values of c, K^, and E^j, The variance in phototube multiplication 
factor, aK^j, was determined from a set of several hundred oscillogram galvanom- 
eter deflections at various tungsten ribbon lamp brightness temperatures. The 
standard deviation, at  , was estimated from Ref 11; o ^ was considered to be negli- 
gible conpared to the others; and  EJJ was determined from the variation in galvanom- 
eter deflection when a constant signal was introduced to th? recording anpllflero 
The resulting source variance was determined to be a T2 = ^9 (0K)2 with 120 degrees 
of freedom»'i) This represents the best possible precision in the measured temperature. 

i,i> See footnote, p. 
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II, B, Experimental Studies on Small Flames (cont.) 

An estimate of the teaperature variance was obtained by examining 
data from measurements on H2/O2 flames containing AI2O3 particles.    From Appendix A, 
the particle and gas temperature are represented by the following: 

Tp ' fl <*' ^al. ^sl. E12» Ell- K1J' V V Xl- ^ ^ U) 

Tg * f2  (5t' Ya2« Ys2' E2V E22' K1J « V S' X2- ^ ^ 5) 

The measurements of T and T taken in the laboratory vere reduced using a computer 
program. The temperaxure variance and gross temperature variance were cast into 
the form of Eq 3 in terms of the variables of Eq U and 5. Partial derivatives were 
evaluated simply by using the approximation 

3T, AT. 

3 s   (&x  '    n,n j  J (Eq 6) 

where small changes in x were accomplished by change in input to the computer 
program. Table I presents some typical results of this investigation. 

TABLE I 

PRECISION OF FLAME TEMPERATURE MEASUREMESTS 
AT TEMPERATURE = 2600oK 

Std Dev 
c.  CK 

16,5 
hO,S 
1^0 

Degrees of Freedom 

25 
50 
50 

Remarks 

Gas temperature, clean gas 
Gas temperature with particles 
Particle cloud 

From many separate experiments on flames during this program, it 
appears t) at the first value in the table is very close to the minimum value which 
can be obtvined in a measurement of this typ.» The second figure is larger because 
it reflects the uncertainty in the change of radiance of the particle cloud from 
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II, B, Experimental Studies en Small Flames (cent.) 

X (where It Is measured) to A . This uncertainty Is much less than the uncertainty 
in cloud emissivlty'^' which causes the larger standard deviation in particle 
temperature. 

3.  Thermodynamic Equilihrium Studies 

These experiments were conducted to explore and assess the presence 
of thermodynamic disequilibrium .1  a flame. Such disequilibrium can cause extraneous 
emission, not indicative of temperature, caused by nonequlpartition of energy among 
the translational, vibrational, rotational, and electronic degrees of freedom. 
Since the spectral comparison method uses the measurement of electronic temperature 
to determine translational temperature, it is necessary that the tvo temperatures be 
equal, and hence, that equilibrium be achieved. 

While simultaneously injecting the halides of barium (spectrum 
line - 0.553555 u), cesium (0.1*55535 w), lithium (0.61036U w, O.67078U w), and 
sodium (0.588995 u, 0.589592 P, doublet), and with the O2/H2 flame burning at 
several constant cixture ratios, measurements of intensities of the several 
spectrum lines were made. 

Figure 8 presents results for one particular mixture ratio, reduced 
from the gas temperature measurements at the spectral lines which were studied. 
The results are presented in such a manner that thermodynamic equilibrium (i.e., the 
equipartition of energy among the various energy modes) is indicated by a straight 
line passing from the origin through all the points. The best estimat- of flame 
temperature from the slope is 25350K. Scatter in the measurements is indicated at 
both lines of the sodium doublet and the lithium line at 0.6707P. This scatter 
is predominantly a result of the temperature fluctuations of the flame during the 
run, but is not extensive; most of the data falls on the straight line. It was 
concluded from the approximately 500 measurements at six mixture ratios 
that the "D" lines of sodium and the line of lithium at 0.6706y are indicative of 
equilibrium temperature in a gas at a pressure of one atmosphere and above. The 
departure of the cesium data from the line could be an indication of disequilibrium, 
since the radiative lifetime of cesium is extremely short (< 1^-8 sec). 

Measurements made on the 0,6ly line of lithium and the 0.535V 
line of barium indicated extremely low spectral radiance from these transitions and 
resulted in a prohibitively low signal-to-noise ratio. Potassium (0.776U91u) was 
also examined, bv a low signal-to-noise ratio resulted because of the low sensitivity 
of the RCA 1P21 . this spectral region» 

TTJ For an optically thin cloud, the emissivity of the particles is given by the 
term (lo-exp(-j| y t)), where y » the particle absorption cross section, is nearly 
proportional to n*, the imaginlry part of the refractive index of alumina. The 
relatively large standard deviation in particle temperature is principally due 
to uncertainty in n'o The measurement of n' and its uncertainty are discussed 
below in a separate section. 

Page 12 



AFRPL-TR--66-203 

II, B, Experimental Studies on Small Flames (cont.) 

Self-absorption of the lithium line at 0-6708u was observed during 
some of the experiments, which renders lithium undesirable as a trace element under 
certain circumstances. 

h,      Light, Scattering Studies 

The radiation scattered from particles in two-phase flow must be 
treated in the determination of gas and particle temperature. Ihis is done tjy 
making optical measurements of scattered light intensities simultaneously with the 
spectroscopic reasureoents. These scattering measurements are used to determine 
the effective particle size distribution and number density^1' from the Mie scattering 
theory,'^' which together with a knowledge of the particle refractive index, allows 
calculation of particle cloud emissivity. 

The following experiments were conducted to refine the experi- 
mental technique for the optical determination of particle size distribution and 
number density so that the method could be used with confidence on the motor 
tests. The apparatus consisted of the scattering detector, mounted to swivel in 
a vertical plane through the flame, a carbon arc lamp, a mercury arc lamp, the 

O^/Hg flame, and an Al^C^ particle injector. A commercial grade of AI2O3 powder was 
purchased for these runs with particle sizes close to that encountered in a rocket 
motor exhaust plume. The particle diameters in a sample of this powder ranged from 
0.05u to 15M, with the peak concentration at approximately O.ly. 

Meaningful measurements were obtained by using a mercury arc lamp 
and a monochromatic filter on the scattering detectors of 0.k36v,  the wavelength at 
which the intensity of the mercury arc lamp is a maximum. Measurements made under 
these conditions gave excellent differentiation of the scattered light from that 
due to radiant emission cf the particles. Since the mercury arc lamp operates on 
ac current, the reflected light pulse is a 120 cps sine wave, impressed upon a 
randomly fluctuating dc level from the particle emission. The resulting signal 
from the phototube was amplified and displayed on an oscillograph recording. The 
amplified signax also passed through a capacitive-coupled network to a thermocouple- 
type detector, the output of which was recorded on a strip chart. The two outputs 
represented peak-to-peak ac values and an integrated ras value, respectively, which 
tc-gether facilitated highly accurate data reduction. 

(1) In the motor tests, a precise determination of particle number density was not 
possible because of imprecision in the light-scattering measurements. As is 
shown in Appendix A, light-extinction measurements at two wavelengths can serve 
.just as well, provided that particle mass fraction is known. Where this is 
unknown, additional light-extinction .stasurements can be used, 

(2) This theory, attributed to G, Mie, first appeared in 1908 (Ref: Ann. Physik 2^, 
(1906) 377), and presents the solution to the generalized Maxwell equations for 
the propagation of electromagnetic waves from a spherical boundary between two 
regions having different refractive index. The determination of scattering 
properties is described in Appendix B 
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II, B, Experimental Studies on Small Flames (cont.) 

Measurements of reflected radiance were made at angles to the 
incident beam of 10° to 65°, 110° to 170° in increments of 5°, with the reflected 
light polarized parallel (1^) and perpendicular (I2) to the plane of observation 
(Figure 9). Runs were made at two (^/Hg mixture ratios and at different particle 

concentrations. 

The results of the scattering measurements are plotted in Figures 10 
and 11, where the measured and predicted values of the intensity functions i^ and ±2 
have been normalized to the values at 30°, for easy reference to the incident light 
intensity which was measured at this angle. ^' The measurement of incident light 
intensity was accomplished before a run with a bl&ck glass plate(2) which was inserted 
at the position of tue flame and rotated to reflect the incident light beam directly 
into the collimating tube of the scattering detector. 

Predicted values of ij and i2 tre given in Figures 10 and 11 for 
the size distribution of particles collected during a run (distribution b) and 
examined with an electron microscope. The other curves (distributions a, c, and d) 
are hypothetical, having the same shape but different median particle size (see 
Figure 12). These curves show systematically the differences which appear on the 
generated scattering curves of ii(e), and i2(e). Clearly, the differences in the 
shape of the generated curves of i^ and i2 between the four distributions are not 
great enough to allow determination of the correct size distribution from these 
measurements alone. 

The measured and calculated variables for the experimental scatter- 
ing data presented in Figures 10 and 11 are tabulated in Table II. The striking 
agreement between the values for particle number density that were calculated using 
the light scattering measurements and the mass flow rates is a strong indication 
that Distribution b is indeed the correct distribution for the particles in the 
flame. It was concluded from these measurements that the light scattering technique 

(1) The intensity functions i^iQ)  are related to the measured polarized lights 
intensities Ij^fJ), 12(e) and the incident light intensities IQ-^, I02 through a 
relation of the form 

iSfVB X2 1.(6) I i (9) 1.(6) 
T/C\ S 1 ül/j 1 1 \ Ii(e  -       . 2  2        • (and:   TTWT'iJWT' ,*ii    r ix 

where r is the distance from the scattering volume to the detector and V is the 
scattering volume (see Figure 7). For a through explanation of i., 1», see 
Erickson (Ref 12). •L  ^ 

(2) Pittsburgh Plate Glass Co., "Carrara" black glass. This method was originally 
used by Erickson (Ref 12). 
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II, B, Experimental Studies on Snail Flames (cont.) 

could be used to make meaningful measurements of particle number density in the 
motor tests but some other means would have to be found to determine mean particle 
diameter. As is shown later, light extinction measurements were used to allow 
determination of mean particle diameter. Because of the optical depth of the 
particle cloud in the motor tests, the scattering measurements were not successful, 
and particle number density was calculated from the metal oxide mass fraction. 

TABLE II 

MEASURED AND CALCULATED VARIABLES III SCATTERING EXPERIMENT 

Flow rates during Run 2 

Oxygen 0.0375 gn/sec 
Hydrogen 0.0336 gm/sec 
AIJ)        0.00308 gm/sec (avg over run) 

Sizes and distances 

V (scattering volume) at 90° 
s 

r    (distance from S.V. to detector) 

X    (wavelength) 
I 

A (area of incident beam) 
o 

A (area of beam at detector) 
s 

Other pertinent data 

^(135°) 

^(150°) 

p 1  (reference black glass, 15°) 

p . (reference black glass, 22.5°) 

Calculated number density of particles 

N  (from scattering data) 

N  (from mass flow rates) O.96U x 10 cm 

6.58 x ID"3 cm3 

l6 cm 

O.U36y 

0.0U6 cm2 

6.57 CB 
2 

0.035 
Distribution b. 

0.061» Figure 12 

0.0519 

0.0568 

1.005 > 
9  -3 

: 10y cm 3 
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II, B, Experimental Studies on Small Flames (cont.) 

5.  Determination of Refractive Index of Alumina 

To relate particle temperature to the continuum emission of the 
particle cloud and to determine the effect on these measurements of scattering by 
the particles, a knowledge of the refractive index of the condensed phase is 
required. The refractive index is a complex number, i.e., 

m = n - n'i 

where n is a measure of the change in the speed of light in the medium (in this 
case, Al203(i)) relative to the value in the surrounding medium, and n' is related 
to the absorption or attenuation of the light beam in the medium. Absorption in 
the medium can be described through the relation 

_ "t 
I = I e 

o 
i 

where Y is the usual absorption coefficient and t is toe thickness of the medium. 
It can be readily shown that n' is related to the absorption coefficient in the 

,       medium by the following: 

Y = 2n'k » ^~ (Eq 7) 

For a system of scatterers it can be shown (although not so readily) that the 
absorption cross section, Y > used to determine t'ae emissivity of the particle 
cloud by 

ep - 1 - e-^a* (Eq 8) 

is approximately directly proportional to n1, i.e., 

Ya o n' (Eq 9) 

From the above it is obvious that in order to obtain accuracy in the determination 
of particle emissivity (and hence temperature), n' must be known to within reason- 
able limits. 

Data obtained from Gryvnak and Burch (Ref 13) indicate that a 
value of Y = 1 mnr^ is likely at the melting temperature, where they observed a 
sharp increase in the alumina emittance. Unfortunately they could not measure the 
thickness of the molten sample, and hence, could not determine Y to a reasonable 
precision. However, using the value of y = 1 mm-1 

AX-s: 0.00008 at In 
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II, Et, Experimental Studies on Snail Flames (cont.) 

Table III indicates the dependence of T on n', using the data from 
a motor firing. This table was generated by calculating an absorption cross section, 
Ya, for each given value of n*. The  corresponding cloud ealssivity was then obtained 
from Eq 8, and the calculation of particle temperature followed «is shown in 
Appendix A for the optically thin case. 

TABLE III 

PARTICLE TEMPERATURE, DETERMHED FROM SPECTBOSCOPIC 
MEASUREMENTS—DEPEKDEKCE ON n 

1.799 - n'i (Ref lU) 

T(.7s€ 
P  rK P  OR 
T ( 1 8ec)(l)      T (.7 sec)(l) 

3662 3805 0.0005 
3332 3^53 0.001 
280»* 2899 0.005 

If the values presented in Table III were the only measurements 
of temperature available to us, we would suspect that n' >0.001, since for values 
of n' less than 0.001,the temperatures determined from the spectral measurements 
are much higher than the theoretical values for an isentropic expansion. 

Fortunately there are other measurements on AI2O3 particle cloud 

emission which can be used. These were obtained on a H2/O2 flame into which AI2O3 

particles were injected at temperatures from 2600 to 3000oK. Particle absorption 
cross sections were determined from emissivity measurements, and eure presented In 
Table IV, together with cross sections calculated from the Mie theory for various 
values of n'. The same treatment was given to the data of Carlson and DuPuis 
(Ref 15); these values ere shown in Table VI. 

The results of Carlson and DuPuis agree with those of this report 
to within the uncertainty in all the measurements of both studies. From the data 
of both Tables IV and VI the best value of n* appears to be 'v0,005 for the range 
of variables used in this study. The recommended complex refractive incfex of 
alumina is therefore given by ' 

m = 1.799 - 0.005i (T > melting point of Al^O., X  »0.6 y) 

fl) Time refers to elapsed time from start of firing. Measurements were made 
at the exit plane of the rocket motor nozzle. 
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II, B, Experimental Studies on Small Flames (cont.) 

