
F flc—AO3Z 152 AIR FORCE ROCKET PROPULSION LAB EDWARDS AFB CALIF F/S 21/9.2
REDUCED—SMOKE SOLID PROPELLANT COMBUSTION PRODUCTS ANALYSIS. DE——ETC (U)
OCT 76 8 B GOSHGARIAN

UNCLASSIFIED AFRPL—TR—76—69 NL

• 
1= __

_____  S ___



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

AFRPL -TR-76—69

REDUCED—SMOKE SOLID PROPELLANT COMBUSTION
PRODUCTS ANALYS iS
DEVELOPMENT OF A MICROMOTOR COMBUSTOR TECHNIQUE

BERGE B. GOSHGARIAN
AIR FORCE ROCKET PROPULSION LABORATORY
EDWARDS AFB, CALIFORNIA 93523

O C T O B E R  1 9 7 6

Interim Report for Per iod 1 February 1976 -

1 July 1976,

APPROVED FOR PUBLIC RELEASE

4 DISTRIBUTION UNLIMITED

çT Efi
S NOV 18 1916

~r B
AIR FORCE ROCKET PROPULSION LABORATORY
DIRECTOR OF SCIENCE AND TECHNOLOGY
AIR FORCE SYSTEMS COMMAND
EDWARDS AFB , CALIFORNIA 93523

Ii



NOTICE S

When US Government drawings, specl f l cat ion~, or other data are used
for any purpose other than a definitely related Government procurement
operation , the Government thereby i ncurs no responsibility nor any obl i-
gation whatsoever, and the fact that the Government may have formulated ,
furnished , or in any way supplied the said drawings, specifications or
other data , Is not to be regarded by Implication or otherwise, as In any
manner licensing the holder or any other person or corporation , or con-r veying any rights or permission to manufacture, use, or sell any patented
invention that may in any way be related thereto.
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SUMMARY

The development of reduced-smoke solid propel l ants for the

Sidewinder and Maverick missiles has required the additi on of acoustic

stability additi ves to the propellant formulation to stabilize

combustion. The role of such additives in the combustion process is

not thoroughly understood. For this reason the mi cromotor contustor

development program was undertaken to develop a sui table low cost

analytical technique to examine the effect of acoustic stability

• additives on the combustion behavi or of reduced-smoke solid propellant

formulations . Incl uded we re the development of: a simple , reusable

mi cromotor combustor capable of high chamber pressures; a combustion

products collec tion system; and, the techniques for analysis of the

combustion products . Identi fi cation of all combustion products

(solids and gases ) was required to determine the effect of vari ous

additives on combustion products composition. The micromotor

combustor , combustion products collection system , and techniques for

analyzing combustion products were successful ly developed and .

demonstrated. Resul ts for non-condens ible combustion product5s compared ,. ,

I ~ favorably wi th equilibri um calculations. Analysis of solid combustion~
products revealed that all of the zirconium carbide stability

addi tive in the formulation was oxidized to zirconium oxide ; howeve r,

the graphite additive was not completely oxidized. ~.. 
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Future plans utilizing the micromotor combustor technique include

complete analysis of all combustion products from propellant formulations

containing different concentrations as well as different types of

additives. The data generated will be used to provide guidelines for

selecting specific propellant additives to optimi ze motor performance
and stability.
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SECTION I

INTRODUCTION

A thorough evaluation of the combustion behavior of experimental

solid propel l ant invol ves the use of numerous test techniques .

Consequently, it is advantageous to design techniques involv ing only

small quantities of propellant to reduce the cost of propellant

ingredients requi red.

The Rohm and Haas Company (U developed a 10—gram mi cromotor for

ballisti c evaluation of novel propellants. Results obtained from

many firings demonstrated that reliable precise ballistic data could

be obtained if proper experimental techniques were used .

