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ABSTRACT

The goal of this initial investigation was to develop and compare experi-

mental techniques that could be used for obtaining quantitative data on the

effects of propellant properties, operating pressure and nozzle geometry on

the behavior of metallized particulates within the grain port and nozzle of

solid propellant rocket motors. The techniques employed were high speed motion

pictures of strand burners and slab burners in a cross-flow environment, SEM

analysis of post-fire residue (strand, slab, and motor), determination of D32

at the exit of an exhaust nozzle using measurements cf scattered laser power

spectra, and holograms of burning propellant strands and slabs in a cross-

flow environment.

All techniques were successfully developed and employed to obtain parti-

culate size data from a series of specially formulated propellants.

The motion picture and holographic techniques were successfully demon-

strated for operating pressures of 34 and 68 atm. and with up to 15% aluminum.

Fourteen pa resolution was obtained in the high speed motion pictures with

a l.12X magnification (and very small depth of field) and eleven Um resolution

j was obtained in the holograms.

Measurements of D32 at the nozzle exit plane of a small end-burning motor

were in close agreement with size analysis of collected exhaust particulates.

t:i
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I. INTRODUCTION

For many years arlid propellants have been employed for missile propul-

sion. Practically all tactical and many strategic missiles use solid pro-

pellants. Historically, there have been two primary types of solid rocket

propellants; composite and double-base (or homogeneous). Composite propel-

lants normally consist of a mechanical mixture of oxidizer particles (ammonium

perchlorate (AP), etc.) imbedded in a fuel/binder (polybutadiene-acrylic-acid

(PBAA), PBAN, CTPB, etc.). Double-base propellants normally consist of mix-

tures of monopropellant molecules, i.e., nitrocellulose and nitroglycerine.

They are "mixed" on the molecular scale. In recent years composite-modified

double-base (CMDB) propellants have been developed also.

Many solid propellants also contain metal additives in quantities up to

25% by weight. These metal fuels increase the energy content and also pro-

vide an acoustic damping mechanism for combustion pressure oscillations within

the propellant port. The most common metal additive is aluminum, in a fine

powder form. The metal particles are mixed in the propellant before curing.

When these small (1 - 50 um) particles reach the burning surface, various

phenomena have been observed to occur for strands burned under conditions of

1,2,3
zero cross-flow velocity 1  . Some particles immediately leave the surface

while others agglomerate on the surface before leaving. Post-fire particle

diameters have been observed smaller than 0.10 pm whereas particles within

the port of burning propellant grains have been recorded with diameters

greater than 1200 pm. The behavior of the metal particles is a function of

propellant composition, operating environment (pressure, etc.) and the nozzle

design and throat size. The particles often burn slowly within the fuel

port when compared to mean gas transient times. If these particles are not

consumed before leaving the nozzle, low combustion efficiency and delivered

1t
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specific impulse results4'5'6'7'8. The two-phase flow losses which result

from the thermal and velocity lag of the particles can result in large losses

in delivered impulse (2 - 10%).. In addition, unburned aluminum can also

cause performance losses (1% Isp loss/lO% unburned Al 7). Apparently, the

high shear forces in the nozzle created by the particles lagging the high

velocity gas flow cause the larger particles to break up into smaller parti-

cles. This behavior is known to occur for liquid droplets and is correlated

through the dimensionless parameter, Weber number. The Weber number is the

ratio of inertial to surface tension forces. Minimization of these two-phase

flow losses is required if theoretically high performing solid propellants

are to produce high delivered performance. This minimization of losses must

be achieved while meeting the requirements for particle damping.

Current performance prediction methods9 ,10 as well as steady and unsteady

burning rate models are hindered from a lack of adequate experimental (qual-

itative and quantitative) data. For better models to be developed, detailed

particle generation, burning, and breakup data are required as a function

propellant composition, operating environment and design configuration.

To obtain a better understanding of the effects of design variables and

propellant properties on two-phase flow losses requires a careful study of

the particle behavior within the reacting flow environment. Strand data can

yield valuable data, but data are badly needed from tests which more realis-

tically match the motor environment. Several options are available. Simple

exhaust opacity measurements coupled with performance measurements (thrust,

C*) can yield qualitative behavior. More refined optical techniques based

upon the mechanisms of Mie scattering theory can be used for obtaining mean

11-15
particle sizes and concentrations . These data can be used to relate

smoke and plume characteristics to motor operating conditions and propellant

2



properties. Analysis of particle sizes in grain residues and/or collected

exhaust 3 can provide quantitative data. However, the use of quenching and

"out-of-motor residue analysis must be made with caution since the data my

not realistically reproduce in-motor characteristics. High speed photography

can also provide valuable data. High quality notion pictures have been

1-3obtained without cross-flow velocities in both standard gravity and accel-

eration environments'6" 7 . Caveny, et al'8 "9 have obtained motion

pictures of aluminized solid propellants burning in a more realistic cross-

flow environment. They employed a two-dimensional, windowed rocket totor

with an aluminized propellant sandwiched between non-aluminized propellant

to limit the number density of particles. Their studies have shown the

importance of cross-flow velocity within the propellant port, agglomerate

breakup, and the effect that nozzle contour may have on the latter.

Another possible technique for studying two-phase flow losses is holo-

graphy. Briones and Wuerker20 ,21 have applied this technique to the com-

bustion of solid propellant strands in zero-croseflow environments. Their

work has demonstrated the ability to obtain three-dimensional information with

resolution down to approximately 2-10 um. Short laser pulse widths (<10 nano-

seconds) and lens assisted holograms were necessary in order to obtain these

holographic capabilities.

Coupling of the experimental techniques of Caveny, et &11819 with

the holographic techniques of Briones and Wuerker2 0,2 1 should provide an ex-

cellent experimental technique for obtaining an increased understanding of

the effects of propellant properties, operating environment, and hardware

design on particle behavior and combustion zone characteristics within solid

rocket motors.

The overall goal of this investigation is to obtain quantitative data

3



that can be used to relate propellant composition and operating environment

to the behavior of solids (Al, Al203) within the grain port and exhaust

nozzle. The initial effort at the Naval Postgraduate School (NPS) has

been directed at developing and comparing experimental techniques for obtaining

detailed experimental data on the effects of initial aluminum size and operating

pressure on the particulate characteristics within the gas phase. Four

experimental techniques have been used:

a. High speed cinematography for the observation of strand burners within

a combustion bomb and a 2-D slab motor under different operating pressures.

b. Post-fire residue collection and examination with a scanning electron

microscope (SEM).

c. Scattered laser power spectra measurements to determine the mean

diameter and concentration of particles as they exit the exhaust nozzle.

d. Holographic observation of the combustion process of burning pro-

pellant strands and of burning propellant slabs in a cross-flow environment,

using a 2-D, windowed motor.

The data obtained with varying initial Al size and operating pressure

can be used to validate some of the basic assumptions employed in current

combustion/performance prediction models. In applying all four of the above

techniques, relative advantages and disadvantages of each technique (resolution,

etc.) for obtaining these data need to be determined.

There are some known advantages and disadvantages for each of the above

techniques. By using high speed motion-pictures of burning strands, the entire

duration of the burning process can be recorded to provide data concerning the

time-varying characteristics. In addition, the combustion pressure can

be independently varied using a combustion bomb and the collection of post-fire

residue is readily made. These tests are relatively easily conducted and

4



inexpensive. Taking high speed motion pictures of strand burners is a good

technique for comparing burning surface details for different propellants,

as well as for observing the macro-structure of the luminous flames
22.

There is one major disadvantage of using propellant strands; the different

burning environment in comparison with the actual one in a rocket motor. Thus,

(a) there is no cross-flow over the burning surface and (b) burning agglomerates

are quenched in the cold inert gas used to pressurize the bomb. In addition,

the heat transfer to the burning surface and the related burning rate have

been found to depend upon the dimensions of the propellant strand and those

of the combustion bomb. The size of the flame envelope around the burning

particles is also a function of pressure and propellant composition. The

latter often prevents actual particle sizes from being obtained from the motion

pictures. Intense back-lighting or laser illumination with narrow pass

filtering can help improve the latter.

Other disadvantages of high speed cinematography include the image reso-

lutions due to the optics employed and the film used, as well as due to the

smoke and/or a high number-concentration of particles above the burning

surface. In addition, the depth of field is limited if any appreciable

magnification is employed.