TABLE IV 

Run 

3 
1» 
5 

DETERMINATION OF n* FOR MOLTEN ALUMINA, OBTAINED FROM 
EXPERIMENTS ON FLAMES CONTAINING PARTICLES 

Calculated Y , Mie Scattering Theory (Vi 

0.0001 
0.0ÖÖ5 
0.001 
0.005 
0.01 

^ 
.58611) 

1.1508 x lO'J^cm2 

5.7^35 x io:;J 

1.1U6 x 10 
5.623 x 10 

-12 
-11 1.099 x 10 

Measured Y , Experiments on H /0 Flames 

Ya(A' 0.558p) 

-12    2 7.2 x 10 -on 
3.9 x 107: 
6.5 x 107' 
8.5 x 107; 
7.6 x lO-12 

T (0K) (3) 

2685 
21*66 
2750 
2885 
2700 

(2) 

n' (ty interpolation) 

0.0079 
0.0OU3 
0.0072 
0.009U 
0.0081» 

avg n' = 0.0071» + 0.0019 (2500-2900oK) 
(U) 

TABLE V 

PARTICLE SIZE DISTRIBUTION USED IN DETERMINING ¥ . TABLE IV 
'a' 

D(micron) f(P)(imnormalized) 

0.0950 O.5U0 
0.1900 0.1270 
0.2850 0.0288 
0.3800 0.0200 
0.1»750 O.OlU 

(1) Conditions on particle size distribution shown in Table V. 

(2) Y determined from measured emittance by using Eq 1 of the appendix, which 
it true for optically thin regions. The value of N used in the computation 
was determined «is shown in Table V. 

(3) Measured during run with Spectral Comparison Method. 

CO Standard deviation on measured y   = 0.5 x 10 
a 

-12 
for 25 to 30 degrees of freedom. 

Page 18 



AFRPIr-TR-66-203 

II, B, Experimental Studies on Small Flames (cont.) 

Number density of particles used in Table IV computed from 

[pgx
+ PJI-X)] v 

with V = 2.901 x 10'  cm /particle, p is determined fron computer routine at mix- 
ture ratio used in run and from measured temperature; x 1*  determined from weight 
balance on particles before and after run, measured flow rates of gas; p. is deter- 
mined from data of Kirshenbaum (Ref 16). 

TABLE VI 

DETERMINATIOK OF n' MOLTEN ALUMINA, OBTAINED FROM 
MEASUREMENTS OF CARLSON (Ref 13) 

Calculated y  , Mle Scattering Theory 
fit 

n' A » 1.3>i    Ya A ■ l.Tu 

0.00005 T.k x 10'11  cm2 U.T x 10'V rn2 

1.1»75 x lOj^O 8.336 x ICjJl 0.0001 
0.0005 7.19 x 10"ou U.15 x 10 . 
0.001 i.i»3 x 10";: 8.32 x 10 ^ 
0.005 6.95 x 10'y U.01 x 10'y 

(2) Measured y , determined from emittance measurements a 
Ya(a11 A) T(0K) n' (by interpolation) 

1.91» x 10rJ0cm2    2320 0.000181 
2 Jk x IO^Q 2i»00 0.000258 I 1., 
6.3 x 10   " 2600 0.000595 
1.65 x 10 ;:    2800 0.00155 
3.33 x 10"y     3000 0.00326 

6.  Conclusions 

The following conclusions could be drawn from the laboratory experi- 
ments reported herein: 

(1) The temperature of the H2/O2 flame at various mixture ratios 
can be measured-in the presence of particles with a precision characterized at 3000oK 

(1) Conditions on particle size distribution from Figure 3 (Ref 15). 

(2) Calculations shown in (Ref 17). Bnittance values obtained by averaging 
points above 2320° in Figure 12 (Ref 15). 
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II, B, Experimental Studies on Small Flames (cont.) 

by a standard deviation of approximately UO*^ with about 15 degrees of freedom. This 
is better precision than was originally anticipated for the spectral comparison method. 
It represents considerably better precision than any results previously reported in 
the available literature using similar methods for temperature measurement. 

(2) Temperature measurements using various trace elements in a 
Ho/Op ^ame  indicate that, at pressures of one atmosphere and higher in regions not 
far removed from a combustion zone, the element sodium is in thenoodynamic equilibrium 
with the gas. Furthermore, for various other reasons which were previously presented, 
sodium is the most desirable trace element for use in this program. 

(3) Scattered light intensity measurements were made in a ^^2 
flame seeded with AI2O3 particles, and were described. A sample of AI2O3 particles 
was analyzed by photomicrography, and the measured distribution was used to generate 
a series of scattering diagrams, ^ (m, e, o) and i2 (B, 6, a). The light scattering 
measurements on this same sample, seeded in the flame, showed good agreement with 
the predicted diagrams. Furthermore, the particle number density determined from 
the scattering measurements agreed very closely with that which was calculated from 
a mass balance on the injected particles. These two checks seemed to verify the 
accuracy of the method and indicated that no large biases were present in the light- 
scattering measurements. 

(h)    Die refractive index of alumina above the melting temperature 
was determined from measurements taken in this investigation and others (Ref 15). 
The recomnended value for refractive index 
2800oK, 0.5»i < * < 1.5W. 

is m = 1.799 - 0.500i at 2320oK < T < 

C.  EXPERIMENm STUDIES ON SMALL ROCKET MOTORS 

1.  Summary of Test Program 

To accomplish the stated objectives, nine motor tests were planned. 
The motor testing program was conducted in three separate phases, distinguished by the 
type of metalized solid propellant. The properties of the solid propellants used 
in all tests are presented in Appendix C. 

Initially, it was planned that the first phase would consist of 
three 1KS-250 motor tests with an aluminized propellant (ANP 2969, Appendix C), 
with temperatures measured both in the chamber and at two stations in the exhaust 
plume. The required ancillary equipment to accomplish the simultaneous measure- 
ments was developed concurrent with the laboratory development of the temperature 
measurement technique, and utilized in the first two motor tests conducted. From 
the data of these two tests, it became obvious that the intensity of the carbon 
arc light source was being attenuated to a value which resulted in insufficient 
precision in the measurement of particle cloud emissivity. Hence, the third test 
was conducted, with RPL concurrence, by eliminating a portion of the ancillary 
equipment and moving the carbon arc to a position approximately 12 in. from the 
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II, C, Experimental Studies on Stoall Rocket Motors (cont.) 

plume center line  The reference light source beam penetrated the plume, and radi- 
ance measurements were obtained. However, because of a malfunction of an electrical 
component in the spectrometer, poor precision was realized, and a fourth test using 
the aluminized propellant was conducted before moving into the LM-2 propellant 
^ANP 2991 M?d 1A, Appendix C) motor tests. This fourth test waa completely 
successful. Motor thrust, chamber pressure, exhaust gas temperature, exhaust par- 
ticle temperature, and light scattering measurements were obtained. 

In the second phase of this program, three tests of an LM-2 pro- 
pellant were planned, followed by three tests with LMH-2 type propellants (AITP 3130, 
Appendix C) in Phase III  However, «hen it became necessary to conduct a fourth 
aluminized propellant test, the scope of Phase II was reduced to two tests. In 
addition, it was felt most desirable to obtain early knowledge of the problems to 
be faced with the LMH-2 type propellants; hence, the fifth test was conducted with 
this propellant instead of the Phase II propellant, LM-2. 

In addition to the normal measurements of chamber pressure and 
motor thrust which were obtained on the fifth test, measurements of spectral radiance, 
light extinction,and optical scattering were attempted in the  chamber of this motor 
to allow determination of gas and particle temperatures in that region. These 
optical measurements were unsuccessful because of the extreme optical depth within 
the chamber and what appeared to be extreme viewport erosion. The high mass fraction 
of particles which results from this propellant (LMH-2) prevented successful light- 
scattering measurements in the exhaust plume during this test. 

Following the fifth test on the LMH-2 propellant, and with RPL con- 
currence, some effort was expended in the development of a more intense reference 
light source, utilizing a xenon flash lamp and power supply furnished by RPL. It 
was decided that the available power supply and triggering system was not adequate 
and would require extensive modification in order to serve as a repetitive flash 
lamp system  The flash lamp studies were substituted for one motor test to prevent 
an extension of the program scope. 

The sixth test was conducted using an LM-2 type propellant, and 
spectros-opic measurements of continuum emission from the particle cloud and 
spectrum line emission from the gas were made in the motor chamber region, again 
using optical viewports installed in a plenum just downstream of the end of the 
grain  Erosion of the viewports was not a problem as it had been with the LMH-2 
propellant  Light scattering measurements were made in the exhaust plume as in test 
number five. Particle and gas temperatures were determined successfully from the 
chamber measurements, using the "optically thick" analysis described in Appendix A. 

The last two tests of the program were conducted with each of the 
two propellants, LM-2 and LMH-2. Spectroscopic measurements were taken in the 
exhaust plume and scattering measurements were attempted in the chamber using the 
viewport arrangement previously described. A successful determination of gas and 
particle temperatures in the plume resulted. The light scattering studies in the 
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II, C, Experimental Studies on Small Rocket Motors (cont.) 

chamber were inconclusive, again because of extreme optical depth. A detailed 
description of the results and method follows. A summary of motor test conditions 
and results is given in Table VII. 

2.  Motor Test Results 

a.  Component Evaluation 

A detailed description of the ancillary equipment is presented 
in Appendix D. This Appendix also contains a complete description of the optical 
viewport construction, test fixture, and motor construction. Compositions for the 
three propellants used (Aluminum, LM-2, LMH-2) are shown in Appendix C. Figures 13 
through 18 show the test hardware used in the eight motor tests. 

Postfiring inspection of the motor hardware from the first 
two tests revealed that the ATJ graphite throat inserts were slightly eroded in the 
throat vicinity. Further, a thin film of aluminum oxide was observed on the nozzle 
exit cone. The complete aft-closure assembly, which includes insulators, graphite 
throat inserts and steel closures, was in excellent condition after firing. It was 
decided to reuse the complete assembly from the second test on the third and again 
on the fourth motor test with the aluminized propellant. A view of the assembly 
looking aft from the chamber plenum is shown in Figure 19 with optical viewports 
installed. The picture was taken after the first test with this assembly (motor 
test No. 2). 

It can be seen from Figures 19 and 20 that the optical 
viewport assembly tips (adjusting seat) were slightly melted. This problem was 
solved by flame-spraying the AISI 1010 steel adjusting-seats with Rokide Z 
(zirconium oxide) for the third motor test. A postfiring inspection showed that 
the flame-sprayed probe tips did not melt or erode. Hence, all the probe tips for 
the remaining motor tests were flame-sprayed with Rokide Z. Soot observed on the 
transparent windows after firing was attributed to the propellant liner charring 
due to residual heat in the chamber after the propellant had been consumed. 

i 
To verify this thesis, window transmissivity measurements 

were taken on the fourth motor test, which showed that the windows remained reason- 
ably clear throughout the firing. A reliable measurement of the time change of 
window transmissivity, varying from 0.3 to 0.4, was obtained. 

The aft closures used on motor tests with the LM-2 and LMH-2 
also performed satisfactorily, although it was found that in Motor Test 5 
(BH-006), the probe tips were severely attacked with an extensive loss in trans- 
missivity. Figures 21 and 22 show the post-fire views of these aft closures. 
Table VIII presents the prefiring and postfiring throat areas for all nozzles 
tested. 

; 
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TABLE VII 

SUMMARY TABLE OF 1KS-250 MOTOR TEST CCHTITIOMS AHD RESULTS 

Motor Toot lo. 

Twt So-in: 
rt-u-ou-m 001 Ott 003 0M 0O6 00T got 009 

ProptlUirt lo. unr 1969 AIP 2969 AW 2969 AIT 2969 AIP 3130 AIP 2991 AIP 3130 AIP 2991 

■total Isfniimm Al Al Al Al IXC IK 1MB IK 

■ttmt. MOM. Fooltloa k Stotlou k Btttlou A/A» - 9.T» A/A» - 9.Tk OMter CboUxr A/A» • 6.6-10.5 A/A» • 11-12.; 

Imp. DM«, loralt« mmmM _1nT(l) T.U» K Pifun 31 nDn|(2) T.tl« XI Pifm 33 titan 32 

Seattoriof Nua. 
Potltloo A/A» • 6.4 -U3 A/A* • 6.4.11.3 A/A» • 6.1. •11.3 A/A» • 6.»-11.3 A/A». T.9-8.9 A/A» - 10.5-13.6 Cbaabar Cbabi 

Seattarlag Haaa. 
Raaulta 

«»a(3> ««"' Pl«un 31> 
Pl<ora 38 

Tlfan 3I> 
Pi«a« 38 

«-.<»> Ptfora ko «-'*' «-a" 

Partlcl» Slaa10' 
- 

- 
0.7* 
0.6» 

0.6011 
0.56» - 0.T1» 

0.96, 0.80 

Haaa. Spaclfle 233 23* 235 23k.5 261..5 2U 265 ZU 

Iapul«t irrieianep 8b.t 89.1 89.6 89.5 81..3 86.16 8*.3« 87.76 

Hotel:    (l)    Sourc« tnrifbtDMt Insufflelnt. 
(2) &ie*ttlv« Tltvport «roiloo. 
(3) RMordloc tqulfBtnt fftilura. 

{k)   ExetMlrt optleAl dtpth. 
(5) btioetloo MuonMnt »t 0.5ä9y. 
(6) fictinctioo Muur«MBt «t 0.1t36u. 
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II. C. Experimental Studies on Small Rocket Motors (cont.) 

b.  Performance Measurements 

In addition to the development of techniques for temperature 
Eeasuremint the secondary objective of this program was to obtain thrust and 
chamber pressure measurements in order to correlate with the measured temperatures 
to obtain insight into the actual performance potential of the U-'-2  propellant 
systems. 

These measurementt were obtained on each of the motor firings, 
and are shown in Figures 23 through 30, The pressure- and thrust-time curves are 
integrated to obtain specific impulse and characteristic exhaust velocity data. 
These then, together with the theoretical values, are used to obtain specific impulse 
efficiency, ET , and characteristic exhaust velocity efficiency, E #. The motor 
performance data are summarized in Table VIII (cf. Table VII). 

The specific impulse measured at motor condictions is 
corrected to a standard condition (optimum expansion for 15° conical nozzle from 
1000 psia to lh.J  psia) for the aluminized propellant only. This is divided by 
the theoretical specific impulse using the shifting-equilibrium-with-solidification 
option of Ref 18. This does not require a special computer run for each separate 
test condition. 

Data reduction for the LM-2 and IMH-2 propellants, however, 
requires a calculation of the theoretical specific impulses at exact motor 
conditions (average chamber pressure, ambient pressure, and nozzle expansion 
ratio) and at standard conditions (optimum expansion from 1000-psia chamber pres- 
sure to sea-level ambient pressure, and nozzle expansion ratio). The efficiency 
at motor conditions, iae3, 

I 
Efficiency ~ 

s measured at motor conditions 

s theoretical at motor conditions 

is multiplied by the theoretical Is computed at standard conditions to calculate 
an extrapolated Is at standard conditions. In essence, the motor efficiency is 
assumed to remain constant over the range of conditions spanning actual motor 
conditions and standard conditions. 

