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ABSTRACT

An experimental investigation was conducted to determine

the feasibility of measuring the change in particle size

across the exhaust nozzle of a small solid propellant rocket

motor. Light scattering measurements were made at small

forward angles at the entrance and exit of the exhaust

nozzle. The experimental technique was found to be prac-

tical, especially if used in conjunction with measurements
of transmitted light of multiple wave lengths. However, the

determination of D32 is difficult in the motor environment

and is biased toward the larger particles in the size

distribution. Particle size measurements were in reasonable

agreement with sizes determined from collected exhaust prod-

ucts. Recommendations for further improvement of the appa-

ratus are made.
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I. INTRODUCTION

Aluminum is added to solid propellants to increase

performance and to suppress high-frequency combustion insta-

bility. Although the measured specific impulse of such

propellants is higher than that of the base propellant

without aluminum, the specific impulse efficiency of the

aluminized propellant is lower. The lower efficiency is

largely due to the presence of condensed aluminum oxide in

the exhaust. However, there are intances where incomplete

combustion of the metal may be a major source of performance

loss. A small amount of a variety of additives in addition

to aluminum (aluminum oxide,zirconium,etc) are used in

reduced-smoke propellants for acoustic stabilization. The

metalic additives generally burn in the gas phase after

leaving the propellant surface, resulting in small (less

than 2 micron) condensed particles. The completeness of this

mode of combustion has a significant influence on the

combustion efficiency [Refs. 1,2]. Some particles leave the

surface immediately and others agglomerate on the surface

before leaving. Particle burn-out is often accompanied by

break-up of a metalic oxide cap. This results in larger (5

to 15 micron) particles. The oxide particle distribution is

then, often bimodal. The larger particles are more important

in the det-mination of two-phase flow losses in the exhaust

nozzle since they are the ones which, in principle, could be

affected through propellant changes. The metal and metal

oxide particles result in chemical and physical losses which

are not present in non-metalized propellant combustion. The

solid particles and or liquid droplets are not in equilib-

rium with the gaseous combustion products. They are also

not uniform in size and can change size as they traverse

10



through the propellant grain port and the nozzle. There are

several rather complex analytical programs [Ref. 3] which

model the important processes of momentum and thermal energy

exchange between the solid, liquid, and gaseous phases as

well as particle collisions, break-up, and wall collisions.

However, these models remain semi-empirical and are gener-

ally based upon particle size distributions which were

obtained from collected nozzle exhaust flows. Particle

histories from the surface of the propellant to the nozzle

exit remain largely unknown, due to the difficulty of making

direct observations. Prediction of performance losses due

to the presence of original metal and its oxides (AlZ03 ) are

very sensitive to the aluminium oxide particle size distri-

bution, and no direct experimental data are available as a

function of the position along the nozzle.

Two general methods have been used to incorporate two

phase flow losses into motor efficiency predictions. The

first correlates experimental particle size data with motor

and propellant variables,as in the original Solid Propellant

Performance Prediction Code (SPP) effort [Refs. 3,4,5]. The

second approach calculates the exhaust particle size based

on a critical Weber number [Ref. 5]. The improved SPP also

uses an empirical approach [Ref. 5]. The two phase flow

losses are strongly dependent upon the particle size data

obtained experimentally. The final particle size is influ-

enced by many factors, such as original powder size, oper-

ating environment (pressure,temperature,residence time,

etc), motor configuration and throat size [Ref. 5].

Collecting exhaust products is feasible only for small

rocket motors. Even then the techniques employed result in

considerable variation in the measured size [Ref. 5].

Dobbins [Ref. 6] and Dobbins and Strand [Ref. 7] attempted -

to use an optical technique for measuring exhaust particle

size and to compare the measurements with tank collected " "-"--

. . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . .



exhaust results. The optical technique used was a three wave

length transmission measurement. This technique requires

knowledge of particle index of refraction and the standard

deviation of the particle size distribution. The tank

collection results were that exhaust particle size was not

influenced significantly by either the propellant weight

fraction of metal or the chamber pressure. The optical

measurements generally yielded sizes which were too small

and the results were inconsistent with the collected exhaust

data. It was speculated that this discrepancy resulted from

a bi-modal exhaust particle distribution.