Measuring the scattered laser power spectra from an aerosol is a well

known method for obtaining the mean particle size and particle concentration

without interfering with the flow. Application of the technique has had only

limited success in practical combustion environments. A disadvantage of this

method is that it can be used to determine only the mean diameter and not the

size distribution of the particles. One major advantage is that the tech-

nique is not significantly hindered by high velocity environments.

The main advantages of the holographic methods are (a) resolution to less

V

t'J
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than 10 um with the particle-surrounding flames eliminated by the use of

narrow pass filters and (b) unique depth of field. Utilization of a two-

dimensional slab motor with this method also provides a realistic combustion

environment. In the disadvantages of this technique one would include that

it yields data from Just one or two instants of the combustion history. A

major current disadvantage also lies in the time required for reduction of the

data available in the hologram.

6



11. ICTHOD OF INVESTIGATION

In this investigation three propellant burning configurations and four

experimental techniques were employed to study the particulate behavior

resulting from the combustion of seven metallized couposite propellants

(Table I).

Strands were burned in a combustion bomb at 34 and 68 atm using high

speed motion puctures for observation. Post-fire particle collection/scanning

electron microscopic (53) examination were also made.

A small end-burning motor using propellant NWC-1 was used in conjunction

with measurements of scattered laser power spectra to determine the mean

particle size (D32) at the nozzle exhaust plane. Exhaust collection/S31

examination was also conducted.

A windowed two-dimensional motor was used with the AFRPL ruby laser and

holocamera to obtain holograms of burning propellants. Strand burners were

used at 34 and 68 atm. A WGS-6A propellant slab was also burned at

approximately 27 atm to demonstrate system capability for obtaining

holograms in a cross-flow environment.

In each experimental method, system calibration/resolution limitations

were determined in non-reacting flow environments before hot firings were

conducted.

7
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III. umXPUDITAL APPARATUS AND PWXOCIMUUS

1. Apparatus

The nitrogen purged combustion bomb used had a core volume of anx-
3

inately 560 cm and an internal diameter of 5cm. In its initial oo gurtion

it incorporated three optical quality, 2.54 cm diameter windows for lght=g

and photographic observation. After the initial investigation, the combustion

bomb was modified to allow for the placement of the objective lens of the

camera closer to the propellant strand by means of extension tubes. The

thickness of the bomb wall was reduced to 2.54 cm in the area of the window

facing the camera. The existing optical quality glass window of 2.54 cam thick-

ness was replaced with one of 1.27 cm thickness and 1.91 cm diameter. The

modification reduced the maximua allowable working pressure to 100 atm. A

schematic of the original combustion bomb is shown in Fig. 1. Bomb modifications

are shown in Fig. 2.

Motion pictures were obtained using a Hycam model K2004E-115 at a rate of

4000 - 5000 pps. An Elgeet 77n/fl.9 lens was used with a 4.1 cm long extension

tube. The system resulted in a 0.7x magnification with a depth of field at

f/4 of about 4mn. Movie film types included 7724 41 negative (ASA 400), 7222

2x negative (ASA 250), 7250 Ektachrome (ASA 250), 7239 Ektachrome (ASA 160)

and 7267 Kodachrome (ASA 25). 7250,7267 and 7239 all resulted in acceptable

film quality. When the combustion bomb was modified, several new extension

tubes were fabricated for the Hycamn camera in order to increase the magnification

on the film plane. The f1:9 lens was used on the end of the extension tube. The

camera mounts were also improved by incorporation of expansion screws between

the frame and mounting table.

k . ...... ... . ... . .8
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The longer (7 cm) extension ttibe which was finally used on the camera,

along with the combustion bomb modification and the camera mounts improvement,

led to a 1.12x magnification on the film (versus the original 0.7x).

An SLM-1200 projector and a 650 watt focused flood light were used to

provide side lighting and back lighting as required. A schematic of the appa-

ratus is shown in Fig. 3 and a photograph in Fig. 4.

Small propellant strands (10m high, 7u wide, 2m" thick) were ignited

with a nichrome wire.

2. Procedures and System Calibration

Six propellants were selected for testing. The propellant formulations are

listed in Table I. The first four propellants listed (WGS-5A,6A,7A,7) were

specially formulated and provided by the Aerojet Solid Propulsion Company.

They represent a family of the same composition by weight where the only vari-

able was the size of the spherical aluminum particles. Three propellants

were provided by the Naval Weapons Center. Two (NWC-1,2) contained only a

small amount of A1203 particles as a metal additive. Propellant N-7 con-

tained 15Z aluminum. All propellants except N-7 contained 12% HTPB.

Propellant strands were cut to a size that would fill the field of view of

the high speed camera. The strands were cemented to stainless steel pedes-

tals which fit into the propellant sample mounting post in the combustion

bomb. Schematics of the propellant strands are given in Figure 5. Thv

tops of the strands were cut horizontally during the initial phase of testing.

Subsequently, the tops were cut at a 45* angle to permit better observation

of the burning surface.

Propellant strands were burned in a nitrogen environment within the comb-

ustion bomb. Four tests were conducted with each propellant: (1) particle

collection at 34 atm, (2) particle collection at 68 atm, (3) high speed

9
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motion pictures at 34 atm, and (4) high speed motion pictures at 68-atw;

Tables II and III summarize the test conditions for the particle collection

and the high speed motion pictures respectively.

It was found that the nitrogen purge required for motion picture studies

significantly affected the post-fire particle size distribution. All

particle collection tests were therefore conducted in a nitrogen environment

without purge. The propellant strands in the latter tests were burned inside

a (4.5 cm diameter, 2.5 cm high) stainless steel tube within the combustion

bomb. The residue collected from the tube wall was ultrasonically cleaned

in ethanol, dried in a heated vacuum evaporator, and then mounted on pedestals

for SEH examination using a very thin layer of epoxy. The samples were

then gold coated (100 to 200 Angstroms thick) in a Denton Vacuum Evaporator

with a DSM-5 sputter module. Particle size analysis was done on an Hitachi

S-450 scanning electron microscope with magnifications from 50x to 2000x.

A series of photomicrographs were taken with the SEM of each of the

samples. Each series consisted of the following: (a) one large scale view

at 90° incidence to present an overview of particle size distribution and the

surface density of particles on the sample holder, (b) two small scale oblique

views at 15* incidence to show the manner in which the particles were imbedded

in the epoxy layer, and (c) two small scale views at 900 incidence corresponding

respectively to the same local areas that were photographed in the oblique

views. The latter two views were utilized to count particles and measure

particle diameters.

To ascertain the resolution capability of the high speed motion pictures,

the USAF 1951 resolution target was utilized. Fig. 8 presents two frames

taken from the motion picture films: (a) using the original bomb and extension

tube and (b) using the modified bomb, Iduger lens extension tube, and improved

10
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camera stabilization. The presented photographs do not allow the system

resolution to be determined. The films viewed on a screen are much clearer,

resulting in resolutions of approximtely 70 um (2/6)in Fig. 8(a) and 14 um

(5/2)in Fig. 8(b). Various film types were tested. For most film types, the

resolution target was photographed twice: (1) through the window of the com-

bustion bomb, and (2) with the window removed. Table V lists the resolution

target test conditions.

11
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B. DIFFUACTIVELY SCATTERED LIGRT ASUDTS

1. Background

Based on a theory by Gumprecht and Sliepeevich 23 , describing the scattering

properties of a poly-dispersion, an investigation of the light sctttering

24
technique was conducted by Chin, Sliepeevich and Tribus . A more generalized

theory on the sme subject was later discussed by Dobbins, Crocco, and

25
Glassman , though applicable only to certain types of droplet size distribu-

tions. After the introduction of the "upper-limit distribution function" (ULDF)

by Mugels and Evans 26 , Roberts and Webb2 7 concluded that the volume - surface

mean diameter D32 of a polydispersion may be determined from the intensity of

diffractively scattered light from spherical particles without any knowledge

of the general distribution type. Dobbins and Jizmagian2 8 ,29 also concluded

that the mean scattering cross section of particles depends primarily on the

mean diameter D32 , regardless of the size distribution function, when the

refractive index is near unityv. Also, Hodkinson 30 showed that the ratio of

scattered light intensities at two forward angles is relatively insensitive

to particle refractive index and concentration, and that this ratio yields

a measure of the volume-surface diameter D32.