Briefly, the Aerojet computer program (Ref 18) involves an 
iterative solution of simultaneous equilibrium constants with adlabatic combustion 
o*  fixed chamber pressure, followed by isentropic flow through the nozzle. The 
theoretical specific impulse is then calculated from the difference in enthalpy 
between the chamber and the nozzle exit plane. 

The necessary input data required by the computer program 
includes the heats of formation of the propellant ingredients plus the heats of 
formation, entropies, and heat capacities as a function of temperature for all 
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II, C, Experimental Studies on Small Rocket Movors (cont.) 

conceivable combustion products. The latest JAUAF data (Ref 19) are used where 
available, and all thermodymunic data for propellant ingredients and combustion 
products are periodically revised as new data become available. 

c.  Temperature Measurements 

After the first two motor tests,   the carbon arc reference 
source was placed close to the exhaust plume and measurements were taken at a 
point approximately 0.5 in. downstream from the exit plane (see Table VII). The 
fiber bundles and rotating sampling scanners had been eliminated in order to increase 
the radiance of the reference source approximately 15 times. Satisfactory deter- 
minations of temperature were then obtained from the light extinction and emission 
measurements; the results of Motor Test 3 are presented in Table IX. 

TABLE IX 

MEASURED TEMPERATURES ON 1KS-250 MOTOR HO. 3 

Time, Temp, 
0K 

Particle Cloud 
sec Qnissivity Reflectivity 

0.1 280i» 0.2U21 0.9907 
0.2 2822 0.2575 0.9909 
0.3 2845 0.2615 0.9925 
o.u 2856 0.2679 0.99U2 
0.7 28?? 0.2991 0.9975 

(1) No temperatures could be determined from the data of Tests 1 and 2 within 
reasonable limits because of lack of detectable penetration of the reference 
source beam through the plume or chamber precluded a determination of plume 
emissivity. As is shown later, for optically thick regions, reasonable limits 
on emissivity can be established even in the absence of a good light extinction 
measurement. However, in motor '°?sts 1 and 2, the plume was not optically 
thick, and hence, the minimum limit for emissivity is extremely low ( 0.2). 
The measurements taken in the chamber (which is optically thick) were obscured 
because of melting of the viewport probe tips, which was mentioned above. The 
firings did serve the useful function of delineating unforeseen difficulties 
in measurement techniques on motors. 
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II. C. Experiaental Studies on Small Rocket Motors (cont.) 

The measurements, which show that the particles are still 
in the molten state, are an indication of conditions at the center of the plume. 
This Is true because of the narrow "depth of field" of the receptor optical 
system, i.e.. mere light from the center of the plume strikes the detector than 
that from any other region. 

Successful measurements of both gas and particle tempera- 
tures were made on the fourth motor test, with the apparatus positioned as in 
the third test (see Table VII). These results, which are presented in Figure 31, 
indicate that the thermal lag between particles and gas reached a value greater 
than 7000K. These measurements can be compared to theoretical temperatures 
presented in Table X, which were calculated for the cases of frozen (at both 
chamber and throat) and shifting equilibrium, where the particles are either 
solidified or supercooled. The temperatures presented in Figure 31 differ from 
these values for this test previously reported in Ref 17 because an error was 
present in the previous analysis of emissivity at this optical depth. The 
analysis, originally presented by Kuby, et^ al. (Ref 20), incorrectly accounted for 
the effect of increased optical depth, thereby resulting in an erroneously large 
emissivity. This error was later pointed out to the authors by Carlson (Ref 21). 

The particle temperatures determined from measurements on 
Firing 3 are higher than those for Firing h,  a difference which cannot be due 
to random fluctuations. The measurements made on Firing 3 were of much less 
precisicn, as previously mentioned, because there was insufficient gain on the 
recording channel to obtain a reasonable galvanometer deflection. This condi- 
tion was corrected on Firing U. 

It can be seen from Figure 31 that the measured gas tempera- 
ture, although initially at a relatively low value (l902oK) rises during the 
firing to a level above that predicted for the shifting equilibrium case No. 6 
(Table X),  The particle temperatures are also seen to rise, always remaining 
far ab-ve the malting temperature,, The excessive particle temperature suggests 
that combust ion .5 occurring at this point in the exhaust plume, resulting in an 
"effective" particle temperature.  If either active combustion is occurring at 
this station or if appreciable molten aluminum exists here, the measured particle 
temperature will be higher than expected. In the former case, i.e., where active 
combustion is occurring near the droplet surface, the measurement will Indicate 
a temperature somewhere between the freshly condensed liquid alumina temperature 
(near the reaction zone) and the surface temperature of the parent drop. If 
molten aluminum metal exists here, the emissivity based on the refractive index 
of the oxide is incorrect and a higher temperature results. 

Gas and particle temperatures were also measured success- 
fully in the exhaust plumes of two 1KS-250 motors having propellants with the 
ingredier,t6 LM-2 and UdH-2. These measurements are presented in Figures 32 and 
33 where the chamber pressure trace is also indicated for comparison. 
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II, C, Experimental Studies on Small Rocket Motors (cont.) 

TABLE X 

THEORETICAL TJMPERATURE FOR 1KS-250 MOTORS AT MEASUREMENT STATIOH 

One-dimensional case, P : UOO to 1000 psia     Expansion ratio: 9.71* 

Conditions in one-dimensional computation 

1-Froxen equilibrium at chamber with 
supercooling of particles 

2-Frozen equilibrium at throat with 
supercooling of particles 

3-Frozen equilibrium at chamber with 
solidification of particles 

U-Frozen equilibrium at throat with 
solidification of particles 

^-Shifting equilibrium with supercooling 
cf particles 

6-Shifting equilibrium with solidification 
of particles 

Temperature, K 
(Assuming no thermal lag) 

1810 

1880 

2020 

2100 

2l60 

2277 

Axisymmetric case,   determination of radial temperature profile at A/A* of 9.7^; 

Temperature,0K 

Pc' 
psia 

Center Minimum Temp. Edge 

700 
1*00 

2000 
2130 

1970 
2090 

2319 
2U60 

(1) Estimate for shifting equilibrium with supercooling. These numbers serve 
only to indicate the radial temperature profile across the plume. 
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II, C, Experimental Studies on Snail Rocket Motors (cont.) 

Figure 32 indicates that little thermal lag occurred in the 
1/4-2 propellant test. The gas and particle temperatures appear to follow each 
other rather closely, but since they are both above the theoretical temperature 
at this station, some combustion must have occurred during the expansion process. 
This conclusion is strengthened by the chamber temperature measurements which 
were made in this propellant system; they are shown below. 

An interesting but unexplained phenomenon occurred approxi- 
mately 0.1 sec before the end of the test on the W~2 propellant. At this time 
(see Figure 32), the transmissivity and radiance of the plume dropped suddenly, 
both coming to levels of about one-half their previous level. This phenomenon 
occurred momentarily after a pressure "blip" in the chamber. This could be explained 
as a sudden opening of the nozzle throat due to sudden release of an oxide film from 
the throat. The pressure "blip" was reproduced exactly in Motor Test 8 (cf. 
Figures 28 and 30), but since no plume temperatures were measured in Test 8, no 
confirmation of these conclusions is immediately forthcoming. 

Greater thermal lag is apparent from Figure 33 for the 
I/IH-2 propellant test. It can be seen from the figure that the IM oxide "freezing 
front" passed the measurement station at t = 0.3 sec. As in the case of aluminum, 
the measurements indicate continuing combustion for the reasons previously given. 

Some additional insight into m-2 propellant combustion was 
gained from measurements of gas and particle temperature in a plenum located Just 
aft of a burning grain of IM-2 propellant. These measurements are shown in 
Table XI. The results are extremely interesting because they seem to indicate 
incomplete combustion in the chamber region. More measurements are definitely 
required, particularly with the well-characterized aluminum propellant which 
would serve as a good standard of comparison. 

TABLE XI 

MEASURED TEMPERATURES, 124-2 PROPELLAMT 
CHAMBER PLENUM REGION, 1KS-250 MOTOR 

3^30 

V OK 

3035 

Pc 

Upper(1) 

Limit 
As shown in 
Figure 28. 

Lower 
Limit 

33^0 2880 

Theoretical Temperature: 3570oK 

(1) This uncertainty is due to the combined uncertainties in particle cloud 
emissivity and window transmissivity. The limits of emissivity are discussed 
under "Analysis for Optically Thick Clouds," presented in Appendix A. 
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II, C, Experimental Studies on Small RccktL Motors (cont.) 

A calculation of particle temperature assuming convection 
to be the important beat transfer mecbanism to IM drops of one-micron diameter 
indicates that tbe droplet temperature in tbe chamber could lag the gas tempera- 
ture by only 10oK, a conservative result which is not borne out by the measure- 
ments. Instead, the measurements indicate that the phase change from IU^\ to IM,   . 
is occur!ng at temperatures lover than the saturation temperature (corresponding ß 

to the chamber pressure) and that this vaporization/IK(g)-diffusion process 
is the rate-controlling process which prevents sufficient combustion of IM  in 
the chamber. Tbe model for tbe combustion of 114 is similar to that used in the 
studies of aluminum combustion, i.e., an evaporating droplet within a spherical 
laminar diffusion flame. An analytical study using this model should be very 
enlightening, resulting in a good prediction of particle temperatures and fraction 
of metal burned at various axial stations. 

A comparison of the results of Table XI to the other measured 
performance parameters can be obtained from Table VIII, which gives further 
evidence that combustion is occurring downstream of the plenum where the chamber 
temperatures were measured. Other comparison is difficult because of the limited 
quantity of data present. 

More tests are required with similar motors to increase the 
statistical confidence in the measurements and eliminate the possibility of some 
heretofore unknown systematic bias which could cause erroneous measurements. 
However, there is no reason to doubt the validity of the measurements, and there 
are several possibilities which can account for the difference between tbe 
calculated and theoretical temperatures (in addition to the considerations already 
msntioned): 

I 
1. Air is diffusing into and reacting with the gases in 

the exhaust plume. This phenomenon was observed to occur during radar attenuation 
studies (Ref 22) on exhaust plumes, where it accounted for appreciable increase 
in plume temperature. The effect can be minimized through the use of a nitrogen 
"blanket" in subsequent exhaust plume studies. Because of the close proximity of 
the measurement station to the nozzle exit, this effect cannot be very important. 

2. The uncertainty in the thermodynamic data which must 
be used to establish the composition of the gas and the relationship between the 
internal energy of the gas and  its temperature, could alone account for more 
than half the observed difference between the theoretical and measured 
temperatures. 

3. Disequilibrium between the sodium sind the surrounding 
gas could account for a higher observed temperature; however, a conservative 
estimate of the extent of this effect could account for an increase of less 
than 10oK. 
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II, C, Experimental Studies on Small Rocket Motors (cent.) 

d.  Light Scattering and Extinction Measurements 

A determination of effective particle size and number density 
was also accomplished on these motor tests so that particle cloud reflectivity and 
emissivity could be evaluated. These measured effective particle sizes at various 
times during the firing are shown in Table XII. The measurements were conducted 
with apparatus very similar to that used in the laboratory experiments on light 
scattering; it was set up around the exhaust plume at a station approximately 0.75 in. 
downstream from the temperature-measurement stations. 

Figure 3** presents the measurements of light F<   ring 
during Motor Tests 3 and ht  together with the curve calculated for ti. particle 
size distribution shown in Figure 35. This latter curve was obtained from a photo- 
microscopic examination of a sample of particles taken during Test No. h  with a 
high-voltage particle preclpltator stationed about k  ft downstream of the motor 
exit plane. 

The particle size and number density used in the determina- 
tion of emissivity could not be obtained from the light scattering measurements 
with much confidence. Instead, they were determined from the extinction parameter 
>t/V at > = 0.588ii, obtained by measurements of extinction of the reference 
light source beam together with data on plume thickness, alumina mass fraction 
and gas density. A curve of extinction parameter versus particle diameter was 
generated from the Mie theory..and Is presented in Figure 36, where the measured 
coefficients are also shown.*1' There are two values of (number) mean particle 
diame*er corresponding to the measured values of extinction parameter. The 
larger of the two possible diameters is the most probable. Judging from the 
particle sample taken during the firing. Also, since ehe extinction parameter 
decreased (as the pressure increased) during the firing, it seems more likely 
that this is attributed to an Increasing particle size (associated with the larger 
values of diameter on the curve (Figure 36)) since agglomeration of the particles 
should be proportional to pressure. As shown In Appendix A, the determination 
of mean particle diameter during the test is only incidental to the analysis and 
is not necessary to the computation of particle temperature.  Instead, once y^/V 
is determined from the extinction measurements, the parameter Ya/Yt can be found 
from which emissivity and then temperatures_are computed. As shown in Appendix A, 
the functional relationship of Ya/Yt to Y^/V depends on refractive index and the 
particle size distribution function; fortunately, the latter variable is relatively 
unimportant to this relationship. 

(1) The relationship between extinction parameter and the measured transmitted light 
intensity from the reference light source is presented in Appendix A. Figure 37 
shows the particle size distribution (typical unlmodal) used to generate the 
broken curve in Figure 36. 
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TABLE III 

PARTICLE SIZE OBSERVED II EXHAUST PLUME 

Experiment lo. 66012$ 

Throat diaaeter:  0.512 is. 

AltalnuB loading:  0.736 Boles Al/100  g 

Meesureaent location:  12 m downatream of exit plane 

Expansion ratio at meeauresBent location:  9.7^ 

Plume thickneaa at measurement location:  i>.l»3 cm 

Time, V 
sec paia 

0.05 »»15 

0.10 1»20 

0.15 »»55 

0.20 U60 

0.25 U65 
0.30 U75 

o.uo 500 

0.50 520 

0.60 550 

0.70 570 

0.80 590 

0.90 610 

1.00 61*0 

1.20 690 

Micron 

0.1»35 

0.550 

0.600 

0.620 

0.630 

0.640 

0.650 

0.675 

0.685 

0.700 

0.765 

0.800 

0.820 

0.830 

•Effective meanjliameter, determined from measurements of extinction 
parameter, Y+/V, shown in Figure 36. 
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II, C, Experimental Studies on Small Rocket Motors (cont.) 

Good agreeoent vas achieved between the measured value of 
extinction parsaeter at 0.58611 and that value predicted fron the measured particle 
size distribution shown in Figure 35* It can be seen in Figure 36 that the 
effective particle diameter changed during Motor Test U.(l) The resulting 
particle sizes used in the calculation of cloud emisslvity are given in Table XII. 

A regression analysis vas performed on the recorded phototube 
emf which allowed discrimination between the reflected radiance fron the mercury arc 
lamp (a 120 ops ac signal) and the radiance emitted by the particle cloud (an erratic 
dc signed). This was discussed previously on Pages 8 and 13. 

The four data points presented in Figure 3k  for the angles 
57.5° and 120.5° are of very low precision because of the relatively low intensity 
of the scattered light at these angles. In fact, from the regression analysis 
there is less than 5% confidence that the 120-cps signal actually accounts for 
the reported data points. That is, it could be stated that the measured signal 
is completely random with greater than 95? confidence. 