Light transmission measurements have the advantage of

being applicable to dense concentrations where multiple

scattering occurs [Ref. 8]. However, the method works best

for very small particles (on the order of the wave-length of

the illumination source) and requires a-priori knowledge of

the particle characteristics.

Light scattering measurements can also be used to deter-

mine particle size. It is an especially good technique when

the particles are large compared to the wave length of the

illuminating source [Ref. 9 to Ref. 18]. Ratioing intensi-

ties obtained at two forward scattering angles can be used

to further reduce the complexity of the method. However, -

these techniques are generally considered to be applicable

to systems where the transmittance is greater than approxi-

mately 90% in order to satisfy single scattering

requirements.

A combination of light transmission and light scattering

measurements [Ref. 16] appears to be well-suited for the

solid rocket motor exhaust flow. However, experimental

efforts are first needed to determine under what conditions

(metal loadings, operating pressure, propellant ingredients,

etc) light scattering measurements can be effectively made

in this difficult etnvironment.

12
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At the Naval Postgraduate School an investigation was

initiated to examine the applicablity of the light scat-

tering measurements to the solid rocket motor exhaust prod-

ucts [Ref. 19]. It was also decided to attempt to use the .

method both at the entrance and exhaust of the nozzle in '

order to determine if changes in particle size across the

nozzle could be measured [Ref. 20]. After the initial

efforts showed promise, the experimental apparatus and data

acquisition/reduction processes were improved [Ref. 21]. In

the latest effort the apparatus was calibrated using various

sizes of glass, polystyrene, and aluminium oxide particles

from 5 to 60 microns in diameter. S

The purpose of this investigation was to use the appa-

ratus developed in earlier efforts [Refs. 20,21] in an

attempt to make particle size measurements across the

exhaust nozzle of a small solid propellant rocket motor.

Propellants with no aluminum and with small (2 - 4.8%)

amounts of aluminfileere to be used to determine the feasi-

bility of the technique.

.1
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REPRODLCED AT GOVERNMENT EXPENSC

II. BACKGROUND THEORY

The formulation of the theory for the scattering proper-

ties in the more general case of particles of arbitrary size

and refractive index occurring in a polydispersion of finite

optical depth' is discussed in Reference 18. Mugele and •

Evans [Ref. 12] proposed using the Upper Limit Distribution

Function (ULDF). ,Roberts and Webb [Ref. 11] concluded that

the volume-surface mean diameter (Sauter) D2 of the poly-

dispersion may be determined from the intensity of diffrac-

tively scattered light from spherical particles. This could

be done with a good degree of accuracy without any knowledge

of the general distribution type. Scattered light from

large particles is dominated by Fraunhofer diffraction.

Buchele [Ref. 17] has recently summerized the experimental

technique for determining particle size by measuring

diffractively scattered light. He has presented an expres-

sion for the light scattered of an angle (I(()) which

closely matches the results of references 10 and 11.

1(e) = ExP-[.570e]
2

where
aolV=DI D -:article dia. \ wave lenzth o li.h

This function from Buchele, and the curve from Dobbins et al

[Ref. 10] were usded in the present study to evaluate the

apparatus to be used with solid propellant rocket motors.

14
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REPRODCCED AT GOVERNMENT EXPENSC

Two phase flow losses are often calculated in terms

of D In the SPP model [Ref. 5], an empirical formula is
43

presented

D43  3G34D.2932(1_,eoooO863 c PcT)

where

D4.moss-weighted overaqe diometer, micron

Dt = nozzle diameter

c=Al 03 concentration 'fl chami' er, g- mo//0 q
p chamber pressure

T7= overage residence

Unfortunately, there is not a general method to a-priori

relate the D2obtained from scattering measurements

to D4

15



III. EXPERIMENTAL APPARATUS

A. ROCKET MOTOR

Two rocket motors were used in this investigation,

referred to as the "short motor", and the "long motor". The

short motor was the same as used by Cramer and Hansen

[Ref. 20]. The long motor used the short motor, but was

modified by increasing its length down-stream of the propel-

lant grain by eight inches. Three types of exhaust nozzles

were used in this experiment, one copper nozzle and two

graphite nozzles. Specification are given in Table I. The

reasons for the modifications are discussed below. A photo-

graph of the motor components is presented in Figure 3.1.