The behavior of aluminum particles at the surface of burning

composite propellants was studied by the Lockheed Propulsion Company (2)

Their test techniques incl uded hi gh-speed microcinematography ,

mi croscopic observation of extinguished propellant surfaces and of

quenched particles collected near the burning surface, and size

distribution measurements of collected particles. Their data was used

to obtain a better understanding of the behavior of al uminum parti cles

during propellant combustion.

The T-Burner apparatus is a useful technique developed to study

unsteady burning of solid propellants. An excellent sun~nary of recent

f work is presented by Cul i ck (3), The 1—Burner has been used to measure

response of burning solid propellant to sinusoidal oscillati ons in the

near flow fiel d. It has also been useful for qual i tative testing to

5
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screen propell ants in development work and to compare behavior of

—- di fferent batches of the same propellant. The 1-Burner is a successful

technique both for application to research and for motor design and

development.

At the AFRPL, sol id propellant combustion gas analyses have involved

both field sampling and laboratory scale micromotor combustor (5)

techniques. The field sampling technique involved the collection of

combustion gases during firing of a solid propellant cartridge used to

start aircraft engines. Combustion gases were collected in glass cylinders

for subsequent analysis in the laboratory. Signifi cant levels of toxic

gases were found which were not predicted from theoretical equilibrium

calcula tions . Combustion of small solid propellant grains in the

laboratory scale mi cromotor , wi th subsequent analysis of the gaseous

products , was conducted to study the behav ior of hydrogen chlor ide in

controlled atmosphere chambers. Continuous loss of hydrogen chloride

from the gas compositi on occurred, caused by gas—phase reactions forming

soli ds, and reactions with , or absorpt ion on , chamber walls.

Thi s micromo tor study was undertaken to develop a suitable low cost

analytical techni que to examine the effects of acousti c stab i lity

additives on the behavior of reduced-smoke propellant formulations during

combustion . Incl uded were the development of a simple , reusable mi cromotor

combustor capable of productng chamber pressures to 1500 psi , and the

development of gas chromatographic , mass spectrometric, molecular beam mass

spectrometri c, X-ray, and Image analyzer techniques for the detailed

analysis of solid propellant combustion products. —

6
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SECTION II

• EXPERIMENTAL

MICROMOTOR

The micromotor was fabricated from one-inch stainless steel bar

stock and Swagelok tube connectors. An exploded view of the motor is

shown in Fi gure 1. Propellart grains bonded to a 0.75” OD phenolic

liner were inserted into the motor. Stainless steel spacers were used

behind the grains to compensate for variable grain length. A 0.25” OD x

0.125° ID tube welded above and to the side of the propellant surface

was used as a port to measure pressure and for overpressure relief.

Pressure measurements were made usin g a 0—3000 psi pressure gauge.

Burst discs (2500 psi burst) were fabricated from 0.002” stainless

steel shim stock.

The igniter tube was positioned so that the flame from the burning

ignite r grain impinged on the center of the propellant sample. The

igniter consisted of a small piece of propellant grain placed on a

nichrome wi re fi l ament. Ignition of the propellant grain was achieved

by momentarily heating the wi re by means of a 15VAC input. The igniter

flame then ign ited the propellant surface.

The removable nozzle was machined from stainless steel , w i th the

throat di ameter sized to provide chamber pressures from 200 to 1000 psi .

The entrance angle was machined to provi de smooth flow from the

combustion chamber to the throat. A polyethylene sheet disc (0.002”)

was inserted between the nozzle exit and a ball va l ve fitting to permi t

— 7
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ign i tion of the propellant grain while the collection cylinder was under

vacuum.

Propellant s amples were prepared by coring 0.625” diameter grains

from one inch thick slabs of solid propel lant. The 6.5 gram grains were

bonded to 0.625-’ ID x 0.750” OD x 0.750° to 1.5” long phenoli c liners ,

usin g a mixture of hydroxy terminated polybutadiene (HTPB) prepolymer

and isocyanate curing agent. The samples were placed in an inert

atmosphere oven at 60°C for one week to facil i tate polymeri zat ion of the

bonding mixture. The ends of the propellant samples were trinined even

with the ends of the phenolic liner before insertion into the motor.