This is not the case with the measurement at 0°, however; 
there the difference between a completely random signal and the observed signal is 
due to the superimposed 120 cps with a confidence level greater than 99%  for both 
firings (2) for this reason, the extinction coefficient at X ■ O.U3611 was deter- 
mined from the measurement at 0° and is presented in Figure 38, together with 
values calculated for a typical unimodal distribution (see Figure 37)• The data 
presented in Figure 38 serves to strengthen the conclusion that the effective 
particle diameter is in the range 0.5 to 0.7u. 

Extinction parameters were also measured at 0.589u on Motor 
Tests 7 and 8, again using the measured transmission of the reference light source 
In the'exhaust-plume. These measurements are shown in Figure 39, where the 
extinction parameter is related to mean particle size for a unimodal distribution. 
As in the cases of Motor Tests 3 and h, the smaller of the two possible par- 
ticle sizes was eliminated. The measurements of Sehgal (Ref 23) indicated a 
number mean for an LM propellent of less than O.lp, which would seem to indicate 
that the smaller of the two sizes was the correct choice. However, examination 
of the photomicrographs of Sehgal show large spherical particles (^Ip) surrounded 
by small single crystals of mean diameter less than O.lp. These small crystals 
which greatly contribute to the reported size distribution are believed to have 
come from fracture of the large particles after the IM oxide had frozen. This 
fracture can occur from at least two causes: (l) from the thermal stresses at 
freezing which occur either during freezing because the solid phase has a higher 
density them the liquid or after complete freezing due to intercrystalline shear, 
and (2) from impingement upon the walls of the tank in which Sehgal collected his 
sample. 

TUA time-resolution of extinction paremeter was not obtained for Motor Test 3* 
only the time-average value is presented in Figure 36. 

(2) The additional contribution to the signal from forward-scattered light was 
considered to be negligible. 
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II, C, Experimental Studies on Etaall.Rocket Motors (cont.) 

Fran the above arguments together with the measurements at 
A « O.58811, it is concluded that the mean particle diameter for the IH-2 propellent 
is in the range 0.7 to 0.8u. This conclusion is further strengthened by the 
measurements taken farther down the exit plume at A > O.U3611 (again using the 
mercury arc lamp) during Motor Test 6, which are shown in Figure U0.    For the motor 
tests with the Uffl-2 propellent, the particle size (from Figure 39) appears to be 
0.9 to l.Ow. 

In an attempt to obtain particle sizes in the chamber region 
during Motor Tests 7 and 8, the mercury arc light source and scattering detectors 
were installed at the optical viewports installed at the chamber plenum region. 
The results of these tests indicated that no radiance from the mercury arc lamp 
could be detected at the three angles at which detectors were placed (0°, 63°, and 
117°). Calculations of the extinction parameter for the chamber region indicate 
that the transmitted beam intensity would be less than 10-70 0f the incident inten- 
sity if all the expected metal or metal oxide were present in the condensed phase. 
This was essentially verified by the several experiments in the chamber region. 

3.  Conclusions 

This report has described work on the spectroscopic measurement 
of gas and particle temperature in small flames and rocket motor exhaust plumes. 
The following conclusions are drawn: 

1. The spectral comparison method is readily applicable to 
optically thin regions where the mission characteristics of the condensed phase 
present are well known. For optically thick regions, a slight revision to the 
technique is necessary. Successful measurements of gas and particle temperatures 
were obtained in both the optically thin case (rocket motor exhaust plume) and 
the optically thick region associated with a small motor chamber with a high 
condensed phase mass fraction. These measurements are reported herein. 

2. The precision of the measurement is extremely good for the 
optically thin case with a standard deviation for a clean gas of less than 20oK. 
In the presence of particles, the standard deviation for the gas temperature is 
about '♦0oK, with the refractive index of alumina accounting for a larger uncer- 
tainty in particle temperature. 

3. Sodium appears to be desirable for use as a trace element, 
since it has been shown to be in equilibrium with the gas for pressures at 1 atm 
and above. Calculations indicate that no appreciable disequilibrium between 
sodium atoms and their leighbors could occur in the expansion of an exhaust plume. 
Lithium, on the other aand, is undesirable because of its observed tendency for 
self-absorpt ion. 
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II, C, Experimental Studies on Staall Rocket Motors (uont.) 

k.     Light scattering and extinction Beasurements appear to 
offer promise as a method for defining effective particle size in a cloud of 
particles, such that the cloud reflectivity can be determined. However, light 
scattering measurements of good precision in an optically thick plume do not 
appear to be possible with a conventional light source. The applicability of 
a Q-svitched laser for this purpose is described in Appendix A. 

3.     Measurments of gas and particle temperature in the exhaust 
plume of a small motor are presented together with a discussioc of differences 
between the measured and theoretical temperatures. It is concluded from these 
measurements that a more intense continuum reference source will be required 
for greater optical depths (larger motors). 

t 
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III.  PROPOSED FUTURE EFFORT 1 ' 

A future program would involve measurements of particle and gas temperature 
on "3KS" sise motors containing approximately 10-lb propellant grains and of 3-aec 
duration. A Q-switched laser having a 200 MV power capability (20 Joules for a 
100 nanosecond pulse) will be used to give narrow limits on cloud emissivity and 
hence good accuracy on both the gas and particle temperature either in the chamber 
or exhaust plume. These measurements would be made for an aluminized propellant 
as well as Ui-2 and Iiffl-2 propellants in order to utilise the relatively well 
established behavior of the aluminized propellants as a reference for comparison. 

The area obviously requiring the greatest effort in the near future is 
that of gas and particle temperature measurement in optically thick regions. 
Results of the present program have indicated that the chamber region of a typical 
solid rocket motor represents a cloud of "infinite" optical depth, which, because 
of the presence of certain particle sizes, prevents the penetration of the reference 
light beam. This precludes the direct measurement of cloud emissivity. However, 
computational techniques developed during this program allow limits to be placed on 
the magnitude of cloud emissivity, resulting in narrow limits on temperature. It 
has been shown that, with the use of a Q-switched optical maser,even if no light 
penetration of the cloud occurs, because of the high intensity of the source, very 
narrow limits can be placed on emissivity, and hence temperature (e.g., with a 
200 MW laser system, the limits on temperature at 2500oK would be + 50oK). 

The gas emissivity in the optically thick region will be determined with 
the technique used in the sixth motor test. The method depends on a measure- 
ment of gas emissivity (sodium D line emissivity in the previous case) in an 
optically thin region of the motor under test. The emissivity of the optically 
thick r»3ion in the same motor can then be determined because the trace element 
mass concentration does not change from the one station to the other. Actually 
(although some sodium reaction, for example, may occur) the effect on line strength 
is slight. Most of the emissivity change results from a change in the gas density. 
The effect of temperature on the population of upper and lower states connected with 
the spectrum line used is easily determined from the Maxwell-Boltzmann distribution. 
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IV.        PROPOSE) APPLICATIOKS Oy ?],*KE T^JFEIUlT^^ Ma^SUREKaM1 

The equipnent and techniques for fiaata teapeiatujrt? fteaturesient r»y ** used 
in various scJ.iä, liquid, or hybrid pro^il8i<m sy«t«ss t«th to A-uartfear «a under- 
standing of the coabustior» proseas and as ä 3t««5s cf aeaayric^ per'foraasce Cl8), 
lAei. conrentioaal seasur^ent ««tbods cr^teöt be ueed.    ferce isajor areas of 
applications for this technique come to Kind; 

1, U4-2 Propell&ni Xaproveaseat-Prcgr^s 

Thfe uitliäMite objective of Centract AF 0^(611 )-i0545 i» to obtain an 
understscding cf the factors aontribyting to the io*er than exp««ted spseifis 
iapyle« efficiencies of th«»« netaiited propeilast syst^ss. Me&«ur«as©ets obtsiaed 
on 1KS-55Ö size sotors, both in the chamber an4 in the exhaust, vith IH-2 propci" 
lants hare strongly siiggested that « sizeable quantity of uareasted aetal is 
leaving the ccmbuation chesiber. Aäditionai eheelsal reaction is occurring between 
the chaabsr and th« exhsaist pluiee resulting ic both p«rt3cl® and g&a tesperattsres 
approximately 200oC ato^e the theoretical tesperatur®4 Further, measured particle 
teaperatsres m the eJrhaust »re v«ll above (50oC) their »eltiag point for the bulk 
of the asto? firing d\iratios. Kessef the h*at of f^oion of the particles made 
essentially no contribution to the motor specific iscpulse. 

The sane ^easuresent equipment and techniques can be adapted for use 
in any aetalized propellaat iaproveiBent orograeB rach as the liquid beryllasine 
or berasi^ine propellants. In audition, metalised propellents are contemplated 
for future air augmented propulsion systesss, Mea^uremeats of particle teapera- 
turss will yield important insight into ignition *&& ccasbustion time delay •»hich 
in turn will dictate the length of the after-bursing section. 

2, Ad .ranged NERVA with Eierated Tesaperature 

Present KERVA engine designs utilize tungsten/26$ rhenimn thermocouples 
to «oaitor thrust chamber teoperatur« and use this value througn suitable control 
systems to control the criticaiity of the atomic reactor. This thermocouple, 
although highly reliable, is limited to measurements at a fixed immersion depth 
and position la the thrust chamber. An optical «ystem coupled with suitably 
located txhez  bundles and transparent windows would be capable of scanning both 
RKiaily and radially across the thmst chambers. This would allow pinpointing 
trouble spots such as hot channel<s of gas leaving the reactor, and in turn, 
sujrplement the sea&ured thermocouple temperatures» 

Future gas core reactors are expected to operate at temperatures 
beyond the scope of any existing thermocouple material system. Here a** optical 
means for control will be a necessity. 

3, Small Liquid Attitude Control Motors 

asall liquid attitude control motors, with impulse bits lasting 
approximetely 30 miillsec, will use imaeasuiably amall flow rates for both the 
oxidizer ind fuel. Hence, the most important measured performance parameter, 
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IV, Proposed Application« of flame Toaperature Iteasureaent {coat.} 

specific tapulM, it aissisg.    Specific ijipulse äetemination«, thöo, suit rely on 
& e&leulated aess Mew rate which ia not reliable, particularly during the transient 
jjecriec.    ^ B«<urar<B»ent of cbaaber teaperature along «1th the noraal aeasiireaent of 
chocber presffuni« the flcrv rat« throogb the critical section of the noxsle is 
obtained.    'Äie togeths? with ae^^^red thrust gives the specific iapulse.    The 
rsfliulreä tlas for ae^Küressents with the spectral coopsrlxm technique haa already 
bees dt^oßatratai to *>» veil within the 30-aillisec pulse duration.    Further, by 
;e*&suriS5(M» of t^spersture in the ehcatber and in the exhaust plwsc the enthalpy 
cUiage *M. hvnee the spceifis ispulg« is obtained directly (with knowledge of the 
gm «pacific heat«)   Tbsa, vxpAsn aeasurtsce&ts B«M not depend on pressve and 
thrust «««.sorsaMis^s alos«.    Teaperaturs ae&sursseot« can be used to aupplcsent 
ssietiog iapulae %ea«urestent tsebni^t««. 
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A/A» 

A» 

c» 

ij 

F 

f(d) 

I 

I 
o 

I, 

■0ME8CIATURE 

expansion ratio 

area of oozsle throat 

characteristic exhaust Telocity, I g/C 

P/PcA« 

constant in Planck's equation, 1.1*388 x 10 nicron 0K 

g/c» 

diaaeter 

fitf generated frcsi radiance detected bgr phototube 

i   -  refers to wave length A 

0 - refers to reference source alone 

1 - refers to radiance fros» both flame ♦ reference 
source 

2 - refers to radiance from flame alone 

U 

thrust, Ibf 

frequency function of 0, normalized such that  / f(D) dO ■ 1 
o 

intensity of light 

incident light intensity 

plane-polarized component of light intensity 
perpendicular to plane of observation 

specific impulse 

intensity function, see footnote, p lU. 

i   >   1 plane polarized in direction perpendicular to 
observation plane 

i   ■   2 plane polarized in observation plane 

2ir/A 

pbototub» multiplication constant at £ 
ij 
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BCMEHCUIJHE (cont.) 

n 

n' 

Ri0 

-3 

refractive index 

particle number density, cm' 

real part of refractive index 

imaginary part of refractive index 

radiance from Planck's lav, defined in Appendix A, Equation 7 

distance from light stop of scattering detector to 
scattering volume 

rb • ■  burning rate 

T •  temperature, 0K 

Tb  ■ *   brightness temperature. 

T.   ■ 
*   source temperature, 0K 

t   • ■  thickness, cm 

V •  mean particle volume 

V •   volume 

V ■   mass flov rate, Ifam/sec 

Greek Symbols 

t 

A, 

«D/X, particle size function, dimensionless 

absorption cross section, spectral absorption coefficient 

scattering cross section, spectral scattering coefficient 

's  's 

emissivity 

micron, 10"   meter 

wavelength, micron 

i 

i 

1 refers to wavelength removed from a spectrum line 

2 refers to spectrum line 
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BOMEBCLATORE (cont.) 

0  ■  aagle betveen center line of detector end center line of 
Incident light beaa as shown in Figure 9. 

p • reflectivity of particles, «irrors, etc. or density 

o » standard deviation of the variable X, = /variance about X 

T » transaissivity 

X • aass fraction of particles 

C ■ function of propellent properties 

Subscripts 

ai « absorption, at y. 

b ■ brightness 

L « liquid 

g • gas 

o ~ compeurison source 

p ■ particles 

si « scattering, at Y i 

w:  «   window, at y. 
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Spectrometer and Optical Sampling Switch Assembly 
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Carbon Arc and Optical Sampling Switch Assembly 
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To detetmine teaperatures of both the gas and the eoadensed phase in a 
spectrally absorbing-emitting two-phase aedium, it is necessary to determine the 
«■issirity and radiance associated with the continum emission of the condensed- 
phase cloud and the spectrum line emission of the gas. The caissirity is deter- 
mined by measureoent of the extinction of a beam of light from a reference light 
source (e.g., a tungsten ribbon lamp of known brightness tsmperature). This 
extinction occurs due to both absorption and scattering, but each contribution can 
be isolated through the use of the Mie scattering theory1 with a knowledge of the 
complex refractive index of the dielectric which is present. From this treatment, 
the absorptivity of the particle cloud can readily be determined in the optically 
thin case. For a system in thermal equilibrium, the aissivlty of the cloud is 
equated to the absorptivity from Kirchoff's Law. 

Figure Al presents the normal and hemispherical emissivlty as a function of 
optical depth, H (va * Ya) t, with Ya/Yt ■* * parameter. This curve, reproduced 
here by permission of C. D. Bartky (1) is the result of work by Bartky (2) and by 
Romanova (3) on special solutions of the radiative transfer equation CO; 

h 
- »• iJ - * *t V TJ i^ ^ *(*' ♦'» ♦• ♦,) ^ 

- » ,0 lr.\ 
iv Y. RT.. (T) 

where 4, <i are the transverse and azimuth angles to lv,  respectively. An "optically 
thin" cloud of scatterers and absorbers corresponds to that region to the left of 
Figure Al where the lines are straight; values of 6 corresponding to the "knje" o2 
the curves are associated with ''optically thick" clouds. Finally when the jmissivivy 
reaches its maxlnum value, a condition of "infinite optical depth" is said to exist. 