The installed motor is shown in Figure 3.2, and a schematic

is shown in Figure 3.3. The nitrogen purge windows in the

motor were always located at the entrance to the exhaust

nozzle. The propellant grain was two inches in diameter and

one inch in length with a webb thickness of .725 inches. To

obtaine a period of steady state pressure in which to take

data a cylindrically perforated grain design was used.

Burning was also allowed on the aft end. A BKNO3 igniter was

used, and was installed at the head of the motor. 12 VDC was

used to heat a resistance wire to fire the igniter.

A sample of exhaust product was obtained by directing the

exhaust into a partially end-capped, eight inch diameter,

stainless steel tube. The products deposited on the walls

and end plate were collected, repetitively cleaned and

mounted for observation with a scanning electron microscope.

16



B. LIGHT SCATTERING APPARATUS

A photograph of the apparatus is presented in Figure

3.4, and a schematic in Figure 3.5. The light sources

consisted of an 8-milliwatt, Helium-Neon laser for the

nozzle exhaust and an 5-milliwatt Argon laser for the nozzle

entrance. The specifications for this equipment are given in

Table II. The lasers were mounted on two parallel benches,

one for the beam passing through the exhaust, and the other

for the beam passing through the motor cavity at the exhaust

nozzle entrance area. A beam expander/collimator was used

with the Helium-Neon laser. Each beam was intercepted by a

physical stop, located at approximately 30.5 centimeters

from the motor center line. Each beam then passed through a

narrow pass filter and condensing lens (focal length 50

centimeter). The scattered light was focused onto a linear

diode array. The purpose of the filter was to prevent extra-

neous light from reaching the diodes. The photodiode arrays

contained 1024 silicon photodiodes with 25 micron spacing.

C. DATA ACQUISITION SYSTEM AND DATA REDUCTION

Details of the data acquisition system are presented in

reference 21. The system controller was an HP 9836S

computer. An HP 6942A multiprogramer was used for rapid A/D

conversion and storage. Two parallel channels were used.

Four diode scans were made of the motor cavity beam and

eight scans were made of the exhaust beam. Multiple scans

were made to provide a more statistically valid measurement

of particle size.

In the data reduction there were two methods for deter-

mining particle diameter. First,iterative graphics could be

used to fit the theoretical profile (for specified D and.32
scattered light intensity at zero degrees) to the experimen-

tally obtained profile.

17
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;REPRODLCED AT GOVERNMENT EXPENSC

From this interactive procedure, a normalized intensity vs

scattering angle profile was obtained. A "best-fit" yielded

the mean particle diameter, D3 2 . The second method used the

ratio of forward scattered light at two angles [Ref. 17].

The approximate equation for the polydispersion curve is

[Ref. 17]

2

=EXP -"57cxe,

This equation could be applied between any two diodes of the

array. This gave

EXP- ( )(-57r/ ]

Solving for the diameter gave

D32 [-n. (I2):2 o2)]

Various 02i el ratios could be selected, as well as the

starting angle. These results were presented graphically as

particle size vs scattering angle for each angle ratio

(G 11 The data acquisition system also controlled when

the data were taken during the motor firing. This was

accomplished by monitoring a chamber pressure transducer and

specifying a desired delay time after steady-state operation

was achieved.

18
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" EPRODL'CED AT GOVERNMENT EXPENSE

TABLE I

Exhaust Nozzle Specification

-

Sd
t

F
--

- in

Description Copper Graphite Graphite
Nozzle Nozzle Nozzle

Out Side Dia.
(d, inch) 2.125 2.125 2.125

Length (1 ,inch) 1.25 2.15 2.15
n

Throat Dia.
dt, inch) .245 0.30 0.33

Slope (Converging)
Angle (degree)%'Y 45 30 30

19
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I.Nozzle Cover

2. Exhaust Nozzle, Converging

3. Part of Pressure Cham~ber

(initial/Short Motor Pressure CThamz er)

Cl1ass Windows InstalleL1

4. Pressure Chamber Extention.

K: 5. H-ead End Cover

g. In ite r

0Figure 3.1 Modified Motor Component

20



S

p
s.d
0

0
S
tJ
Ca

(a
0

-4
-4

S
U)

4-a

4-4
0

0

4-a

-4

-4
4-a
U,
C
-4

CNJ

C)
s.d
-j

00
.9-4
~Z4

21

'1

* . - ..- . - ,J.#**.*.....*j
a .