Stainless steel 0.750” diameter spacers were used in the motor behind

the propellant grain to compensate for grains of varying lengths as well

as to properly ali gn the propellant surface with the igniter tube.

The HTPB propellan t formula tion used in thi s study conta ined the follow ing

ingredients :

Ingredient Percent By Weight

Binder 12,5%

Aninonium Perchlorate 85.0%

Zirconium Carbide 0~5%

Graphite 1.0%

Aluminum Oxi de 0. 5%

Ferri c Fluori de 0.5%

9
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PRODUCT COLLECTION

Two types of collection cylinders were used to collect all

combustion products. A gl ass cylinder was made from a high pressure

4-lite r gl ass reaction kettle and a Tefl on encl osure. An 0—ring - -

It between the enclosure and cylinder was compressed by means of “U” clamps

to provi de a leak—ti ght seal . The enclosure contained a 0.37511 ball

val ve for attaching the motor to the collector , a compound pressure

measuring gauge , and a valved outlet for sample removal . Pt Tefl on sheet

:~
-
~~ 

was placed at the bottom of the glass cylinder to prevent chipping of the

gl ass by any large particles emanating from the motor during combustion .

A 4-l iter stainless steel collecti on cylinder containing inlet and outlet

components similar to those on the glass cylinders was used whenever

recovery of solid combustion products was not required.

A polyethylene sheet (0.002”) disc was inserted between the fittings

of the motor nozzle and the ball valve on top of tne collecti on cylinder ,

and th~’ fittings were tightened. The sample cylinder was then evacuated

‘ 
to less than 200 mi crons and leak—tested before each test. The collection

cylin der was inmiersed in a -15°C ice-alcohol bath prior to ignition.

Upon igni tion, the expanding combustion gases burst the polyethylene disc

and were collected in the evacuated cylinder. Ininediately after combustion ,

the bal l valve was closed and the collection cylinder , in the cold bath,

was taken to the laboratory for gas analysis.

10 
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MASS SPECTROMETRY

A DuPont Model 21—490 analytical mass spectrometer was used to

analyze the non—condensible combustion gases. Samples at known pressures

were expanded to a reservoir in the Instrument inlet manifold and then

introduced to the ion source through a gold foil leak. Ionizing elet i~ron
energy was maintain ed at 70ev in the 200°C heated ion source. At least

four complete spectra were obtained per sample introduced and six gas

samples were taken from each combustion gas collection cylinder. The

data was obtained as peak intensity counts at a speci fic mass per unit

charge. The counts were then divi ded by sensitivity values obtained from

I: standar d gas mixture data to obtain actual gas composition in the
combustion gas collection cylinder.

The molecular beam mass spectrometer apparatus has been previously

descri bed (6 
Combustion gases were analyzed as they exited from the

nozzle duri ng combustion. Data was continually recorded for H20,

• C04-N2, C02 while spectra of all gases present were recorded every 0.5

second. Longer propellan t grains were used for these tests to obtain

adequate data.

- . GAS CHROMATOGRAPHY

A Beckman Instrument Mode l GC-M gas chromatograph was also used to

analyze the non-condensible combustion gases. Instrument parameters were:

Detector: Thermal Conductivi ty 3O0~a

• Column : 20’ x 1/8” OD Chromosorb 102

Flowrate: 15cc/mm Helium

-~~~~ - 
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Column Temp: Room Temperature (Normally 25°C)

Output : HP3380A Integrator wi th output in area

and area percent

Gas Inlet: Barocell vacuum gauge and gas sampling valve

wi th O.5ml loop volume

Cal ibrati on gas standard mixtures and combustion gas samples were

run under i denti cal conditions. Samples were introduced via the gas-tight

valve at pressures between 300-400 nm . Five combustion gas samples were

analyzed per test , together w ith four calibrati on gas standards .