1 The details of the Hie scattering theory are given in Appendix B. 

2 Although the reference light source and the cloud are, in general, not in thermal 
equilibrium with each other, no appreciable heating of the cloud occurs during 
the absorption of the reference light source beam, and Kirchoff's Law is appli- 
cable. 
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I. ASALTSIS FOR OPTICALLY THU CLOUDS 

MeasurflMBt« of pluae radiance and tranwissirlty are aade vlthln.a region 
defined by the acceptor optics. Tbla regimi takes the for« of two eolinear thin 
cooes baring a ccaaon apex at the centerline of the pliaw. (Figure A2). It is 
the scattering and absorption of the reference light source beta and the enission 
of the gas and particles within this region which are considered, the depth and 
particle concentration along the cone centerline defines the optical depth. For 
the case of exhaust plows of IKS aotors, the optical depth is approaehihg the. 
"optically thick" ease, but the "optically thin" analysis can be used with an 
error in tenperatures of less than 1%. 

Light collected by the acceptor optics is passed to the spectroneter where 
it is spectrally dispersed across the exit slit, caused an «nf to be generated by 
the detector. In the following equations, F.^j represents a resulting galTanoneter 
deflection at Aj and Tj, and Kii is a aystas ■iltiplication constant which Includes 
the response characteristics of the optical systen, spectrometer, phototube and 
galrsnoneter. Ihe galvancneter deflection is related to the radiance incident 
upon the phototube through the equation 

E1J K1J 
R (X , T ), the radiance 

Prior to Baking neasurments on a flau, with only the reference source on, 
neasureaents of galvancaeter deflection are aade at various source tenperatures. 
The deflection is related to the cootlnuus aalssion tram the source at X^ by 
equation (1), which also accounts for the transaissiTlty, T, of both lenses or 
windows on either side of the flaae: 

ho ho 
X 8 

(1) 

In the presence of the flame, the measured galvanometer deflection at X^ 
of the continuum is related to the radiance emitted by the particles with equation (2); 

J12 
£i2 - \  S ui'V RJ (xr V (2) 
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AFRPL-TR-66-203.  Appendix A 

I, Analytis for Optically Thin Clouds (coat.) 

«tier« the particle cloud aniniTity, c- (>1, T ) is girea bjr 

pip 
x-.-»'. (3) 

To better explain the relationship shown in Figure Al, equation (3) can be rewritten 

e« ^» TJ " 3f *. *   ,*ere   Ä YM t < 0.1 p  i  p      a a 

- Ä (Ya ♦ T,) t (Ya/Yt) • « * (Ta/Yt) 

which would gire a straight line relationship between In Cp and ln(H (ym * y») t), 
as is shown at the left of Figure Al. For a fagrpotbetical cloud which has diaensions 
alnost the saae as those of the receptor "cooes", radiation asitted ftroa the far side 
of the region would be scattered and absorbed as it passed through the region toward 
the receptor. Thus the detector would see a lesser contribution froa the acre distant 
regioas due to a net scattering loss. This condition, which probably could not arise 
in aotor exhaust pluaes, is tented the thin-traarrerse case and was analysed by Adans 
R«f. (5).  lb« other extreme case, called the thick-transwerse ease, where the 
transverse and longitudinal diaensions are roughly equal, results in no net loss 
due to scattering of light caitted froa far regioas, because scattering into the 
volme in a direction toward the receptor is equal to that light lost by scattering 
in this direction. Thus, the radiation collected by the receptor does not depend 
on the scattering cross section of the particles, sad equations (2) and (3) result. 

This is not characteriitic of the reference light source be«« as it traverses 
the pluae, howerer. Because the source beaa is snisotropie and because there is not 
thexaal equilibriua between the pluae and the source, light scattered out of the 
receptor cones is not scattered back entirely, but soae absorption occurs outside 
of this roluw. It will, for the present, be assumed that all the radiation ftroa 
the reference source bean which is scattered out of a control volume is peraanently 
lost. Actually, of course soae of this radiation is recovered. 

Equations (l) through (7), relating the gas and particle teaperature to the 
aMsureasnts of radiance, cover the ease Just discussed and have been incorporated 
into an existing eoaputer program which is used to reduce the exhaust plume 

lureaents. 
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I, Analysis for Optically Thin Clouds (cont.) 

With tta« reference source on, the measured signal at X^ is the sum of the 
trusaitted source intensity and that coaing frcm the particle smlssion, and is 
given by equation (k): 

Ell ^ ' \ ll-  " «P (-" Yalt)J Rl lXV V 

*   < [ta* (-3, (Yal + Y.l)t)1 *i (Xi- T8, e. (ir V 

(M 

At X2, a spectrum line is generated by the trace element and emission from 
both the particles and the gas occurs. This radiance is determined from equation (5): 

T„o Y. 
S„ > S_ - . =3 «   (1 - «tp {-3f Y . ♦ Y )t] R? (A , T ) 

+ y „„   g    i     g 

a2  'g ^^   »t..^. 

(5) 

T^3f w2 

* V + ^g 
ÄS-  [1 - eitp (-Sf y^ + Y )t] Rj (A2, T^) 

With ihe reference source on, the resulting radiance at Xg is the sum of that 
from the continuum emission by the particles, the spectrum line emission by the gas 
(trace element) and that transmitted through the flsne from the reference source 
beam. This sum is related to the resulting galvanometer deflection by equation (6): 

E21K21 
E22 K22 + Tvi f«^-* ^a2 + ^ + ^  Rl (X2' V S (X2' V    (6) 

where 

RJ^.TJ) - 
\l  (e^p (r-f-) - 1) 
1     A1TJ 

(7) 
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f   • 

II.   JflALYSIS FOR OPTICALLY TIUCK CLOUPB 

A.  OPTICAL DEPTH 

The maber density of pcrtlclea or droplets in a conbustion chamber or 
pluate can be calculated fron the relation 

3f ^— (8) 
(1-X) PLV Lu 

where     L,,, the velocity lag ■ u /uR 

V ■ uean particle voluoe « jf (D) ^ dO (9) 

/" f(D)dD - 1 (10) 

X is the nass fraction of particles 

PL, p. are the condensed phase and gas densities, respectively. 

The optical depth, 6, is then given by ,i 

e_x     Y. + Y. ' 

u  u v 

properties of  properties actual thickness 
propellant and of particle of plume 

system     size and 
- £       refractive 

index 

which we will write as 

I , is given by 

6 • C (Yt/V) t. 

The ratio of transmitted light intensity, I, to incident intensity. 

J-   '*'* (12) 
o 

Therefore, ve can determine the extinction parsmeter,Y^/V 
from a transmission measurement by rewriting equation (12): 

^ - -^ in (^). (13) 
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II, Analysis for Optically Ibick Clouds (coot.) 

B.  milCTIOI PARAMETER 

Since Yt/V -t^O, a) 

vhere 0 is tbe mean dlaaeter 
o is a sise distribution function. 

and since ya/ yt  > f2(D, 0} 
ve can write 

Ya/Tt f3(yt/v) 

wfaicb dependence is presented in Figures A3 through A5. Tbe refractive index for 
tbe Ul oxide was detemined fron measurements of Kendall (6) and Bauer (7). Tbe 
dependence of tbe imaginery part of tbe refractive index on tersperature was 
determined by equating it to that already determined for alumina, including tbe 
region above tbe melting point. 

C.  PARTICLE CLOUD EMISSIVITY 

Having tbe relationship expressed by Figures A3 through A5, tbe 
enissivity of a cloud can be determined from Figure Al, since 

p     a 1 

end hence 

(Ya/Yt, Yt/V, C, t) 

where (is determined from the propellent and system properties. Tbe resulting 
relationship for a typical propellent system is shown in Figure A.6.   This figure 
was determined for conditions of motor No. 6, frcn which particle emissivity was 
determined. It is interesting to note tbe following features of Figure A6: 

1.  Tbe emissivity of any particle cloud goes through a minimum. 
This means that, even if no reference light source is used to measure the 
extinction parsmeter, limits on emissivity definitely exist, thereby fixing limits 
on the temperature determined from tbe observed radiance. This fact was used to 
good advantage in motor test number six, since from Figure A6, 

0.51 <c <1.0 
P 

which fact, together with the measured radiance, fixed tbe particle temperature 
between the limits 

2880oK <T < 3035oK 
P 
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II, C, Particle Cloud BaiasiTlty (coot.) 

2. The eaiasiTity curve is practically independent of the particle 
site diatribution uaed. This conclusion l£ established by obsenring the 
differences in Figure A5, Ya/Yt versus Tt/V, calculated for three sise dlstribu- 
tioos.1 The actual mean particle diameter is of no Importance to the deteminatioo 
of cloud emisaiTity. 

3. The use of an extresely intense light source, such as a Q-svitched 
laser, allows narrow limits on emi'-tlTity to be established, eren if no transmitted 
light from the bei is detected. A» Is shown in Figure A6, if for the conditions 
within the raotor chamber (test number six again) the value of Yt/V 1» 1«" than 
1.5 x KTcnr1, the transmitted beam will be detected2. If the traiumltted beam is 
uetected, a value of Yt/V can be determined^ and the limit- on emlssivity are fixed 
by the two possible values of Ya/Yt (corresponding to two possible particle slses. 
By an extinction measurement at another wavelength, the emlssivity is fixed). If on 
the other hand, no transmitted radiation frcn the laser pulse is observed, the 
limits on emlssivity are 

Figure A6 shows the maximum value of Yt/V corresponding to the level which could be 
detected from a 200 megawatt pulsed laser with a beam diameter of 25 m. 

Figure AT shows the sequence involved in determining the particle 
and gas temperature from the measurements made on the cloud. 

D.  GAS QdSSIVITY 

For optically thick clouds, the gas emlssivity presents a slightly 
different but no less difficult problem than that which has just been discussed. 
Since line emission is the characteristic of the gas, the measurement technique 
presented in the preceding paragraphs could be used only if another laser is used, 
emitting at a wavelength corresponding to the center of the spectma line of 
interest. Such a device is not practicable at present and may be theoretically 
impossible. Instead a knowledge of the gas emlssivity in the optically thick 
region is determined from measurements conducted on the same gas in an optically 
thin region downstream. 

1. The three size distributions ere shown in Figure 37 of the main body of this 
report. 

2. The lower limit on detectable transmitted radiance is tO.l of the emitted 
radiance from the cloud. 

3. See Flagnote 2, Figure Ä6, as an example. 

k.    Flagnote 1, Figure A6. 
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n, D. GM teissiTity (cost.) 

Th« ips odssiYity la the etuater and resaltieg taparBtarc were cal- 
culsted far motor test nabcr six trm mtmutmut of sodim line misniritj In the 
aOumt plane of notor naaber elgtat.   The tvo notors «ere of Identical type end 
eontnlned propellant ftta the saae batch.    The anunptlon necessary to the calcula- 
tion is that the naa* eeneoitratlon of the anitting species be the saae for both 
the optically thick region and that region «here the neasureaent ir nade.   The 
deteminatioo of gu spectral calssloe coefficient, given by 

f   In(l-eg) 

(for optically thin regions) is extrapolated to the optically thick zone through 
the nethod shown by Buchele (8). Having Y , the pas enissi«lty can be detenlned 
flron the panaetersJ «' 

hy. ♦Y.) ♦ irg 
and (B(Y. ♦V v* 

by a conputational techniqoe nfeich is slnilar to that used in the detemination of 
partici« cloud eaissivity. Such a eoputaticn «as carried out for notor test 
naber six which resulted in the stated gas temperatures. As in the preceding case. 
Units resulted because of the interdependence of particle and gas eaissiTity at 
the spectrm line in the optically thick case. 

E.  EMBODIED ASSIHPTIOKS 

Because of the complexity of the foregoing presentation, it becones 
incunbent on the author to present the assumptions embodied in the treatment in 
a concise nsnr:?. Tbef are the following: 

1.  The radiative transfer equation is extremely difficult to solve 
in the general case. The determination of emissivity given in Figure Al is based on 
the assumption that the normal albedo of the scattering medium is 0.13 (3). That 
is, the fraction of the radiation scattered through angles from 90° to 180° to an 
incident light beam is 0.13 of the incident radiation from that beam. This is the 
so-called "back-scattered" radiation; the value of 0.13 is adjudged to be suffi- 
ciently accurate for the cases under study here (cf. Figure 3^ of the report). 

1. lote the similarity to the part 
cloud emissivity. 

ters used in a determination of particle 
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11, E, tobodlcd Aswaptioaa (coot.) 

2. Tcapcrmturc. density, or particle cooccntratlon gradients are 
mmmmA not to «cist la tha ration under study hare. This sssvntion is not 
necessary to the solution of the prohlsn, hot its elinination adds an «warranted 
ceaplsxity in Tic* of other uncertainties. 

3. The nass fraction of partlculate natter is calculated fron the 
propellent properties with the asswptioo that the systaa is at theinudynaaic 
equillhrion. i.e. all reactions have «one to conpletioa. 

W.  It is assuned that there is no radiation froa the reference light 
source «hieh, once loot fron the acceptor covers, is scattered hack into the 
acceptor. 

r.    MEASiRatnrT PRBCISKW 

With the use of a -switched laser, the particle cloud enissiTity is 
seen to here a ran«e of uncertainty «hieh depends upon «hether any transnitted 
radiance fron the laser is detected across the plow or cloud. This characteristic 
is further seen to he a function of particle sise. If the nean particle dinaeter 
«ithln the obsenred region is greater than 1.00 or less than 0.05 1, the hean 
froa a 200 NW light source will penetrate the pine and be detected. The greatest 
uncertainty in teaperature «ill he the result of the unknown particle sise. Further 
uncertainty results because of uncertainties in gas and solid density, particle nass 
fraetloo, and particle refractive index. The best estiaate of the 99% confidence 
interval about particle teaperature is given in Table I, «her« all these factors 
are considered. The estiaate of variance for teaperature «as detemlned froa the 
relation 

2   2 

'V       rL 

which results in 

0T 
2 

P (£r [(HT •; * fef -i ♦ ••• ] 
where 

T 
C2 

X* [Constant ♦ Inc] , 

1. The conditions shown by flagnote 1 of Figure A6. 
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n, r. Preeialon (coot.) 

TABLE I 

95* Confidence inter^l «bout T • 2500°* 
P 

♦ 75 t 

♦ 175 ** 

Laser bean penetrates. 

Laser bean tees not penetrate. 

Laser not used. 

A siailar uncertainty In «as temperature will result because of the 
dependence of su enlssiTity on particle enissiTity at high optical depth. 

' 

Page 10 

I 

A. 