;?EPRODL'CED AT GOVERNMENT EXPENSE

0

0 0

F--u cTc

22U0



SA



REPRODOCED AT GOVERNMENT EXPENSE

00

r 0 -4 E'

I 0

I In

0 0

C)l

41I

(I

-4-

o

.14
4

z 0~

fa4 0OO

-. 24



REPRODL'CED AT GOVERNMENT EXPENSE
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Light Source Specification
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IV. RESULT AND DISCUSSION

A. INTRODUCTION

The purpose of this investigation was to conduct solid

rocket motor tests to determine the feasibility for

obtaining particle size data across the exhaust nozzle using

measurements of forward scattered laser light. If the tech-

nique is not only feasible, but also practical to utilize,

then it could be used in conjunction with light transmission

measurements at three wave-lengths to provide a valuable

diagnostic tool. This diagnostic tool could then be used to

obtain the much needed particulate size in exhaust nozzles

as discussed in the Introduction. The apparatus had been

previously developed and successfully calibrated using

suspended particles without combustion. Application to the

combustion environment remained to be done. In this inves-

tigation, three solid propellant composition were used with

varying amounts of aluminium. Two of the propellant utilized

a GAP binder with AP, one had no aluminium and the other -.

used 4.8%, 20 micron aluminium. The third propellant was an

HTPB/AP propellant with 2%, 40 micron aluminium and 0.25%

Fe2 O3  Initial tests were conducted using a short motor

cavity length. Difficulties arose which required using a

longer motor cavity length for all subsequent test.

B. EXPERIMENTS USING THE SHORT MOTOR CAVITY LENGTH

In solid propellant motors aggloromerate size may depend

on many factors such as the propellant type,original

particle size, chamber pressure, burning rate, aluminum

concentration and motor geometry. Short residence times can

lead to poor combustion efficiency. The tests conducted

26

S



using the short motor are summarized in Table III, which

indicates the residence time was less than 3 millisecond.

For good combustion efficiency (the conversion of all alumi-

nium to aluminium oxide), typical minimum residence times

are between 10 and 15 milliseconds. It was apparent from

examination of the exhaust nozzle after a firing that large

agglomerates of aluminium/aluminium oxide were impinging on

the converging surface of the exhaust nozzle. This also

resulted in large particles exhausting through the nozzle

exit. 1 2 from the measurements was approximately 50 microns

(Figure 4.1). SEM photographs (Figure 4.2) indicated parti-

cles ranging from the one micron size up to 60 microns. It

was therefore decided to lengthen the motor to increase

residence time to between 10 and 15 milliseconds without

adding additional propellant. This required an eight inch
I

extension onto the initial two-inch length. Table IV indi-

cates that the residence time was usually increased to

between 10 and 15 milliseconds. Initial tests using this

motor indicated that the nozzle impingement problem was

eliminated.

C. SYSTEM CALIBRATION

Although the apparatus had been previously calibrated by

Harris [Ref. 21] it was necessary to determine the maximum

attenuation of the transmitted beam which allowed the scat-

tering measurements to be made. As discussed above, single

scattering generally requires transmittances greater than p
90%. Calibrations were therefore conducted using 37 - 44

micron glass beads suspended in water. Tests were conducted

with transmittances of 82%, 55%, and 29%. The results are

presented in Figures 4.3 to 4.8. When the highest transmit-p

tance of 82% was used, both the curve fit and two-angle

ratio methods resulted in good agreement (45 microns) with

27
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the actual particle size. As the transmitance was decreased

to 55% and 29%, the measured sizes decreased to 42 and 36

microns respectively. In addition the two-angle method did

not yield good results for the lower transmittances.