Based on the above background a method was developed for estimating the

volume-surface mean diameter D32 of a polydispersion of particles by means of

diffractively scattered light intensities. This method has been used by A. S.

Nejad, et al31 for measurement of the mean droplet diameter resulting from

atomization of a transverse liquid jet in a supersonic air stream as well as

by others for particles of different nature. Powell, et al32 used this tech-

nique combined with light transmission measurements for the simultaneous

estimation of mean diameter, refractive index and volume concentration of

aerosols.

12



2. Apparatus

A schematic diagram of the experimental apparatus is shown in Fig. 7.

The optical equipment was mounted on a optical bench with one degree of free-

dom (vertical). An 8mw helium-neon laser was used as the light source. A

spatial filter/beam expander located directly in front of the light source

produced a uniform light beam with a one centimeter diameter. A plano-convex

lens (5cm in diameter with a focal length of 500mm) was used as the condensing

lens to focus the unscattered light beam on the aperture of the photosensor.

The photosensor assembly had two degrees of freedom (verticle and horizontal)

and consisted of a photo-diode with a 5.1mm2 active area, its operating circuit,

a narrow pass filter, and a small aperture (pinhole). The total length of

the detector housing tube was 25.4cm and its diameter was 7.62cm. The

aperture plate was located 23cm in formt of the photodiode, so that the

density of the light reaching the sensor would be well below the maximum allowed.

A 0.153mm pinhole was used for calibration runs. For the actual runs, a 0.560mm

pinhole was employed because the beam radius was reduced to 1.09mm.

3. Experimental Procedures and System Calibration

An attempt to develop a "well behaved" apparatus set-up in an open test-

cell of the Combustion Laboratory only proved the sensitivity of the technique

to external noise sources (atmospheric particles, etc.). This required the

whole apparatus to be inclosed in a reasonably dust and light free environment.

The accuracy of the Diffractively Scattered Light Method (DSLM) for

obtaining the mean diameter of particles was then investigated. A comparison

was made between experimentally obtained non-dimensionalized intensity (I(O))

versus non-dimensional angle (e) profiles and the "universal" theoretical

profile presented in Figure 8. Various profiles were obtained using glass

beads of different sizes. Translation of the detector was done manually by

13j



means of a micrometer. The glass beads were suspended in distilled water

contained in a home-made, plexiglas (6.4cm x 7.6cm x 6.4cm) contaimer. A

magnetic stirrer was used to assure a constant density of glass beads in

suspension. The same stirrer was used for the light-scattering masurements

of plain water for the same reasons, since the water could not be takep as

without any foreign particles in it. Thus, the intensity profiles for plain

water, as well as for 53-64um, 37-44um and 1-37um glass beads were determined.

The measurements would start at a relatively large (for the given size of

particles) distance fr-m the centerline and continue until an abrupt increase

of the output voltage would be noticed. An abrupt increase would not result

from the intensity of forward scattered light, but rather from transmitted

light. The DSL intensity at the centerline was found by extrapolating the

"near-centerline" profile. Experience showed that the last reliable measured

voltage would be at a distance from the centerline of 2.5 to 3 times the

pinhole diameter. The measured voltages in each case were plotted against the

distance from the centerline as shown in Fig. 9. Then 1(0) versus e curves

were constructed for each case by calculating the pairs of values from the

deftnitions:

1ep - I 0  V 9  - V8 ,oi I)= -I 'o -V(1
Icl,p-icl,o Vcl,p Vcl,o (1)

where, Icl or Vcl are the extrapolated light intensity and related voltage at

the centerline, and 1 and V0 are the light intensity and voltage at an angle

8 (Fig. 10). o and p symbolize "no particles" and "with particles", respectively.

- D32
Also 8 - X (2)

In equation (2) D32 for the spherical particles was taken to be the mean

diameter determined from SN! photomicrographs. 1(e) versus 6 curves are plotted

for each bead sample and compared to the theoretical profile in Fig. 8.
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It was found that (1) large deviations from the universal curve occurred at

larger than 3 to 4 and (2) the agreement with the universal curve was dependent

on the sample mean diameter with deviations increasing as D decreased.

Both of these limitations could be related to the far from ideal conditions

in the test area, namely; to the influence of the Plexiglas walls of the container

on the scattered light and the multiple reflections on the walls. The ratio

of the non-diffractively scattered light (noise) to the diffracted one was

increasing with increasing e, as expected.

The much larger discrepancy for the 1-37 um sample was also largely

related to the fact that the inaccuracy of the DSL technique increases as the

25
ratio D decreases, where T. is the largest diameter expected in the sample

By the same procedure (Fig. 11) the 1(e) versus 0 curve for a sample of

A1203 powder with mean diameter 91 Um was constructed (Fig. 8). Two different

Ealuminum oxide particle number densities were used with tranamittances - -. 0.34

and 0.17. The second transmittance was below the suggested limit of

0.223, but it was chosen for comparison purposes. A very close agreement

with the universal profile was noticed at 9 < 2. It should be noted that for

this sample the maximum diameter present was D- - 140 um.

Three basic conclusions were drawn from the above calibration experiments:

(1) The diffractively scattered light technique works reasonable well

using a photodiode instead of a photomultiplier tube as used by previous

investigators.

(2) The accuracy of the data obtained was very good at small B and high

As mentioned earlier, small 0 were necessary to neutralize the effects

of the container walls. The problem was compounded for particles with smaller

mean diameters, since accurate measures are required at larger scattering

angles.
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(3) The deviation from tthe ,niverval curve Ineveaeed with 4ec img

. This was Aspecially noticeable in the 1-37 Um sample curve whare

0.3M and the spectrum of the diameter sizes was broader.

For the motor firings an end burning grain (3.0cm ia meter x 2.5cm 3ang)

of WNC-1 propellant was burned (1.0Z by weight of 8 im diameter A1203). The

nozzle throat diameter was 2.emm. The combustion pressure was recorded on

a Visicorder oscillograph along with the photodiode output voltage. The

latter was also recorded on an oscilloscope with provision for taking pictures

of the trace. A home-made translation mechanism was used for the photosensor

to scan the intensity profile of the scattered light. A linear potentiometer

was also employed to determine the distance traveled by the sensor.

The translation mechanism had a travel distance of 4.9cm and was energized

remotely by means of an electric solenoid. The motor firing was also done

remotely. An aluminum tube surrounding the exhaust jet was used to restrict

the exhaust particles, protect the optics, and also to allow collection of

particles for microscopic examination.

The actual runs of the DSL experiments started with calibration of the

recording equipment. The focal point of the laser beam after the condensing

lens was placed at a distance of 3iun from the pinhole centerline. This offset

distance was chosen as a compromise between'-the Visicorder input voltage

limits and the necessity for the recording of low voltage values corresponding

to intensities far from the pinhole, (i.e., for getting a reasonable sensitivity).

When the electric solenoid was energized the pinhole and the sensor

scanned the scattered light intensity for a horizotal distance of 4.9cm.

A "cold" run was dome first, with no particles in the scene volume and the

"zero scattering" profile was recorded. Then the motor was fired. Vhen the

pressure in the combustion chamber reached a constant value (13 atm), the

16
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solenoid was activated. The constant-pressure burning lasted for 7 seconds

and the scanning commenced at about 2 seconds after constant pressure was

reached. The DSL Intensity was again recorded versus time and travel distance

of the pinhole.

Residue of the exhaust particles was collected from the aluminum tube.

Some of it was cleaned by means of acetone and an ultrasonic vibrator, and

then dried In a vacuum oven. Both "clean" and "as-collected" samples of

the residue were examined with an SN. From these pictures the diameters

of the A1203 and other particles were measured.

17
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c. NOTION PICTURE AND HOLOGRAPHIC IASURUIWS IN Th0..DfISGZ 3OTM

1. Background

Holography is a technique used for recording of visual informatioa. It

is different than classic photography in that beth amplitude and pbame

information are recorded. By means of proper illumination of the developed

record (hologram), a three-dimeetineal image of the original scene can be

obtained. Holographic systems have been used since the mid-sixties for recording

relatively large volumes of particles in the size range from 3-1000 m man

33
diameter . The technique has had limited application to solid propellant

combustion 20,21,35 The use of a pulsed laser as the holographic light

source satisfies the requirements for a high degree of spatial and temporal

coherence while limiting the exposure time.