AFRFL-11-66-203. Appendix A 

APPEMDIX A REFERglCES 

1. Bartky, C. D., Personal Oo—M ic«tlon with J. N. Adau, June 7. 1966. 

2. Bartkjr, C. 0. and E. Bauer, "Predicting the Büttance of a Hcaageneoua 
Pliow Contaicine Aluaina Particles," Aeronutronie Publ. Bo. U-3232 
Contract ■Our 3907(00), Aug, 1965. 

3. Rannora, L. M., Opt, gd gpectrr. U, 135 (1963). 

|             k. Chudrasekhar, S., Radiative Transfer, Dover, I960. 

5. Adaas, J. N. and L. Cnn. "The Spectrophotoelectric Neasurcaent of Gas and 
Particle Te^jerature", Aerojet-General Corp. TP-139. June 1961*. 

6. Kendall, E. G. and J. D. HcClelland, "Materials and Structures," 
Aerospace Rept. Ho. TDR-930(22»t0-66) TR-1, March 1962. 

7. Carlson, D. J., "Radiation from Rocket Exhaust Plumes,'7 Aeronutronie 
Report. To be presented at Joint Specialists Conferences, Colorado 
Springs, Colorado, June 1966. 

8. Buckele, D., "A Self-Balancing Line Reversal Pyrooeter," HACA TH 3656, 
August 1956. 

Page 11 



rfrfo-r-r« 

ft    | 

8 ii 
sis 
N       N      i 
e   z  z 

ii 
2 3 
III    bl 

5  5 
n   *• 
n     n 
a  a 

o 
a. 
o 
l- 
8 

rfrfo-r--,. 
dddooo 

♦ 

IZ 

S 

I 
3 
8 
3 

M 
♦» 
h 

§ 
« 
a 

•w e 

u 

I a 

AIIAISSIN3 anono 

Figure Al 



i 

it: 

4 

Figur« A2 



AFRPL-TR-66-203.  AppenJix A 

I i i  i   i    i     i r 

in 
lit* 

11111111 i 

1111 J L i ■  ■   ■   ■    ■     ■ 

^   ^     >0 ^   «B    >• 

- M 

^ 
^ 

^ 

^ 

-\ 

^ 

u 

n 
i u 

*» 
u a 
i" -* 
c * O   N 

•H it 
*> M 
U e v 

•H •< A 

• * * 

•H   V 
*•  ^  I». 
U   U (O 
• •>« 

CO  *•   €» 

I« «4 BU 
U   * 

ig 

e.g 
Is 

5/5 

Figure A3 



AFRPL-W-66-203, Appendix A 

I I  I   I    I—I—T 11 I i i  i—i—r 

' ' « '   ' I I I I I  I 
^ w 

I 

J L 

$   »0 

IV 

I» 

J/i 

U 
o « 

<M  N 

U 10 « 
♦» « 

9^ 
u *• 
m u <s. 
0.  « ♦• 

Zft* 

u 
« c « 
> V u 

o « •*« 
•H an. 
♦* « 

"»«^ 
a « 
8 »4 e 

u o 
Ü *• *• 

W 3 
« JO 

O. -H 
w 

«4 ♦• 

C t/i 
o 

Is 

Figure A4 

mm 



AFRPL.TÄ.66-203, Appendix A 

I I 

Figure A5 

11 



.35 
2 {A? 

« 
3C  u 

•H   « 

(4   «   « 
O   C .H 

"H   O   t» 
•H   > 

sjls 
«   (4   « 

•W £ « 
■^ O 0« u 
.588 

« c « 

^   ♦*     • 
>    «»   •K 
•HOC 
<o • I* 
«(OH 

•rl    «)   H 
S -•   *» w u a ^ o 

Is* 
H (h  N 

«^5 
Ü ^< - 

•H (4 h 
■P t> 0 
H Ä -^ 
<« a o 

0« <o z 

y ^"»w •/'.vv 

Figur« A6 



AFRPL-ra-66-203, Appendix A 

TnuualMlea 
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et   At» 

1 1    1 
No discernible 
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'Particle 
NtM Fmctlen 

I 1 1 
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(IL.dL 
(FigureAl*,A^AÄ A) 
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L   1 
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cMe 
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|                 eMe 

i     1 
Tranoilsilen   # 

MeMurment at     Ä2 
Firtlcle cloud 

OBlselvlty Heeeurenent at    ^i 

i     1 
GM Qdeelvlty Particle Teaperature 

1 
Spectrum line 

Radiance Meaeureatnt 

\ * 

GM Teapeimture 

* ^l - Wavelength in speetzml region reaoved froa apectrua line 

^2 - Wavelength correspendip? t« apectrua line 

, - Wavelength in epectrel region 
ttmm apectrua line 

far reaoved fna   A,, and reaoved 

Sequence of Computations/ Measureaents Necessary to Deteraine 
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Um fiallavlat fruft |iiiwU «M *mU NMlt« of «k* NU 

for spberlcal «cotterer».   Fro« tblo tbmory «a JM TD9^ coapotor parograa bu been 

vrltten «hieb «HI pendt tmpld feitei«ti<» of seetterliif dlagreae and ezosi Mctlons. 

The eoapoter progxea 1« preeeated at the end of this treataent. 

The Mattered llfht ictenalty at an angle 6  to the incident light bee« for 

the two-pLuw polarized coaponent« and the reeuLtant are given by the following 

(see Figure 1) (Reference 1). 

Light intensity in plane of observation; 

i, (o, ■, e ) 

Lltfit intensity perpendicular to plane of observation: 

2 

(Bl2) 

h «v 
T 

l2 (a, »* e) 
T I2 

"        k2 r V 
Resultant ftotal Intensity) 

l2 , il + 1' 

2k2r2  0 (»1 3) 

*See nomenclature for definition of symbols. 
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U/ 

hi*.*.*)- [_Z_ ^tHj {'n*n Ceo. e) ♦^ TB (eo.e,} j2 

n - 1 

oo 

n • 1 

an' bn *" «otf ring eoeffieient«. defiaed by 

8n' («q) Sn (a) - ■ 8^  (a) 8n («a) 

^'•8^ (ma)  tn(a)- *u'  (q)Sn(.q) 

^8n
, (ua) 8n (a) - 8n• (a) 8n (»q ) 

bn'■6n
, (»q)   0n(a). ^ (q) 8n («a) 

^ (Z) - 8n (Z) + 1 Cn (Z) 

Cn (2) - (-1)°    JvZ/Z   J.(n+j)(Z) 

Sn (Z). Jirz/2 Jn+j (Z) 

\  (COS 6)   -Jg.    P^   (cose) 

(»15) 

(Bi6) 

(Bq?) 

Pagel «2 -i 
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P  (cos 6 ) 1« an associated Legend« polynoslml. In the geneiml case, a, 

the ratio of the index of refraction of the scattering aeditai to that of the sur- 

rounding aediia, is esaplex, i.e., 

■ - n + in (»I 8) 

The above set of e : '   as can then be solved for L.,  !„ for the given va] ues 

of a , ■ at each value of 0 . 

de scattering and absorption cross section are related to the spectral 

reflectivity and spectral absorptivity as shown in Appendix A. They are related to 

the scattering coefficients through the following equations 

oo 

M«)-^   I   t^i)(Ki8*KI2) *« 
n - 1 

oo 

'' ■ 1 (ft 10) 

lor a distribution of particle sizes, the frequency function f ( a) is used, 

which represents the normalized frequency at which a particular a occurs in a sample, 

übe following equations might prove helpful in defining the frequency function 

f    f (a)   da    - 1 

af (a ) da 

r— J       fvo)da 
'0 

(Bill) 

f 
~C0 Vte "»an a (Bq 12) 
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The effective cross sections, then, are given by 

 r—r -     I       Y   (o)f(o)do   •   Y Y8 (a)       J       's l    '     v    ' 'p^ (Bii3) 

rrvzr f rm (a) f (o) do    - Y,,,^ (Eqli*) * p,a 

Further, the effective i for a distribution of particle sizes are given ty 

^ 1$}'     j        Ij (0,0) f (o) dO (Eqip) 

i ,00 i0 (a, 0) f (o) do (&116) 

o 

The above integrals are evaluated by using Simpsons rule: 

J    f Ot) dx = * [f (o) + U f (x1) + f (x3) + ... f (xn,2) 

+ 2 f (x2) + f (x4) + ... f (x^)  + f (xn)j  (Eq 17) 

y = xn 

where n is odd, and 

h = x - x . 
n   n-1 

Tbe  ccjraputer programs vhlch have been written around theee equations are 

included here as Table I, (Reference 2). 
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«       -  ncatteriog coefficient, see p. 2 
n 

b - smtterlog coefficient, see p. 2 

f (a)   - frequency function 

h - InexeaBntel distance 

I - incident light intensity 

I.      •  plane-polerized ccaponent of light intensity in plane of 
observ.tlon 

I2      -  plane-polarized cosqponent of light Intensity perpendicular 
to plane of observation 

I 
J i     -  Bessel Function of first kind, half order j 

k       -  wave nu!*er, 2 ^ /^ | 
i 
i 

m       -  index of refraction 

P       -  Associated Legendre polynomial of the first kind n 

distant from scattering volume to detector 

Greek 

a      -  TTD/X. , particle size parameter 

Y      -  absorption cross section, spectral absorption coefficient 
8 

^       -  scattering cross section, spectral scattering coefficient 
ft 

X      -  wavelength 

6       -  angle from line of observation to line of incident radiation 
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TABLE I 

oowvm PKxauw FOR CALCVLATIHG WE SCATTEJUNG INTENSITIES 

I 

M 

C    MM««» 93M«    NIE SCtTTERIM«   INTENSITIES HITN 0|9TR||IUT|M 
C    FM j.  H.  *0*NS    Ot^T.   4699    ILD« t»X»    ilT »'7*41 
C MMMN FC«  CALCUL'TIN« "IE   SCATTENIN«   INTENSITIES.«B«  *9M0« 

in FCM*TlFlS.9> 
20 FCM«Tl2Fit.4.lll> 
30 FCRHtTi   ?0M1       «VEMSE «LMI« ■ F7.4.19N      STO.  OEV.   •    F7.9/ 

12»M0       INCEI Of  REFRACTION ■ Ff.7  ,     3H • F18.4,   SN   I   I 
4» FORNtTi  91HS        «LRH« OENSITT CROSS SECTIONS • SO. CD./ 

1 99N FUNCTION «OSORRTION SCATTERINO       /INS   i 
90 FCRMl   I   47NI INTENSITV FUNCTIONS / 

l72Mt       «N6LE PERRENDICULAR R«R*LLEL 
t TOTAL       > 

60  FCR|iATl4X.F7.4,9X.F6.4,4X.El2.9.3X.El2.9   I 
70 FORM«TfSH0FS.l.3E21.9l 
•• FCRIUTfF«.1.3E21.9i 
9e FORMT|i7»<0       UAVELENfiTM a F7.9.     W HICRONS / 31N0       «OSORRTION 

1R0SS SECTION ■ E12.9.12H SQUARE CN / 31Me      SCAT7ERIN0 CROSS 
(SECTION ■ E12.9*  12N SOUARE CN t 

CCNPOK  M.TAU.CtS 
DIMENSION    PH?IO).T«u<2eOi.CI2eO).S(2e: >.R(2eO>>Z(2«f *>i.(208). 

lAAEAL<?oei.A|NA6<2PO).RREAL<2eei.BtNA«<20C>.eRFALI?eOI.OlMAS(2eo» 
2AheLE(37(!).TCOS(37AI.OPI<2(Ei.OEl>SaOI.X(10».»Rflifi.37tt. 
3PLlll0.370I.Yf>Rlll0.37S>.YRLi(ie.37ei.8AMS(10l,6AMlil8I.TOANA(10) 
«RfcIAf37el.PLI*<37et>TLl«O70i.TSANSIt(l 

C DEFINE  ALL  ANCLES 
AhQLEln'S.O 
DC   100  •i»1.360 

K1 AkSLE(K)>AN6LE(R-l)*0.9 
KfDBR»13.141992698979324}/360.0 
READ   INPUT   TAPE 9,]0.CONV 

11« READ   INPUT   TAPE 9.20.U.V.|ND 
READ   INPUT   TAPE  9.2a.XLANDA 
J«0 

120  READ   INPUT   TAPE 9.20.ALPMA.FREO 
IF(ALPMAI290.29e.l30 

130   j«J*i 
X(JI*ALPHA 
DENS(«il«FiiEO 
M«0 

14ft  DC0NS«U**2*V**2 
DREAL'U/DCONS 
DINAO'V/DCONS 
SINHsCEXPF(2.*ALPHA*VfEXPF(-2.*ALPHA*VII/9. 
CCSH><EXPM2.*M.PHA*V>*EXPF(-2.*ALPHA*V))/2. 
6C0»rS«CCSt--C0SF<2, J*LPHA»U) 
6REAL(1»'SINFI2.*ALPHA*U>/8C0N8 
SlMA6(l>aSINH/0C0NS 

C    CALCULATE BESSEL FUNCTIONS 
S(llsSIkF(ALPHA) 
C(1)«C0SF(ALPH«) 
S(2)«äCll/ALPHA>Cll) 
CI2laC(l)/ALPN*«S(ll 
N'S 
ITBST»! 
SO TO 160 

C    CALCULATE NEU SESSEL FUNCTION 
190 ITEST»2 

NHlaN-1 
NH2»N-2 
TNNaNKl 
ThaTNk 

93886 
9388* 
9388« 
9388* 
9388* 
9388* 
9388* 
9388* 
9388« 
9388* 
9388« 
9388* 
9388« 
9388« 
9388« 

C9388« 
9388« 
9908« 
9388« 
9388« 
.9388« 
9988» 
.9908« 
9388« 
9388« 
9388« 
9388« 
9388« 
9908« 
9988« 
9388« 
9308« 
9988« 
9988« 
9908« 
9900« 
99006 
99006 
99006 
99006 
99006 
99806 
93006 
99006 
93006 
93006 
99006 
93006 
99006 
93006 
93006 
93006 
99006 
93006 
93006 
93006 
93006 
93006 
93006 
93006 
99006 
99006 
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TAB^-E I   (cont.) 

I r ! 