These results indicate that the scattering measurements

can be used to determine particle size when the transmit-

tance is significantly less than 90%. A test was then

conducted to determine the exhaust opacity with no aluminium

present. This was necessary to determine the extent of

attenuation caused by such things as condensed soot and

refraction caused by thermal gradients. The test was

conducted as follow

i. The transmitted beam was centered on the diode array.

Data were taken with the beam blocked and then unblock

to obtain the intensity profile using the apparatus

which is set up to obtain pre-firing and firing data.

2. The motor was then fired using the standard sequence.

The beam was blocked for obtaining zero data and then

data was taken on firing the motor. The results are

shown in Figure 4.9. A 55% attenuation of the trans-

mitted beam occurred. The position of the beam peak

intensity was observed to be the same, indicating no

preferred refraction. The Gaussian was broadened,

apparently by scattering. These results indicated that

scattering measurements made with aluminium oxide

present could be difficult to interpret. The small

angle scattering (beam broadening) is not as much a

concern as the beam attenuation, since larger scat-

tering angles are used to measure the small Al2 0"

particles. A similar test was also conducted with the

non-metalized propellant in which the nozzle entrance

i| beam was monitored. During this test the transmitted

beam was deflected off of the diode array. The beam

also shifted on the diode used to measure the

28
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transmitted light. It was attenuated by approximately

80%, but it is not clear whether this was due to soot/

j smoke and/or to the beam shift. Examination of the

apparatus revealed the cause for the shift of the

beam. The laser beam was not perfectly aligned with

the windows, resulting in refraction at the window-

motor cavity interface. When the motor was fired the

refractive index of the gases changed, resulting in a

beam movement. This points out the need for very

careful alignment of the nozzle entrance optics.

D. NOZZLE EXHAUST MEASUREMENTS

Two tests were conducted using non-metalized propellant.

The results from the two runs were almost identical. Results

from one of the tests are presented Figure 4.10 and 4.11.

Significant scattering was apparent to angles of 0.018

radians. This was even more severe than observed in the

test discussed above. It is not clear exactly what caused

this small angle scattering. One possibility is beam

movement/broadening to the extent that it can diffract

around the edges of the beam stop. These results indicate

that measurements made with this propellant system which

also contains aluminium can only be done for angles greater

than approximately .018 radians.

Two tests were then conducted with the GAP propellant

containing 4.8% aluminium.Again the results were repetitive.

Figure 4.12 shows that for the "allowable" angles greater

. than 0.018 radians (diode number 375), the voltage level was

approximately four times greater than the voltage without

* aluminum (figure 4.11). Use of iterative graphics to deter-

mine D3  by the curve fitting method (Figure 4.13) or using

the two angle method (Figure 4.14) resulted in a measured

29

0w



size between 6 and 7 microns. Examination of the collected

exhaust using the SEM (Figure 4.15) showed a range in

particle sizes. Most of the particles were within the range

of 0.5 to 1.5 microns, some were 5 microns, and a few were

7.5 microns. These results are in reasonable agreement with

the measured results since the optical method has a strong

bias toward the large particles.

Three tests were then conducted using the propellant

with 2% aluminium. The results were again repetitive.

Results from one run are presented in Figures 4.16 and 4.17.

A D3 of 5.5 micron was obtained by the curve fit method,

and 8 to 9 microns was obtained by the two angle method. SEM

examination of collected exhaust showed (Figure 4.18) parti-

cles as large as 15 to 20 microns, a few between 5 and 10

microns, and many in the one micron range. The larger parti-

cles may be due to unburned aluminium (original powder size

was 40 micron).