In this investigation it was desired to obtain hologram of propellant

combustion in both strand (zero cross-flow) and slab (with cross-flow)

configurations. The latter required the design and development of a suitable

two-dimensional motor which would provide a realistic flow environment while

at the same time allowing laser light to be transmitted through the combustion

zone with sufficient intensity to expose a holographic plate. In addition,

specialized reconstruction methods had to be used in order to permit observation

of the smaller particulates.

2. Two-Dimensional Slab Motor

The 2-D motor was originally designed to permit opposed slabs of propellant

to be burned to pressures of 204 atm. The motor was designed with two 1.27 cm

diameter, high-quality glass windows to allow for the recording of the burning.

Nitrogen purge was provided from the bottom of the motor for keeping the

windows clean. This technique worked well for small strands burned near the

center of the motor (i.e., the 2-D motor was used as a conventional purged and

windowed combustion bomb in order to obtain holograms of burning strands).
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However, the purge system was found to be inadequate when "large" quantities

of propellant (slab motors) vore burned. The motor was therefore modified by

adding (1) window shutters, (2) a small nitrogen purge in the window ports, and

(3) a secondary pressurization chamber.

The shutters remained closed with the purge system operating until steady

state conditions were reached. At that time, a combustion chamber pressure

sensor triggered a solenoid, and via a time delay, released the spring loaded

shutters. The rising shutters in turn tripped a microswitch at the end of

their travel and fired the laser. Pressure-time plots were provided by a Honey-

well Visicorder which also marked the various events as they happened.

Mounted atop the propellant chamber was an additional chamber for the

introduction of pressurizing nitrogen. This chamber reduced the tendency

of the pressurizing nitrogen to cause recirculation in the combustor, allowing

the combustion products to clear the viewing area. A converging nozzle was

also used between the two chambers to minimize recirculation effects. This

secondary chamber allowed high pressures to be used without large quantities

of propellant. A .0.16-ctz throat diameter graphite nozzle was secured to

the exit of the pressurization chamber. This apparatus is shown in Figures

12,13 and 14. A photograph of the motor (with high speed camera set..up) is

shown in Figure 15. Additional photographs of the original motor are presented

in Figures 16 and 17. Plexiglas spacers were used when propellant slabs were

burned in order to minimize the motor free volume (Figures 12 and 14). When

only one propellant slab was burned another L-shaped (metal) spacer was used

in place of the opposed propellant slab (Figure 13).

3. Pulsed Ruby Laser

The TRW/AFRPL pulsed ruby laser36 was used in this investigation for

recording the propellant burning on holographic plates. When operated in the

19
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Q-switched mode, the system emits single or double Q-esitched pulses of- appew

imately 1 joule total energy and approzimatly 50 nanosecond dmratmiat

0.6943 microns. The pulse chopper reduces the duration of a sina] pulse to

< 10 nanoseconds. Similarly, the pulse energy is reduced to a mourn.- of

approximately 1/4 joule. The laser and related power supplies are shboa in

Fig. 18. Both the 50 nanosecond and 10 nanosecond pulses provided sufficient

light intensity for recording the burning of small strands. Neither pulse

was adequate for the slab motor. For this reasoo the beam diverging lens

within the laser was changed to reduce the final beam diameter from- approx-

imately 7.5 ca to 3 cm, resulting in increased power density in the scene

bean. This modification permitted holograms to be taken of slab burners using

the 50 nanosecond pulse.

4. folocamera

The lens assisted holographic system used was provided by the U.S. Air

Force Rocket Propulsion Laboratory, dwards, California . The services

of Mr. R. A. Briones of R3 R2 Company were obtained to provide initial check-out

and alignment of the apparatus. The distinguishing feature of this system is

the holocamera in which the AGA-GZVAZRT 8E75 HD film plate is mounted on a

kinematic plate holder which holds the plate during both recording and recon-

struction of the image. A photograph of this system placed around the 2-D

slab motor is shown in Figure 19.

Practically all holograms were recorded by using diffuse illumination.

This had to be done since the collimated - mode scene beam caused sharp

refractive effects. At higher pressures and with highly metallized propellants

the refraction by the thermal cells prohibited identification of particles.

Various glass diffusers of different opacity wore used for different types
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of propellants. The "optimum" (for each propellant - pressure combination)

diffuser was determined exarimentally. Essentially, as more smoke was pro-

duced, a more intense scene bea was required. This required a less opaque

diffuser glass. Along with each diffuser a neutral density filter of "matching"

transparency was used to reduce the light intensity of the reference beam

and bring it to the correct intensity ratio with the scene beam.

Thermal cell effects were minimized with the diffuse light, since the

illuminating light was scattered evenly over a wide range of angles and as a

37roiult, the thermal cells were averaged . The presence of thermal cells was

still observed with highly aluminized propellants but within tolerable limits,

not affecting the particulate discrimination. Another problem, however, was

introduced by the use of the diffusers. This was the reduced resolution due

to speckle effects. These effects were further enhanced due to the fact that

a CW le-Ne laver was used for the reconstruction.

5. Reconstruction Apparatus

Iuage reconstruction was provided by a Spectra-Physics Model 125 He-Ne

CW gas laser with an output of 80 milliwatts at .6328 microns. To view a

hologram the film plate was rear illuminated by the reconstruction laser

and the projected image was viewed with a variable power microscope. This

method ensures that abberations of the scene beam caused by the focusing lenses

cancel as the image is projected back through the optical system and better

resolution is obtained. Microphotographs of the projected holographic images

were made on Kodak Ektrachrome 64, 35um slide film, using a Canon Model F-1

camera mounted on the microscope. The Canon Model P-1 allows for the use of

various ground glass focusing plates. This permits optimum focusing of the

image on the film plane for different light intensities from the hologram.

The microscope and Kinematic Plate Holder were mounted on an optical bench
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to provide stability and to insere consistency of reults for each pbetograpb.

This apparatus ws placed In a dust-free dark room In order to aulwaise tio

obtainable resolution in the reconstructed Image.

In mOSt of the recensttmction a revolving mylar disc was used at the

reconstructed object location. This was done to suppress speckle during

observation and picture taking 3 7 . A photograph of the reconstruction ap-

paratus is shown in Fig. 20.

6. Notion Pictures

A Red Lake Laboratories Hycam motion picture camera was used to record

the high speed notion pictures of the burning propellant. The scene was back

lighted by a 1200 watt Selectroslide Model SL-1200 light source. Kodak 1=

Ektachrome 7239 film was used at fl.9 for all exposures. After developing,

these film were used to provide a two dimensional dynamic view of the corres-

ponding holographic representation and preliminary timing data for the initial

holograms for each propellant sample. The movies could not be taken simul-

taneously with the holograms, but they were recorded under the same pressure-

time parameters. The system arrangement is shown in Figure 15.

7. Experimental Procedures

The initial investigation was conducted using the 2-D slab motor as a

conventional, purged combustion bomb. Propellant strands were located near

the center of the motor (in the window viewing area), mounted on a small screw

to minimize purge gas recirculation. In this initial investigation the

ruhy laser was used in its manufactured configuration, (without the increased

bem power density discussed above). A major problem in the recording of the

strand burning us introduced by the smoke. The strand size has to be limited

to a width of Am and depth of 1 to 1.5um. In this way the quantity of the

smowe was kept low enough for the scene beam to penetrate. The opacity of the
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gases In the scene required that the intensity of the reference beau be

reduced by means of neutral-density filters. This was necessary to maintain

the necessary intensity ratio (approximately 5:1) of the two beams.

The insufficiency of the available laser power was also apparent when

propellants with very small aluminum particles were burned. Thermal cells

were introduced in that case and the only way to eliminate them after the

use of a diffuser in the scene beam (which further reduced the laser intensity)

was to use a pulse with a shorter duration than 50 nsec (i.e., 10 .nsec). This

resulted n even less available laser power and, therefore, most holograms were

taken with a 50 nsec pulse.

After the initial investigation the diverging lens in the Ruby laser was

changed, thereby reducing the beau size and consequently, increasing the

power density of the beam. Only about one quarter of the original diameter

was needed for the scene beam. This reduction in beam size, however, may

result in less coherence and resolution capability.