S(NI«I?.S*TIK-1.I>*SCNM1I/UPM«'S(NM>> 
CINM(?.«*TII-l.t>*CfltNl)/*LM««-C(Ml2l 

C CALCULATE  * «MB • 
1««   PINKfc-] 

LiN|ak*l 
MEU*l2.*^CN>-l.»«DIIE«L/«LPMA>MiftLlk-l) 
ElH«6*l2.*^IN)-l.)«0IHA8/*LPM«>8IM«8(ll-il 
«C0kS«taE«L**2*iIN««**2 
««E«L(«»»E«»L/fiCOMS 
8INAS(NI>•EIHA6/6C0NS 
Hl)EAL«U«CAEAL(NI*V*8IMA8(N» 
HlNAe«U*6IMA6CI||-V*6l>EALCNI 
OflEAL«MIIEAL*C<NI-C(h-l I 
0iMAe>M|HA6*C(N> 
MEAL»M»»E«L«S<N)-8(N-1» 
lllMe«M|flA6*S(N) 
SC0N8«MEAL**2*IIINA6**2 
$*EAL«C0REAL*RftEAL*eiHAa*IIINA8>/SC0NS 
SlHASXelrAScRREAL^OMALMINASI/SCOMS 
•C0liS«(l,>SlNA8>**2*8flEAL**« 
8PEALfN)«a.-SlHA8l/8C0NS 
8IKA6<N>>-SREAL/iC0NS 
TREAL«0REAL*6REAL<NI-0lNA6*8INAe<M> 
TlMA6*0|NAa«6REAL<NI*DREAL*tIRA6(N} 
UREALs^INl*(l.-0REAL*«2*D|MA8«*2t/ALRMA 
UlNA6«*2.*P(N»*0REAL*0INA8/ALr»iA 
VREAL«TREAL*UREAL 
VlMA6«T|NA8*UINA8 
UREAL«VREAL*C(NI-C(N-i» 
HlMA6«V|NA8«C<N) 
XREAL>VREAL«SIN>«SIN-l> 
XlMAe«VINA6*S(Ni 
VC0MSaXREAL**2*XINA8**2 
YREAL«(hREAL*XREAL«HINA8«X|HA8)/rC0NS 
YlHAS'dilfAesXREAL-UREAL'XIHAei/YCONS 
AC0lliS*(l.-r|HA6l**2*rREAL**2 
AREAL<Ni«<t.«YIHAe)/ACONS 
AlHA6(N)a-YREAL/AC0NS 
NCAL'h 
80 TO C170.1S0).|TEST 

C    DEFINE fcEh ANSLE 
170 H»N»1 

T»«»l 
TCOSCM|aCCSF<T*HFDeR) 

C    CALCULATE PI AND TAU 
PKll'K.O 
Rliat'l.O 
OPKDaO.O 
DPI(2>«0<0 
TAU(2)aTCC8<M) 
N«2 
SARPaO.O 
SARTaO.O 
SBRPsO.O 
SBRTifO.O 
SAIPaO.O 
SAIT«0.0 
ssrp-o.o 
SBITaO.O 
80 TO 190 

18C NM1»N-1 
NH2«N-2 

71 
72 
73 

93086 64 
93066 69 
93086 66 
93006 67 
93016 68 
93006 69 
93006 70 
9301« 
93006 
93006 
93086 74 
93006 79 
93006 7« 
93006 77 
93006 78 
93006 79 
93006 80 
93006 81 
93006 02 
93006 OS 
93006 84 
93006 89 
9300« 06 
9300« 87 
9300« 08 
93006 89 
93006 90 
93006 91 
93006 9? 
93006 93 
93006 94 
93006 99 
93006 
93006 
93006 90 
93006 99 
9300A100 
93006101 
93006102 
93006103 
93006104 
93006109 
93006106 
93006107 
93006108 
93006109 
93006110 
93006111 
93006112 
93006113 
93006114 
93006119 
93006116 
93006117 
93006118 
93006119 
93006120 
93006121 
93006122 
93006123 
93006124 
93006125 
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TABLE I  (cont.) 

TkaTMk 93e««ia7 
MI«>*TCOS(N>*U.MTIfl.«l*M(NNll/(TN<>l.|)-T||tPI|l|Ntl/(TN-l.l»       «HMlIf 

T*UtN)«TCC$CMI*PIINI-(l.«>TC0t(NI**2l*0PIINI 9>Mtll| 
C CALCULATE SiHCft FOR  II «NO  I» 93M*lll 

Ifit PtMfk'i 93016132 
Z(ll)aC».*riN)*l.)/(PINI*IP(h)*l.n 93II6133 
«aM*ll|«Llll>*ZtNIOIIN) 93IM134 
SAMaSAIIMAM 93t|«i]f 
«RTs«Re«LtN>*ZCN»*T»U(NI 93II613» 
S«*TaS«*T*«RT 93«|«lSy 
•RMIRttLCNIaZlllilaRIIN) 93l|tl3l 
Stnp»%MP*»HP 93M*1I9 
•l)Ta|f)»«L(Nt«Z(ll>«T*UINl 93«|»14t 
SBIIT«SMRT«|AT 93l|«14l 
«|M«|IUSI*>aZ<NI*MIN> 93tl«14t 
Sk\Pm%k\P*klP 9S«|*143 
«|TaA|M«eiNI*ZCMI*TiU(Nl 93M»144 
S«|TaSA|T*«|T 9311*149 
• I»ag|NtB(lllaZ(ll»*RltNt 9311*14» 
SiIf«S»iP.BiP 9310*147 
•ITae!NtS(N>*Z(N>aT«UIN) 93l|*14| 
SeiT.SHtT*«!T 9300*149 
MKJ.Hta   (S«^«SMT>**2*cS*IP*MITi*«2 9300*190 
FLMJ'Hta  lURT*tMPIaa2*(l*iT*W|»>a*t 930l*l9l 
0M|afMP*9flT)aa2*ltlMIIT)aa2 9301*192 
Df>LI«URT«B«(PI**2*UIT*BIPI**2 9300*193 

C CONVERBENCE TEST 9300*194 
R1«0PR|/PSMJ.«> 9300*199 
R2aDm/RLItJ«NI 9300*19* 
|F«Ri-CCNV»200.200.210 9300*197 

20(1  |F(R2«CONVI220>220.210 9300*19* 
C SERIES hOT  TET CONVERSED 9300*19« 

210  NaNM 9300*1*0 
|FtkC«L-Nll90.ia0.1BO 9300*1*1 

C CCNVERBEO'BO TO NEVT  ANflLE 9300*1*2 
224   |F<I>-3«11170.230*230 9300*1*3 
230  VANao.O 9300*1*4 

YSNBfl.fl 9300*1*9 
00 240 kaS.NCAL 9300*1** 
CC»?»<N-n*l 9300*1*7 
Y*NaTAN*CC*URE«L<N)«BRE*L(NI-*RE«L(NI*«t-*|N*BCN|aa2*MEAL(NI«a2 9300*1*0 

1-BIM*6IM**2I 9300*1*9 
244  Y8NaVSN*CC*(*RE«L(N»a*2««|N*S(NI*a2*aRE*L(N}*a9«B|HtB(N)aa2l 9300*170 

YLAHDAaXLANDA/lOOOO. 9300*171 
S«NS(UiaYLAND**a2aVSN/(2.aMF08Ra3*0.> 9300*172 
BAMA(JlaYL«NDA**2aYAN/<2.aHFDBRa3*o.l 9300*173 
SO TO 120 9300*174 

25«  jFIMLaj 9300*179 
TajFIKAl-l 9300*17* 
Ha;xioFINAL>'X(in/T 9300*177 
00 280  pal,3*1 9300*170 
SEPRiao.o 9300*170 
SOPRfaQ.O 9300*1*0 
SEPLlao.O 9300*1*1 
SCPLI"0.0 9300*1*2 
DO 260  jai.jFINAL 9300*1*3 
YPR|(J.P)aPR|(J>N)«DEN8U) 9300*1*4 

260  YPLMo.P>«PLItJ.H»aDEN8CJ) 9300*189 
IlaJFINAL«! 9300*10* 
YPRKII.HiaO.O 930061*7 
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TABLE I  (cont.) 

, 

YPLICII.HJ.O.O 930061«« 
DC 370  j«l.jn«i»L.? 93006189 
sfcMr»se»>fii*Tpm«j»i.Mi 93oo6i«o 
SCPHI'SOPKI^TPBJCJ.HJ 930061«! 
S(PII«SEPLI*TPLI(J*1>NI 93006192 

270 S0PLI«SCPLI*YPLHJ.H» 930061*3 
PR|«IPM<»</3.0l«U.*SOMI*2.*SEMIi 930061«« 
PLU(Pls(»'/3.0>«U.«SorLl*2.*SEfLli 93006199 

?8n TLI«(P|a(PR|«IN|*KIAIHII/2. 93006196 
XPEtN* 0.0 93006197 
00 290 j'l.jriNM. 9300619S 

29« KPE«N«XP(«ll*X(JI*DENS(Ji*H 93006199 
SI82-0.0 93006200 
DC 300 J»1.JFHI»L 93006201 

30« SI0<«Sie2«IXIjl-XNE«NI**2*DEN|IJI*H 93006202 
Siap««S0>ilF(SI62l 93006203 
Sfe8«NM0.0 93006204 
S08*N»«0.C 93006209 
SE««*Sa0<C 93006206 
SCG*MS«0.n 93006207 
DO 310 j'l.JFHAL 9300620« 
T6*li*IJ)a6«M(JI*DENSIJI 93006209 

31ft  r6«P5IJ>aG*NS(JI*0ENSlJI 93006210 
Y6*P«CII»«C.0 93006211 
rcAHsnnao.o 93006212 
DO 320 jai.jriN«L.2 93006213 
SE6«HAaSE6AN**TGAN«(J*l) 93006214 
SCe«M*«SO«*M*YCAMJI(Ji 93006219 
StO»*SaS66MS*Y8*HS< J»l) 93006216 

320 S00»HSaS06*MS«Y8»HSCJ) 93006217 
a«a|H/S.)*l4.*S0aANA*2.aSE8AM«) 93006218 
8SaCH/3.i*(4.*S0eAPS«2.aSE«ANSi 93006219 
WRITE OlTPUT TAPE 6.30.XNEAN.SIBHA.UIV 93006220 
MfifTE OLTFUT TAPE 6.90.XLANOA.8A.8S 93006221 
WRITE OUTPUT TAPE 6.40 93006222 
WHITE OlTFUT TAPE 6.60.JXIJ»,DEMS«JI,8AMAIJ>,eA«ej).jal,jF|NAL I 93006223 
WRITE OUTPUT TAPE 6.90 93006224 
WRITE OUTPUT TAPE 6.70.CANSLElHt>PR|A(N).PLIA(M>.TLl«(N).Nal.361> 93006229 
CALL LPLOT UNBLE.PLIA.PRIA» 93006226 
80 TO 1110.330).IND 93006227 

330 WRITE OUTPUT TAPE R.SO.(*NeLE(NI.PRIA(N>.PL|AtMt.TLlMMt.Nal.361) 9300622« 
341 8C TO 110 93006229 

E»iD 93006230 
SUSROITINE LPLOT «ANGLE.PL.PR» 

C 
c 
c 

DIMENSION ANeLEI370).PL(370>.PR(370).PLP<361).PRP(361l. 
1 AXES(4).TITLE!«) 
AXEt(l)a(«6H      ) 
AXES(2)a<*6HAN«LE ) 
AXES(3)a(*6HL6 PLa) 
AXE«(4)a(«6Hl.PRa2) 
TlTLE(l)a(*«H     ) 
TITLE(2)a(*6H     ) 
TITLE(3)a(«6HPR0aRA) 
TITLE(4)a(*6HM 9300) 
TITLE(9)a(«6H«    ) 
TITLE«6»"<*6H     ) 

FIND MAX, HIN VALUES 

FMAXa-10000. 

1 
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k 

TABLE 1  (cont.) 

ruibs-rMx 
00 81«  lal.9*l 
n.»(i)a.494a«44i>*L0«f(n.(in 
P*Pt I >•. 4348«4402«L0triM( 111 
IF mpin-fNiit) iM.uo*ui 

115 it «MMn-rmm isi.iss.isa 
l?fi  rKIHsFMM» 
isn IF irMtx-FLPdn i4o.i9i.i»i 
14)1 FHAIaFLFd» 
154   IF   tFMX-PRPII))   l«e.20l<2ll 
16« riUlaMMI) 
280 CONTIkUC 

c 
C CALL HOT ROUTlNtil - t CURVll 
c 

CALL FRANC (AMLE.AH«Ll(S*l>,FM|N,FHAI.AUI.AirlKS».TITLE.l.-ll 
CALL CUOVI (AMLC>HP>3«1.-1> 
CALL CuaVE UNCLE.PM.HI.-11 
RETUNK 
EM 

•    OATA 

I  ( 
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I.    AHCILLABY EQUIPMEHT 

following Is a description of the complete instrumentation support package 
and layout of ancillary equipment which allows simultaneous measurements to be 
made in the chamber and at two positions in the exhaust plume, during live motor 
firings. This system is shown schematically in Figure D-l. 

Sine» the firing duration of the test motors was about 1 sec, automated 
techniques fcr high-speed spectral measurement of whree locations and one reference 
position was provided for the first two tests. The temperature measurement technique 
was similar to that described for the laboratory experiments, but high-speed optical 
swlt:hlng between tlie three selected measurement locations was included 

A. SYSTEM FOR MOTOR FIRIHG STUDIES 

The experiments consisted of 10 millisec, 20 Angstrom scans, in the 
applicable wave band. The data was recorded on a CEC-type oscillograph for manual 
data reduction. Each data scan was preceded and followed by a calibration scan 
with the radiance of the carbon arc at known brightness temperature vised as a, 
standard  Three measurement positions, ons in the combustion chamber and two in the 
exhaust plume, were selected. 

The three measurement positions and one reference position are represented 
in Figure D-l  The carbon arc was mechanically positioned so that its radiance was 
directed to each of the three measurement locations over identical optical paths by 
the rotation of the optical sampling scanner (Figure D-2). The two optical sampling 
scanners were driven by the same motor connected by flexible shafts to provide for 
their sy.rhrcruzation. The fourth optical path, running past the forward end of 
motor B, tn Figure D-l, provided unattenuated system calibration. 

To avoid interference caused by acoustic or mechanical vibration from 
the test motor, fiber-optic light guides consisting of bundles of individual optical 
fibers, 0 003 in. in diameter, were used for transmission of light from the test 
motcr tc the optical sampling scanner. Each fiber has a core of 1.62 index glass 
and is oDatei w^th 1,52 index glass to serve as optical insulation and thus protect 
the rejected earface of the core. This combination of indices provides a rruaerical 
aperture (N A ) of Q.55-  The general arrangement of the Special test equipment in 
the test stand :s illustrated in Figure D-3. 

Each measurement location was scanned twice, the first scan with the 
carbon arc radiation imposed on the gas and the second scan without any comparison 
light sourze» The scan synchronization was as shown in Figure D-U. 

B. DATA RECORDING 

Data which were recorded during each firing included the information 
rrom the phototube, the scanning arm position indicator signal (AX), the thrust, 
and the chamber pressure. 
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I, B, Data Recording (cont.) 

To provide highly accurate tanperature analysis over the broad range of 
potential teaperatures, the data were recorded simultaneously on seven oscillograph 
channels with gains of 2 to 100, two of which were biased to allow high resolution 
of peaks in signal. To avoid saturation of overranged channels, the input to the 
individual record amplifier was equipped with Xener diod* circuits, ranged to 
effectively short the amplifier input after full-scale signals were reached. The 
composite temperature data contained an equivalent electrical spectrum ranging from 
dc to 5 kc. 

II. DESCRIPTIOB OF TEST MOTORS 

A.  DESIG.V CALCULATIOHS FOR 1KS-250 MOTOR 

1KS-250 motors fired for an interval of about 1 sec have been successfully 
used to economically assess specific impulse for new propellant formulations. There- 
fore, this motor design with suitable modifications to permit chamber temperature 
measurements, was chosen for this program. The motor burning time was set at 
approximately 1 sec, and the bverage chamber pressure was set at 600 psia. This 
was done to avoid the low specific impulse efficiencies associated with low chamber 
pressures, especiallv with the LM-2 and I/ffl-2 propellants. 