E. NOZZLE ENTRANCE MEASUREMENTS

These data were actually obtained during the same tests

that the nozzle exhaust measurements were made. The data

were quite repetitive from multiple runs. Experiments using

the non-metalized solid propellant resulted in diode satura-

tion at angles less than 0.016 radians, which corresponded

to diode number 384. It is not known at this point whether

the beam shift was due to optical misalignment or to thermal

gradients. However, if scattering measurements are to be

made using the metalized propellants, the data must only be

considered for scattering angles greater than 0.02 radians

(or correspondingly,to diode numbers greater than 500),

0 Figures 4.19 and 4.20 show these results.

Figure 4.21 shows the results obtained using the propel-

lant with 4.8% aluminium. Unfortunately, the useable data
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from diode 500 to diode 576 did not allow any particle data

to be obtained. SEM examination of the collected exhaust

showed some particles in the 4 to 8 micron range, and many

in the 0.5 to I micron range. A photograph of this sample is

presented in Figure 4.22.

The results obtained with the solid propellant with 2%

aluminium are shown in Figures 4.23 and 4.24. The data

appear to have much less transmitted beam effects than the

4.8% aluminized propellant. The intensities were too low to

use the curve fit method for theta (e) greater 0.02 radians.

The two-angle method resulted in a D-; of approximately 8

microns. SEM evaluation showed particles in the 9 to 10

micron range, but with many less than 3 microns

(Figure 4.25).
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REPRODLCED AT GOVERNMENT EXPENSC

TABLE III

Experimental Results from Short Motor

Date of Weight Persent Pressure Burning Residence
Test of Aluminum Pc Time Time

(Psig) (sec.) (msec.

Jun 8,84 4.8 440 1.05 2.3

Jly 27, 84 2. 0 220 2 .03 1. 1

Aug 21, 84 4.8 680 0.55 2.0

Aug 23, 84 4.8 435 1.05 2. 3

Sept 18, 84 4. 8 300 2 .3 3.4

Dec 2 , 84 4.8 240 1.55 2 .0

Dec 28, 84 4. 8 285 1.6 2. 3

Jan 8, 85 4.8 255 2.1 2.7

Note

3Propellant density 4.8 % Al = 0.065 lbs/in

2 % Al = 0.062 lbs/in
3

Temperature = 6100 deg. R
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REPRODUCED AT GOVERNMENT EXPENSE -

TABLE IV

Experimental Results from Long Motor

Date of Weight Persent Pressure Burning Residence

Test of Aluminum PC Time Time
(Psig) (sec.) (msec.

Jan 18, 85 4. 8 298 2.7 14. 5

Feb 1, 85 4. 8 247 2 .5 11. 1

Feb 4, 85 0 257 1.4 6.3

Feb 12, 85 4.8 176 2.5 7.9

Feb 13, 85 4.8 235 2.3 9.7

Feb 14. 85 0 500 1.5 13.1

Feb 15, 85 0 192 1.5 5.0

Feb 20, 85 2. 0 182 3 .6 12. 1

Feb 21, 85 2.0 142 3.6 9.6

Feb 28, 85 2. 0 115 3. 7 11 .5

Mar 11, 85 0 360 1. 1 7. 9

Note

Propellant density and Temperature

Calculation the same with in Table III
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V. CONCLUSIONS AND RECOMMENDATIONS

The results of this investigation have shown that accu-

rate determination of D using only measurements of forward32 ngolmesrmnsofowr
scattered light will be difficult. However, with some appa-

ratus modifications the technique appears to be practical,

especially if used in conjuction with measurements of trans-

mitted light at multiple wavelengths.

Alignment of the optics was found to be critical when

windows must be used in the light beam. Light attenuation is

almost always greater than 10%. However, the calibration

results indicated that the technique can yield correct

particle sizes to transmittances as low as 50%.

D measurements are biased toward the larger particles32
in the distribution, as evidenced by the comparison of the

collected exhaust particles and the measured particle sizes.

The measured exhaust plane particle sizes for both the 4.8%

and 2% aluminized propellants and the entrance plane

particle size for the 2% aluminized propellant were in

reasonable agreement with the particle sizes observed with

the SEM.

Several apparatus changes should be made to determine if

they would significantly improve the obtainable data.

Alignment procedures should ensure that no reflected beams

are present from the motor windows. Light transmission meas-

urements should always be made at the same time that the

scattering measurements are made to ensure that the scat-
tering data can be properly utilized. Larger beam stops

should be used or they could be removed entirely if the
p

diode array were shifted to larger scattering angles

(2-5 degree).
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