A 0-80 screw was used on the side of each burning strand as a scale

reference. The peak-to-peak distance between the screw threads was 317.5 Um.

The next part of the investigation was concerned with developing a

method for obtaining holograms of burning propellant in a cross-flow

environment. Propellant slabs were rough-cut to approximate size, then hand

rubbed to final dimensions. This rubbing also served to smooth any saw marks

caused by the rough cut and removed any loose propellant which might have

caused debonding of the inhibitor. Initially, quite large opposed propellant

slabs (5cm long x 1.3cm web x 0.5cm thick) were used. These large slabs

allowed the propellant to provide its own pressurizations; however, the

smoke produced proved to be too dense for the laser to penetrate. Eventually,

with the addition of a secondary nitrogen pressuration chamber and the
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elimination of the opposing slab, a final propallant dsmoi o - ppoAfiy

.'cm x 1.3cm web x 0.06= tick was eployad.

In this confIgua ion, the propellant bad to provide only appmzjlv

five percent of the desired steady state combustion pressure. The inear

portion of the chember pressurization was peevded by the -atwge tatcdused

dinstrem of the propellant. h ample was epoxy bonded to a propellant

support base and inhibited with a very thin coat of General Electric NI-Tp

Gasket (Red RTY), then allowed to cure for twenty-four hours. Other acbs

eumined to Inhibit the propellant were to moisten the surfaces to be in-

hibited with water to dissolve a portion of the smonium perchlorate (oxidiser)

or to apply a thin coat of epoxy resin to the surface.

The system was prepared for firing by installing the propellant and

the window block* into the motor. The Plexiglas spacers were shinmed as

necessary to ensure contact with the propellant and then the steel L-shaped

spacer was attached. The ignitor charge was inserted into the gap in the

steal L-shaped spacer and then primed with a small amount of black powder

(and cellulose based glue dissolved in acetone) deposited on an electric

ignition wire. After completing the assembly of the motor, the necessary

electrical connections were made, the holocamera was set in place, and the

laser was prepared for firing.

A firing sequence consisted of the following:

(1) Check electrical connections and plug ignition wires into firing

circuit

(2) Charge the laser to its firing voltage

(3) Start the Visicorder

(4) Nheesurise the motor with nitrogen to about 475 psi for a desired

test pressure of 500 psi
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(5) Fire the ignition switch

(6) Propellant ignites and combustor pressure builds

(7) Pressure sensor monitors coubustor pressure and starts time delay

at preset pressure

(8) Time delay expires and energizes window shutter solenoid

(9) Solenoid retracts and releases window shutters

(10) Window shutters open

(11) Window shutters trip laser fire microswitch, opening holocamera

shutter and laser fires.

The sequence of events 3-11 usually took less than 4 seconds to complete.

After the f£U1 plate was exposed, it was removed from the plate holder

in a dark room and processed as follows:

(1) Kodak D-19 developer was used as the processing agent. The plate was

bathed from 1 to 3 minutes and inspected periodically under a Kodak

safelight. When a satisfactory "image" had formed, the plate was

removed to a fresh water rinse than placed in the fixer.

(2) Kodak "Rapid Fix" was used to set the image. Processing time was 5

to 7 minutes.

(3) After fixing, a 15 minute fresh water wash was conducted followed by

30 seconds in Kodak "Photo Flo" solution, then the plate was hung to

dry.

9. System Calibration

The resolution limits of the holographic system were determined by placing

a 1951 USAF resolution target in the 2-D motor at the propellant location. The

resolution limlt obtained was approximately 11 jim (using a diffuse scene

beam and the spinning mylar disc).

Unfortunately, the photographic recording of the scene observed through
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the microscope destroys scum of the resolution. A phatogwaph of the re-

constructed resolution target is shown in Figure 21. 5/4 (11 we) mes readily

observed through the microscope. With very careful construction/opration

of the rotating mylar disc 6/1 has been obtained (7.8 jM).

Particle siuing was done by comparison with a 0-80 screw iwhich was

placed in the window port during the combustion experiments. Fig. 22

presents a photograph of the resonstructed Image of the screw from a combustion

experiment (317.5 jam peak-to-peak).
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IV. RESULTS AND DISCUSSION

A. COMBUSTION BOMB INVESTIGATION - MOTION PICTURES AND PARTICLE COLLECTION

1. Postfire Particle Size Analysis

Approximately 13% of the metal cast into the propellant was recovered from

the collection tube for particle size analysis. The technique developed for

collecting and preparing postfire residue for SEN analysis was found to be

satisfactory. Multiple tests and varying amounts of residue mass resulted in

essentially the same particle size distribution . SEM photomicrographs of the

collected residues are presented in Figures 23 through 34.

Because of the large number of tests conducted, initial particle size

distributions were determined using a limited number of particles (40 each).

Plots of particle distributions for the test conditions specified in Table II

are presented in Figures 35 through 46. The plots indicate a bi-modal particle

size distribution. The bi-modality is typical for aluminum combustion products.

Experimental data from previous investigations suggest that condensed phase

oxidation of aluminum contributes to coarse residue, whereas vapor phase

36oxidation results in fine residue . Shedding of fine particles by burning

agglomerates is another possible mechanism. Due to the bi-modal character of

these particle size distributions, two average diameters are presented on each

plot. One applies to the fine particle distributinn and the other to the

coarse particle distribution. For the WGS-7, NWC-1, and NWC-2 propellants with

initial metal powder mean diameters of about 8 um, bimodal particle size

distributions were not discerned. For these propellants the average diameter

of the entire sample is given in the respective figure.

The number of particles which must be sized from the SEM photographs in

order to obtain a statistically valid sample size depends upon a number of

conditions: (a) percentage of residue that is collected, (b) how the residue
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is collected and washed, (c) how the residue is distributed on the 5N sample

holder, and (d) how the particles in the photographs are selected for comtig.

38One thousand particles have been counted by some investigators , but fewer

may be used.

To determine how closely the forty particle distributions would compare

with distributions for larger numbers of particles, two astples were selected

for more detailed analysis. Approximately 220 particles were measured in

each of the tests. Comparisons of the 40 particle distributions with the 220

particle distributions are shown in Figures 47 and 48. The computed average

diameters of fine and coarse particle distributions between the respective

samples was in good agreement, although the larger sample in both cases

generated slightly smaller average diameters. These results indicated that

the forty particle samples provided at least closely representative size

distributions for the total particulate residue.

A plot was constructed of the average initial aluminum partfIcle diameter

in the propellant versus the average postfire particle diameter. Thl- data

is presented in Figure 49. A reference line with unity slope was superimposed

on the data as an aid in size comparison. The data indicated that the mean

diameter in the coarse particle distribution of the postfire residue closely

matched the initial aluminum size in the cast propellants. The mean diameters

in the fine postfire particle distributions were approximately 10 Um but

increased slightly with increasing aluminum size. These results appear to

indicate that little agglomeration occurred and bhat many of the aluminum

particles which left the surface were rapidly quenched. Preliminary results

from tests at the Aerojet Solid Propulsion Company with the same propellants

have indicated that no significant agglomeration occurred and that metal com-

39bustion proceeded almost to completion (i.e., yields primarily A1203)3
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Al203 particles typically have smooth surfaces when compared to quenched

aluminum particles. Almost all particles collected in this study were

quite smooth, which agrees with the Aerojet results.

2. High Speed Motion Picture Analysis

Measurements taken from the high speed motion pictures included reso-

lution, propellant burning rates, the diameters of burning particles ejected

from the surface, and the vertical velocities of burning particles.

With 0.7X magnification and thick (2.54 cm) optical windows the smallest

particle that could be sharply focused on the film was approximately 70 m.

Subsequent tests with thinner windows (1.27 cm), 1.12X magnification, and

improved camera stability improved the resolution to particle sizes of approx-

imately 14 urm. The latter resolution was achieved at the expense of a very

limited depth of field.

Figures 50 and 51 are prints of typical frames from high speed motion

picture tests 1415250580 (WGS-5A, 34 atm) and 1100250580 (WGS-5A, 68 atm) re-

spectively. A more dense particle distribution in the gas stream and more

smoke are apparent in the test at the higher pressure. In addition, Figure 51

is an example of an uneven burning surface caused by the hot ignition wire

falling against the side of the propellant during the ignition sequence.