In the interest of simplicity a cylindrical grain design was chosen 
which yields a progressive pressure-time curve. The ruiige of pressures and 
calculated durations for the three propellants chosen are shown in Table D-I. The 
nozzle throat diameter was calculated from the continuity equation based on mid- 
web conditions for burning surface area 

* s CwPcAt = Vf 
(Eq 7) 

where 

n 
r = a p , 

c 

and C , K  and a, are constants for the specific propellant used. 

Therefore: 

ra   ^ 
(Eq 8) 

Page 2 



CONFIDENTIAL 
ArRPL-TR-66-203, Appendix D 

TABLE D-l 

MOTOR DESIG9 PARAMETERS 

B. 

C. 

Propellant Tjroe 

AIiP-2?6? 
(Al.) 

A1IP-2991 Mod IA 
(Be) 

AliP-3130 
(BeH2) 

Grain Dimensions 

OD, in. 2.25 2.25 2.25 

ID, in. 1.50 1.50 1.30 

Length, in. 6.00 8.00 8.00 

Web, in. 0.38 0.38 0.1*8 

Motor Parameters 

P   range, psia 363 to 650 kUO to 780 320 to 1000 

P   average (mid web) c , psia 500 610 600 

Duration, sec 1.69 1.71» 0.71 

Nozzle Dimensions 

Dt, in. 0.500 0.500 0.750 

D^, in 1.35 1.35 2.00 

Expansion rat;:o 7.3 7.3 7.U» 

Entrance half angle U5 h5 h5 

Exit half angle 15 15 15 

Throat radius of 
index 

curvature 0.50 0.50 0.75 

Exit pressure range. psia 

(min) 6.9 10,8 8.1 

(max) 9.5 19.1 25.2 
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II, A, Design Calculations for 1KS-250 Motor (cone.) 

Where throat diameter is based on mid-web conditions, such that A. = A. , and 
P « P 
c   c 

S ^a 

— (1-n) {Eq9) 

The maximum and minimum pressures occur, therefore, at maximum and 
minimum values of the burning surface area. 

/tM L Ka' 

t w 

(1/1-n) 
d 
-ft 
At 

(1/1-r) 

where 

B, «L tea 
\( 1/1-n) 

In view of the simplicity of the grain (cylindrical, internal burning), the motor 
burning time (t, ) was estimated from 

web 
r 

(Eq 10) 

Based on the one-dimensional compressible flow tables, the exit 
area was calculated for the mid-web condition or average chamber pressure (pc) 
assuming ib.T-psi exit pressure (pe), and the corresponding value of specific 
heat ratio (y) for each propellant. Using this value of exit area, the exit 
pressure at the start of firing and at the end of firing was calculated and the 
minimum exit pressure checked to ensure that nozzle flow would not separate. 

These results are summarized in Table D-I where It can be seen that 
the identical nozzle and propellant grain design are used for both the alumlnum- 
and beryllium-propellants. This nozzle was first designed for the beryllium 
propellant in accordance with the aforementioned technique, then checked for the 
aluminum propellant, ANP-2969. This then allowed both the aluminum- and berylllum- 
propellant test series to use identical hardware» The beryllium hydride propellant 
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II, A, Design Calculations for 1KS-250 Motor (cont.) 

to be used, AHP-3130, required separate designs for the nozzle and propellant 
grtxn     A thicker grain veb (smaller ID) was required to cbtair, a duration of 0.71 
sec because of the high burning rate, and a larger throat diameter vr? required to 
obtain a reasonable pressure ^inge using a grain midpoint pressure of approxl'nately 
600 psia. s 

B. DBSCRIPTIOH OP TEST EQUIPMENT 

The test motors chosen for use in this program vere modified 1KS-25C 
motors, containing about 1 lb of solid propellant. The motor modifications were 
made to the aft closure region, downstream of the internal burning grain, to 
accommodate transparent viewports which were used in the chamber temperature 
measurementso These cure shown in the cutaway drawing of Figure D-5. 

Nozzles were fabricated fron ATJ graphi*J. The ends were contained by 
V-kk rubber spacers both to allow for linear thermal expansion and to seal against 
gas leakage along the graphite external diameter. These were enclosed by a two- 
piece steel aft closure. 

A plenum chamber was provided between the end nf the propellant grain 
and the nozzle approach which contained adjustable viewports, 180° apart, for 
particle and gas temperature measurements. For some of the tests, the chamber 
modifications also included a second pair of windows for light scattering . 
measurements, located approximately 63° from the afoi anentioned viewports. All / 
of thes^ transparent windows or viewports were adjuf '^able inward from the chamber 
inside diameter to approximately a l-in.-dia circle. 

The viewports contained a transparent quartz window, focusing lens, 
miscellaneous positioning devices, and the fiber optic bundles or light guides. 
These viewports were used to carry light to the chamber from the carbon-arc light 
source! and to carry either reflected or refracted light from the chamber to the 
spectrometer  It was necessary to incorporate a focusing lens between the quartz        ^^^ 
window and the fiber bundles to focus the entering light and to minimize the 
entrance light losses. The completed design is shown in Figure D-5. 

C. LOCATION OF EXHAUST MEASUREMENT STATIONS 

Definition of the exhaust-plume temperature-measurement stations for 
this program required consideration of three basic factors. The first is that 
to obtain reasonably representative values of vacuum specific impulse from these 
motors, the nozzles should have expansion ratios sufficient to allow full expansion 
of the exhaust from chamber to ambient pressure. The second consideration is to 
obtain a true measurement of specific impulse, flow disturbances created by the 
fiber optic bundles or light pickups must not be felt within the nozzle exhaust. 
Third, the pickup must be located so as to obtain measurements in a region in which 
temperature equilibrium exists. 

Only for the first two motor tests. 
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i 
II, C, Location of Exhaust Neasuroaent Stations (cont.) 

To satisfy these considerations, it was necessary to locate the pickups 
at positions downstreaa fro« the exit plane and outside of the exhaust pltae to 
avoid influencing the nozzle pressure. Further, since coaplete tenperature 
equilibria will not exist at or ioMdiately downstreaa of a shock ware, the pickvqps 
should be located at stations upstream of the initial nomal shock or Mach disk 
existing in the exhaust plme. 

To select the specific aeasureaent stations, then, it was necessary to 
detenine the Jet plume flow, including the location of the Mach disk, for each 
of the motors to be tested. The minimum distance tram the nozzle exit plane to 
the Mach disk for the lowest pressure case was Initially estimated to be 1.5 exit 
diameters or approximately 1» throat diameters through preliminary calculations. 
These were verified by additional calculations using the method-of-eharacteristlcs 
solution of the potential-flow equations to accurately describe the exhaust plume 
flow-field, for the various motor designs. These calculations provided complete 
pressure and Mach number distribution, as veil as the Mach disk location in the 
exhaust plume. Table II presents the predicted location of the Mach disk for each 
of vlie three propellants at the nominal chamber pressures. Since the temperature 
measurements in the exhaust plumes were made within 0.5 in. downstream of the nozzle 
exit, it is evident that no interference of the normal shock wave on the gas and 

f     particle temperature measurements existed. 
i 

{ f Table D-II 

NACH DISK LOCATION AS A PUMCTIOa OP CHAMBER PRESSURE 

Disk Location 
Propellant    Chamber Pressure Range, psia    (inches aft of nozzle exit) 

AHP-2969 363 to 650 1.73 to 2.32 

AHP 2991, Mod 1A      kko to 780 i:80 to 2.38 

Ai*P-3130 320 to 1000 2.21» to 3.95 

The calculated plume flow characteristics were used to obtain 
theoretical temperatures at the measurement stations with which measured 
temperatures were compared (see body of report). 

■ 
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Special Test Equipment for Motor Test» 

Figure D3 
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PictoriU Synchronization of Optical Sampling Scanners 
and Spectral Scanner 

Figure D4 
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UNCIASSIFIED ABSTRACT 

The spectral comparison method has been developed for the measurement of 
temperatures of both the gas and condensed phase in a flame. This method utilizes 
measurements of spectrum line emission from the gas and continuum emission fron 
the particle cloud to allow determination of the temperature of both phases. The 
method accounts for the effect of scattering by the particle cloud through measure- 
ments of effective particle size and number density used in conjunction with the 
Mie theory. 

The measurement precision for this method for a clean gas was determined 
from measurements on d H2/O2 flame; the resulting standard deviation in gas 
temperature was 16'IG.»   With particles of alumina introduced into the flame, the 
standard deviation in gas temperature was increased to ^0.8"K. For the particle 
temperature the standard deviation was 1^0oK, a relatively high value because of 
the uncertainty in the refractive index of molten alumina. 

* The first spectral line of the sodium doublet (O.589 ) was assessed to be 
■: a good indicator of the gas temperature in flames. This was determined by a 
I comparison to the lithium line at O.6708 which is associated with an electron 
f transition of longer radiative lifetime. 
I 
K Measurements of particle cloud emittance in small flames were obtained 
^      under controlled conditions from which the imaginary part of the refractive 
y      index for molten alumina could be determined. These measurements and emittance 
:m data of other investigators were used to determine an approxiirate average value 

of 0.005 for the imaginary part for alumina above its melting temperaturs. 
t Light scattering measurements were also performed using small flames with 
I      entrained alumina particles. Particle number density determined from the scat- 
i. tering measurements gave striking agreement with the quantity derived from a 

material balance. 

Measurements were taken of light extinction and emission in the plumes 
of small rocket motors having propellants which contained aluminum, IM-2, or 
LMH-2. These measurements indicated a mean particle diameter in the plume of 
0.6 to 1.0 and thermal lag as high as Y00oK. Gas and particle temperatures 
were measured and in the chamber of an IM-2-type motor, which indicated that 
significant combustion is occurring downstream of the propellent grain. The 
measurements definitely help to clarify the combustion-expansion phenomena and 
demonstrate the valuable utility of the measurement technique in this type of 
investigation. 
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Ih» trat« «■*•#.  AIM. »tea ■otUcMil*, •tow thM «pttoMl 

bav« ka«a uad to Onmp 3 md Cr«4> 4 «• «uilMf 

3. RVOHTTtTLBt Btoar tkc caavM* Mpa« till« to Ml 
cayUal touwa. Tldaa la m ewm «IMMM ba ■clwlH»* 
V • aiialilM Ulla CMBM ha wlüctoi wHtol daaaiflea» 
iton, atov till* claaatlleMlaa la ail capital« la paiaaltoata 
liaaililiWty fellowii« Ito tUla. 
4. DC9CRIPTIVE HOTt»  M «ptaprtal«. «tor tto l|*a a( 
lapart. a.», iiaaraa. ttaj»ai. ianaiai». aaaart, a» fta^i. 
Oi«a Ito itcluaiv« totaa «rtMa a apaclflc tayaiUag paria4 la 

S.   AUTHORtS):   EMar tto aaa^a) a« aatto<(a) a« atows en 
or la Ito rapoft.   EM« ISM mtm. Htm aaaa. aitol« ialtM. 
H Kililary, atoar raah aai toaack el Hrris»  Tto aaaa of 
tto»riacipal .ithof >a aaatoaiatamUmmm la^rtt—wat 
&  REPORT DATS:   EMortto 4*a of Ito rapoH aatoir. 
noflin, y##fi M MWMR« f99f*    If MOm tMM MM WHS ■py#PH 
on Ito rapon, »a* tola nf patlkal^ai 
7a.  TOTAL NOMRIR OP PAOEft  Tto Mtal pa«* eauM 
■koaM Mia» aaMMi pulaallaa ptaaatotaa. ta., «Hair ito 
■mabar of pagaa »aaHlatat >«lii«aH«> 
7ft.   NUMtER Or RBFEREMCB«  fcwat Ito latai —tow ol 
rafara*c#a cllto la Ito rapatl. 
•a.  CONTRACT OR ORAMT NUMMR:  H apr/rapftM«. Mtar 
Ito appiicaMa aaator •( Ito caaltaal or 0am aator «Meh 
Ito tapan WM «rittan. 
M. fc. % M PROJECT MUMM»   EiNar Ito ■fpraprtola 
nUllaty topMaaal itoatifteatkM. Meh M p^iPtt 
■■toMiacl aaator, ayalan —tow. I«' 

•a. ORMtMATOR't REPORT NIMWK«t 
atat Mtori aatow by «Mak Ma toaaMai «Ut to MMlHto 
■to «oMiaUad by tha erttliiatiiit talMty. TMa aaator MMM 
to aaitoa la iMa taper!. 
»»•   OTHER REPORT NUMMOIW!   H Ito M|NM tHW toM 
aaalp «td any attof rapcH naatoaa f«Wtof»y Ito artüiMMr 
9W &JF  W9   a^NrflWwr!pV   WaMPw ^Wwlff »■KB InVH'V^ff^V^ 

10.  AVAILAMLtTY/UMTATK»! MOTtCM  BMtr My tlto 

laport by DOC la aat aaltoiliii" 
m   "It a OiaiwiM BRiartu way abtaia aaplaa al 

Ibia tapMt «Hraetty Rna DBC MM» jwllMto DOC 

(4)   «m. a tolRaty HMtlii mm abtala paptoa af mm 

(S)   MAU «atribatlaa af ihla npart la «aaMUa* Qaat- 
UltoDDCaaa 

If tto «apart baa baa» IbwilRto la Ito Offiea af Tl 
«•toaat af Ca—wa» to Mia lo ito ptolte, lau- 

en» Mm lacl ato aalar Ito prtca. if baaaak 
IL  •UPPLBtBRTARY NOTRft  DM to ■toBtoto a^Iaaa 

12. IPOinORIMa IBUTART ACTIVITY: B«« tto .mmm af 
iba Mp^^^aaial protact afoaa ar labarafta^y apt aaarlaf ipai* 
mt to) ito iMmcb «to to»«l«fMt laclato to*aaft 
U.  ABtTRACT:  Ealar M atolnct fivto« ■ brtof ato totoal 
««■■«ty af ito i«ca«nat lail««tlM af ito lapart awa ttoa^i 
II say alM appaar al««atoia la Iba body af tto laetateal fa- 
pa«, if atoWaaal apaaa la WMIW*. a MMtoaattoa «toat 

N la bkfhty toaiiaMa itot to» abanaci af etotalOto tapaita 
to M«laa«IWto ttoH «aiapapb af ito abatwat «toa ato to» 
M Itotoaltaa af Ito tolimy ««Milly alM«IH«allaa of tto la- 
fonMiiM la ito fmgn*, mmmmnmt m frw, m. to, «r tut 

•«ar, ito nmnu« laaflh to haaliST* 33$ a 
14.  KEY 

. «laaaUMHtaa la 
•tub M tototoWMjaatol toatoiattaa, to* «MM, tol 

bat toH to totlawto by M toltotito af mbaiaal aaa 
11» MIIIMMI af Uto*. nlto. ato «atom to MUMM 
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