Stages in the general behavior of the aluminum can be seen is the photographs.

What appeared to be molten aluminum particles/agglomerates were observed on

the propellant surface before particle ignition. The particles/agglomerates

appeared as regions more brightly illuminated than the surrounding surface

area. The vertical movement of the particles began with an apparent ejection

from the propellant surface into the gas stream. In some cases this ejection

was a rapid "pop-up" and in others it took place much more slowly as if

there were some adhesion near the surface. As the particles left the surface,
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they ignited, and the diameters of the burning particles became larger thm be-

fore ignition. Once Ignited sad separated from the surface, the prtia e ornsd

with approximately constant velocity in the gs stream and szhibite a typical

tail of flame pointing away from the surface. In this investigation, the Sao-

eral behavior of the aluminum was more easily observod for the propellants with

initial aluminum particle diameters greater than 50 Us and at a pressure of

34 atm. As initial aluminum particle diameters decreased and pressuce Increased,

individual particles were less readily distinguished from the uniformly bright

sheet of flame. Additionally, more smoke was present at 68 atm to obscure the

surface.

The apparent diameters of burning particles in the gas stream were 7 to

12 times larger than the diameters of the initial aluminum cast in the pro-

pellant and the mean diameters of the postfire residue (Figs. 52 and 53). This

raised the question as to the accuracy of the filming and/or postfire particle

collection techniques employed. To clarify this, a sample of propellant WGS-6A

was sent to NWC for analysis using their windowed combustion and particle col-

lection bombs. These tests were conducted by Thom Boggs, Karl traeutle and

Don Zurn. The NWC film data confirmed the large observed burning particle

diameters and the particle collection bomb data agreed closely with the NPS

data (Fig. 54). Thom Boggs has indicated that this "cat-tailing" upon ig-

nition of the aluminum particles is due to the small aluminum concentration.

With the small concentration the particles came off the surface without accumu-

lation/agglomeration and the oxidizer rich atmosphere caused the oxide plume

to "bloom" to diameters much larger than the actual particle size. This

explanation is consistent with both film and particle collection data.

The average velocities of several burning particles were measured in the

region from the surface to 4 m above the surface. Figures 55, 56 and
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and 57 are plots of burning particle average velocity versus burning particle

diameter for propellants WGS-5A, WGS-6A and WGS-7A respectively. For the

other propellants, velocity data were not obtained due to the inability to

distinguish individual particles from the dense, bright flame pattern.

The velocity of the particles decreased as the diameter increased, as expected.

This was a consistent trend for both particles from an individual propellant

and for particles from propellant to propellant. The velocity of an individual

burning particle was approximately constant in the gas stream except in some

cases in close proximity to the surface where it was noted to be slower.

Representative values are shown in Figures 55 and 56.

The burning rates of the propellants were determined by measuring motion

picture framing rates and the position of the burning surface for 1 am

increments over a 3 m length near the center of the propellant strand.

This region was selected to allow a steady state burning rate to be developed

and to avoid heat transfer effects near the bottom of the propellant strand

due to the stainless steel mounting pedestal. Figure 58 is a plot of burning

rate versus initial aluminum particle diameter. The burning rates were rela-

tively constant at a given pressure with a very slight increase as initial

aluminum particle diameter decreased. The burning rates at 68 atm were

17 to 19% greater than at 34 atm. These burning rates may not agree with

burning rates obtained with larger propellant strands or in motors. Propellant

strand dimensions can affect the burning rate through varying heat transfer

effects and cross-flow velocities. 2-D and 3-D motors with larger propellant

grains can also generate different burning rates.

Having determined the burning rates for both pressures tested, the exponent

for the burning rate equation (r - apn) was calculated for each propellant.

The exponents are listed in Table V.
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3. Summary of Rmults

Film resolution capabilities and propellant strand bursat" Imetstmristis

were determined for future comparison with results obtained us1ug 2-0 ad

3-D propellant configurations with the additieal diainostic techniques of

light scattering and holography.

Postfire particle size distributions were bi-modal in charbeter. The

mean diameters of the fine postfire particle distributions were pproimately

10 un in all cases, and increased slightly with increasing Initial al/intn

size. The mean diameters of the coarse postfire particle dlatribetos were

approximately the same size as the initial alminum cast in the propellant,

implying that little surface agglomeration and rapid quenching occurred.

The technique developed for collecting and preparing postfire residue for

SE analysis was satisfactory. Spectral analysis of postfire residue to

determine composition could possibly provide additional data to correlate

with fine and coarse postfire particle size distributions.

A minimum particle size of approximately 14 pm could be sharply focused

with the high speed motion pictures using 1.12X magnification.

High pressure ( 68 ata) and small initial aluminum size (less than 50 pm)

limited the utility of high speed motion pictures. High burning rates,

number concentration of burning particles on the surface and in the gas

stream, and smoke generation, all contribute to this problem. Improvement

in this area could possibly be made by using laser light illumination together

with narrow pass filters in front of the camera lens.

The apparent diameters of burning particles in the gas stream were 7 to

12 times larger than the diamaeters of the Initial aluminum cast in the pro-

pellant and of the mean diameters of the postfire residue. This was apparently

due to the unique properties (overoxidized) of the particular propellants
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employed.

The velocity of any particular burning particle was nearly constant in

the gas stream once It departed the region very near the burning surface.

Smaller particles traveled at higher velocities as expected.

Propellant burning rates were approximately constant at a given

pressure with only a slight Increase for propellant# with smller Initial

aluminum size. Burning rates at :-68-atm were approximately 172 higher than

at 34-atu*-
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B. DIFFRACTIVELY SCATTEED. LT.R0T

The photodiode coutput voltages obtained wfth and wtlhout the moter fIring

are shown in Figure 59. SIX photomicrographs of the "cleaned" and "as

collected" nozzle exhaust products are presnted in Flaures 60 and .61

respectively. Particle diameter cotmts from the two photomicrogr'pha are

shown in Figures 62 and 63.

Using Fig. 59, the scattered intensity (voltage) at the centerline was

found by extrapolation for the "cold" run (163.9 my) and the "hot" run (183.1WV).

Then several distancec from the pinhole were picked and 1(e) was calculated

for each one as described earlier. By using the "universal curve" (Fig. 8)

the corresponding values of 9 were obtained. The volume-surface mean dia-

meter D32 was calculated from the equation 6 - iD328/X. The values obtained

are tabulated in Table VI.

The "as-collected" exhaust had only a relatively few A1203 particles

(of circular croas-section) present. The other residue appeared to be

from the inhibitor used on the sides of the end burning grain. The A1 2 0 3

particles had a mean diameter of 7.4 itm, e.g., practically the sane as the

original particles cast in the propellant. The presence of large amounts of

inhibitor residue obviously affected the scattered light intensity profile

and the calculations. Future experiments will use internally burning grains

to minimize this problem.

The volume-surface mean diameter D32 of the exhaust particles is tabu-

lated in Table VI as a function of the forward scattering angle 8. A large

deviation is observed at 8 - 0.012 rad, which probably was related to the

inaccurate determination of the output voltage at that angle due to the voltage

curve being very steep in that region (Fig. 59). Therefore, this value of

D32 should be disregarded.
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The remaining larger angles resulted in an average D32 of approximately

20 vam with a spread of approximately 1.3 uim, when the "universal curve" was

used. Reference 27 suggests that the best choice for determining D32 is

the region near 1(0) - 0.08, where the standard deviation as calculated

from different disaributions of droplet size is only slightly greater than

1M. Following this advice D3 2 - 19 inm. This value was 1.7 times larger than

the measured (SNI) mean diameter of the exhaust particles. A small part of

this difference may be related to the fact that D3 2 is about 10% greater than

the mean diameter, then the particles are not all the same size spheres. In

addition, the ratio of the irregularly shaped exhaust particle surface area

to their mean diameter is expected to be larger than for a sphere for which the

theory was developed.

However, if the "Calibration curve for particles of diameters 1-37 Um

(Fig. 8) was used instead of the "universal curve", the average D32 was

found to be approximately 12 Vm (approximately 11 j'm with 1(0) 4 0.08). Both

values were in good agreement with the mean - diameter of the "uncleaned"

exhaust particles (11.5 um).

The accuracy of the initial results was limited by both the motor con-

figuration (end-burning grain with excessive inhibitor in exhaust products)

and the method used for obtaining the scattered light profiles (a translating

photodiode). However, the technique appears to work reasonably well and

should provide a good means for obtaining data on the effects of propellant

properties, motor operating characteristics and nozzle geometry on the parti-

cle diameter changes Uhat occur across the exhaust nozzle. In order to im-

prove the obtainable results, future testing will use an internally burning

grain and linear "way. of l patdU& Csy a.e in trasalaton).
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C. HOLOGRAPHIC INMRTIGATIH

1. Strand Durners

A major problem in the recordig of theaS-mud burn1g .msanidtmmdwed .y

the smoke. The strandasize-ad to be limited-to aV1dth of-4mm:And .dkpth .df

1 to .1.5 5m. In this way the quantity -of the rampke wasekept -owl wewrh for

the scene beam to penetrate. The opacity -of the g aeses in the ..acee required

that the intensity of the reference beam be reduced by means of~meutyal-

density filters. This was neessary to maintain the neeassary Anbensity

ratio of the two beams. The problem could quite possibly be alleTvated if the

laser power was higher.

The insufficiency of the available laser poer was also apparent when

propellants with very small aluminum particles were burned. Thermal cells

were introduced in that case and the only way to eliminate them after the

use of a diffuser in the scene beam (which further reduced the laser intensity)

was to use a pulse with a shorter duration than 50 aeec (i.e., 10,asec). This

resulted in even less available laser power and, therefore, most holograms were

taken with a 50 neec pulse.

Good quality holograms were obtained of propellants WCS-SA, 6A, 7A, 7 and

N7 burned at pressures of 34 and 68 atm. Particle size data was readily

obtainable from all the holograms except those for propellant WGS-7. Particle

sizes produced by WGS-7 (7-8 jim) were maller than the current resolution (11

Um) using a diffuse scene beam. Representative photographs of the holograms

and corresponding frames from the high speed motion pictures (from the com-

bustion bomb investigation) are presented in Figures 64 through 71.

Actual sizes of the particulates can be obtained from the holograms,

eliminating! he flame envelopes present in the movie pictures. The particle

sizes measured from the holograms were the same as those in the east
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propellant, in agreement with the post-fire residue analysis discussed above.

No agglomeration and no noticeable pressure effects on mean particle

diamter were observed in the holograms. This also agreed with the SEM data

presented above.

2. 2-D Slab Motor

The laser power available from the pulsed ruby laser was adequate for

obtaining holograms of the burning of small propellant strands. It was found

to be inadequate when attempting to take holograms of propellant slabs. For

this reason the laser beam diameter was reduced by changing the output

diverging lens, increasing the power density by a factor of approximately six.

No significant reduction in resolution was noticed when this change was made.

A technique for obtaining holographic recordings of the conbustion process

in a two-dimensional solid propellant rocket motor was developed during this

investigation. A hologram of WGS-6A propellant was recorded at a steady state

pressure of 29 atm in a cross-flow environment (of approximately 1.5 m/sec)

with a laser pulse of 50 nanoseconds duration. Figure 22 is a reconstructed

hologram of a 0-80 screw which was placed in the wondow hole to provide a

scale for particle size determination. The threads are 317.5 microns from peak-

to-peak. Figure 72 is a reconstructed hologram of the burning propellant. The

vertical propellant surface is on the right side and the flow direction is

upwards. The large particles are apparently pieces of binder or inhibitor. No

appreciable agglomeration of aluminum was evident at this stage of the combustion

process.

Greater laser power may be required to provide sufficient power densities to

penetrate the ssmoke In the motor for propellants containing more aluminum or for

thicker slabs. In addition, increased scene beam light intensity on the

hologram could be obtained by enlarging the exit window of the motor. This
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would allow m eo laserlhuM frzm Inside the motor to fall on the film plate,

and would effect[vely increeae the output powee density vitbsut ItLF.icatm

to the input beas. This modtfication Is cwreatly being asd.

Notion pictures we also taken of VS-" at 1000 and 4000 fmin par

second and of CS-7A at 4W00 frames per second with both propellants at a

steady state pressure of 29 atm. Figure 73 is a photograph of a frams

from the test using propellant WGS-7A. Observation of the particle paths in

each of these motion pictures provides visual verification of cross-Low con-

ditions. As would be expected, those particles with the smaller initial sizes

tended to track the cross-flow velocity field more closely than the larger

particles.
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• 1.
V. CONCLUSIONS

The goal of this initial investigation was to develop and compare experi-

mental techniques that could be used for obtaining quantitative data on the

effects of propellant properties, operating pressure and nozzle geometry on

the behavior of metallized particulates within the grain port and nozzle of

solid propellant rocket motors. The techniques employed were high speed

motion pictures of strand burners and slab burners in a cross-flow environment,

SEN analysis of post-fire residue (strand, slab, and motor), determination of

D32 at the exit of an exhaust nozzle using measurements of scattered laser

power spectra, and holograms of burning propellant strands and slabs in a

cross-flow environment.

All techniques were successfully developed and employed to obtain parti-

culate size data from a series of specially formulated propellants. It was

not the purpose of this initial investigation to obtain data for current

propellant compositions, but rather to demonstrate the ability to obtain the

data. The propellants employed (except for one) produced particulate diameters

in the gas phase that were essentially identical to those cast in the propellant.

Thus, wide ranges in particulate size were neither expected or observed in the

films or holograms.

The motion picture and holographic techniques were successfully demon-

strated for operating pressures of 34 and 68 atm. and with up to 15% aluminum.

Fourteen Vm resolution was obtained in the high speed motion pictures with a

1.12X magnification (and very small depth of field) and an eleven Pm resolution

was obtained in the holograms.

Several improvements are required before the full set of techniques can

be used together to obtain quantitative data from solid propellants with

arbitrary composition. These are:

(1) Use of laser light illumination and narrow pass filters with the
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high speed mation pictures Is order to eliminste tbe flam envelopes

around the burning particles,

(2) Use of photo-diode linear atra in place of the tranlating

photo-diode In order to lplwe the eceurs.y of the massineast

of scattered laser poert spectra.

(3) Incorporation of a secoed diode arrey at the nosale entrance so

that particulate chees -. ;,:ross the nosae can be masurod.

(4) Increasing the power density that reecheo the holographic plate

by both laser and 2-D motor design cheages.

(5) Improving the obtainable resolution in reconstructed hologram

through the use of better speckle removal techniques.

(6) Development of techniques for automated data retrieval from holograms.

The first five items are being accomplished in the continuing effort at the

Naval Postgraduate School.
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TABLE I

PROPELLANT COMPOSITIONS

Propellant Binder Oxidizer Metal Mean Metal
Designation Z Weight 2 Weight % Weight Dianter, pmI

WGS-5A HTPB AF Al 75-88
12 83 5

VCS-6A TPB AP Al 45-62
12 83 5

1ICS-7A BTPE AP Al 23-27
12 83 5

VGS-7 RTPB AP Al 7-8
12 83 5

NwC-1 RTPB AP A1203  8
12 87 1.0

UNC-2 9TBF A 0 8
12 87.5 0.53

N-7 PBAN AP Al 44
18 67.0 15

Note:
1. Approximate formulation
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TABLE II
PARTICLE COLLECTION TEST CONDITIONS

Test Propellant Presasre

Nwiiir Type PSI

1445240480 WGS-5A 500

1515280380 WGS-5A 500

1500250180 WGS-5A 500

1445180480 WGS-5A 1000

1030030580 WGS-6A 500

1600170480 WGS-6A 1000

1215030580 WGS-7A 500

1400240480 WGS-7A 1000

1100030580 WGS-7 500

1500210480 WGS-7 1000

1230010580 NWC-1 500

1520090480 NWC-1 500

150010580 NWC-1 1000

1200110580 NWC-2 500

1615100580 NWC-2 1000
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TABLE III

HIGH SPEED NOTION PICTURE TEST CONDITIONS

Test Propellant Pressure Film Type f/STOP EXTERNAL
Number Type PSI LIGHT

1545050480 WGS-5A 500 EKTACHROME 7250 4.0 650 W SIDE

1600260480 WGS-5A 500 KODACHROME 25 1.9 1200 W SIDE
650 W BACK

1500300480 WGS-5A 1000 KODACHROME 25 1.9 1200 W SIDE
650 W BACK

1415010580 WGS-6A 500 KODACHROME 25 1.9 1200 W SIDE
650 W BACK

1415250580 WGS-6A 500 KODACHROME 25 1.9 1200 W SIDE
650 W. BACK

1315010580 WGS-6A 1000 KODACHROME 25 1.9 1200 W SIDE
650 W BACK

1100250580 WGS-6A 1000 KODACHROME 25 1.1 1200 W SIDE
650 W BACK

1300250580 WGS-7A 500 EKTACHROME 7250 5.6 1200 W SIDE
650 W BACK

1700300480 WGS-7A 1000 KODACHROME 25 1.9 1200 W SIDE
650 W BACK

1345250580 WGS-7 500 KODACHROME 25 1.9 1200 W SIDE
650 W BACK
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Ix

(cantinusd).

Tet ,  fropeOU t Pressre- 1mk. ; fSTDw m M -
Nmet Type PSI _____ Tmm

1615300480 WS7-70 low IOD&M1M 2. 1:. 9, 12W, W. SIDN
659 W BACK

1500250580 NUC-1 500 KODACEMD 25 1.9 1200, W SIDE
650 W BACK

1145250580 Mc-1 1000 KODACXOMM 25 1.9 1200 W SID
650 W BACK,

1530250580 NWC-2 500 KODACM1O 25 1.9 1200 W SIDE
650 W BACK

1215250580 NIVC-2 1000 KODACHROME 25 1.9 1200 W SIDE
650 W BACK

Note:
1. The Frame rate for aZZ testa was 5000 pictures per second.
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TABLE IV

RESOLUTION TARGET TEST CONDITIONS

TEST FILM WINDOW PICTURES F/STOP EXTERNAL
NUMBER TYPE IN PLACE PER SEC LIGHT

1630250580 KODACHROME 25 NO 50-250 1.9 650 WATT
BACK LIGHT

1645250580 KODACHROME 25 YES 50-250 1.9 650 WATT
BACK LIGHT

1745030480 EKTACHROME 7250 NO 50-250 4 650 WATT
BACK LIGHT

1700250580 EKTACHROME 7250 YES 50-250 4 650 WATT
BACK LIGHT

1630310580 4X 7224 NO 50-250 5.6 650 WATT
BACK LIGHT

1530310580 4X 7224 YES 50-250 5.6 650 WATT
BACK LIGHT

1515310580 2X 7222 NO 50-250 4 650 WATT
BACK LIGHT

1615310580 2X 7222 YES 50-250 4 650 WATT
BACK LIGHT

MODIFIED
BOMB AND EKTAC.RO)E YES 50-250 1.9 650 WATT
CAMERA 7239 BACK LIGHT
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TABLE V

BUM1ING' RATE EXPONENTS

PROPELANT BURNING
TYPE RATE

EXPONIN?

WGS-SA 0.301

WGS-6A 0.273

WGS-7A 0.275

WGS-7 0.272

NWC-7 0.247

NWC-2 0.299
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Figure 1.
Schematic of Combustion Bomb
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Fig. 2. Schematic of Combustion Bomb Modification
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FIGURE 4 Photograph of Experimental
Apparatus - Combustion Bomb
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Figurel2 Motor Line Drawing, Side View
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Figure 14 Plexiglas Spacer Arrangement
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Figure 15 High Speed Motion Picture Apparatus
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Fig. 1.6 Photograph of 2-D Motor with Control
Box and !olocamera

Fig;. 17 Photograph of 2-D Motor Components
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Figjure 19 Lens Assisted Holographic System
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Figure 20 Holographic Reconstruction Ap. iratus
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Fig. 21 Hologram of 1951 USAF Resolution Target
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Fig. 22. Photograph of Reconstructed

Hologram of 0-80 screw used for

Particle sizing.
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(a)

FIGURE 23 Photomnicrographs of Postfire Residue
(1445240480, WGS-5A, PC 34 atm.)
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FIGURE 24 Photomicrographs of Postfire 
Residue

(1445180480, WGS-5A, Pc 68 atm.
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(a)

FIGURE 25 Photomicrographs of Postfire Residue

(10030030580, WGS-6A, Pc 34 atmn.)
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FIGURE 26 Photomicrographs of Postfire Residue
(160017040, IqGS-6A, PC = 68 atm.)
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(a)

FIGURE 27 Photomicrographs of Postfire Residue
(1215030580, IqGS-7A, PC 34 atm.
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(a)

FIGURE 28 Photomicrographs of Postfire Residue
(1400240480, WGS-7A, PC= 68 atm.
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(a)

FIGURE 29 Photomicrographs of Postfire Residue
(1100030580, WGS-7, PC 34 atm.
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000 5K '

(a)

FIGURE 30 Photomicrographs of Postf ire Residue
(1500210480, WGS-7, PC 68 atm.
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(a)

FIGURE 31 Photomicrographs of Postfire Residue
(1230110580, NWC-1, P 34 atm.)

C
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(a)

FIGURE3 Photomicrographs of Postfire Residue
(150010580, NWC-1, P 68 atm.
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(a)

FIGURE 33- Photomicrographs of Postfire Residue
(1200110580, NWIC-2, PC= 34 atm.)
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(a)

FIGURE 34 Photomicro ra ahs of Postf ire, Residue
(1615100589, NWIC-2, PC = 68 atm.
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FIGURE 3.9 Particle Size DistrIb tion
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FIGURE 36 Particle Size Distribution
(1445180480, NGS-SA, P0 " 68 atm.
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FIGURE 37 Particle Size Distribution
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FIGURE 38 Particle Size Distribution
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FIGURE 39 Particle Size Distribution
(1215030580, NGS-7A, PC " 34 atm.)

8- 5

2
0

0 5 10 15 20 25 30
PARTICLE SIZE , .m

FIGURE 40 Particle Size Distribution
(1400240480, WGS-7A, PC - 68 atm. )

111



2, r

0 10 15 20 25 30

PARTICLE SIZE , /.Lm
FIGURE 41 Particle Size Distribution

(1100030580, WGS-7, PC 34 atm.)
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FIGURE 42. Particle Size Distribution
(1500210480, WGS-7, PC 68 atm.
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FIGURE 43 Particle Size Distribution
(1230110580, NC-1, P 0 " 34 atip.)
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FIGURE 44 Particle Size Distribution
(1500100580, NYC-1, P0 " 68 atm.
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FIGURE 45. Particle Size Distribution
(1200110580, NWC-2, PC - 34 atm.)
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FIGURE 46. Particle Size Distribution
(1615100580, NWC-2, PC 68 atm. )

114

L . .. .. ... .. ..... . J i



t00
229 PARTICLES

df 9

50

I)

s]o: d-7 II ~ iI I~I I

F 0 20 40 60 8o 100
PARTICLE SIZE, pLm

w
20-

df 11

5 dc.7

40 PARTICLES

PARTICLE SIZE, . m

VZGU3 47. Comparison of 40 and 220 Particle Sample
Distributions (14452400480, VGS-SA# P c -34 atm.)

115



50-
40- dr7

30 C.

PARICL 21 ATCE

0

w
20

z 1.n58

40 PARTICLES

60 80 .so00
PARTICLE SIZ

FIGURE 48. Comparison of 40 aA~ 220 Particle Sample
Distributions (1030030580, WGS-GA, P c- 34 atm.)

116

4



90 U

, /

11o /,/

z 0  /.-'

S4 -
~~4O

730

20 ,/"/ -FINE DISTRIBUTION
:IE : ' COARSE DISTRIBUTION

°o 10203040060708090

40-

M2AN -OTFFPRICNE DITUTO

FIGURE 49 Initial Aluminum Particle Diameter Versus
Mean Postfire Particle Diameer

117



FIGURF 50 High Speed Motion Picture Frame
(1415250520, WG-5A, 34 am

FIGURE 51 High Speed Motion Picture Frame
t1100250580, WGS-5a, 68 a'-m.
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Figure 72. Photograph of Reconstructed Hologram of WGS-6A
Propellant in 2-D Slab Motor
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Figure 73. Motion Picture Frame of WGS-7A

Propellant in 2-D Slab Motor
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