Combustion gas peak area data were converted to concentration using

amount-per-area sensiti vi ty values obtained from the calibrati on gas values. *

Both the mass spectrometer and gas chromatograph were calibrated prior

to , during, and afte r analyzing combustion gas wi th standard gas mixture

prepared by partial pressure measurement of the pure gases. The calibration

gas mixtures incl uded H2, CO , N2, C02, 02, and CH4. Sensitivity values

derived from the analysis of the calibration gases were applied to the

combustion gas analysis to obtain quantitati ve data.

SOLIDS ANALY SIS

The sol id combustion products were collected in the glass collection

cylinde r during combustion . They were then removed with methyl alcohol

rinses , separate d from the alcohol , dried , weighed , and submitted for

particl e size distribution and X—ray analysis.

The particle size distributions were performed on a Bausch & Lomb

Model QMS Image Analyzer. Between 11 ,000 to 22,000 particles were

measured automatically.

12
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~ The X-ray analyses were performed by use of a Diano Model XRD 710

- X—ray spectrometer equipped wi th both di ffraction and emi ssion capabilities .

Emission was used to identify elements present in the solid combustion
- 

products, while identi fication of crystalline material was made by X—ray

diffraction. Spectra were compared with reference spectra to identi fy

2 elements and compounds present in the solid combustion products.

13

- - .



~ _-•~~~~—.——~,••, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘

SECTION III
I

RESULTS

MICROMOTOR

Once initial problems were corrected, rel iable fi rings were routinely

made. One probl em was rapid burning down the propellant -liner interface

in advance of surface regression which resulted in rapid pressure rise

with subsequent burst disc rupture. This was prevented by adequate bonding

of the phenolic liner with the propellant grain. Another problem encountered

in one test was the loss of the aft motor closure imm ediately upon propellant

ignition . This was caused by a rapid pressure increase due to an improperly

formulated and uncured propellant grain. Physical inspecti on and simple

mechanical property determi nati ons were made on subsequent prope l lant grains

4 prior to liner bonding.

The nozzle throat diameters used in these studies to produce a speci fi c

chamber pressure in the mi c romotor are given in Table 1 and are plotted in

Figure 2 as are a rat io of burning surface to throat area AB/AT vs chamber

pressure 
~~ 

—

Tab le 1. MEASURED CHAMBER PRES SURE
VS THROAT DIAMETER

Pc (pSi)  Throat Di ameter (inches)
200 0.080 t 

-

350 0.067

500 0.057

600 0.055
800 0.052

1000 0,051

Propellant diameter = 0.625 inches 
—
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Di ameter of the propellant surface was 0.625” for all tests. Even though

very small throat diameters were used , the 2.5% solids , other than AP ,

in the formulation did not plug the throat. Plugging was a problem in

earlier tests where the propellant surface diameter was smaller , thus ,

requiring smaller throat diameters to obtain the desired chamber pressure,

An increase of propellant surface diameter from 0,5” to 0.625”, and the

throat diameter from 0.040” to 0.051° for ~c 
= 1000 psi effectively

eliminated throat plugging for the propellant formulati ons tested in this

study.

PRODUCT COLLECTION

Early difficul ty with propellant grain ignition when the collecti on

• cylinder was under vacuum was eliminated by isolation of the microniotor

chamber with a polyethylene disc as previ ousl y discussed. Lack of the

disc would cause the ign i ter gases to expand rapidly, thus cooling them

and not providing adequate temperature for grain ignition .

Initial tests using a combustion products collection cylinder made

of stainless steel and immerse d in an i ce bath reveale d a cont inuous

generation of hydrogen gas after sample collection . Within two hours

after collection , an incre ase of nearly 100% i n hyd rogen gas concentrat ion

was measure d , which was due to the reaction of “wet ” hydrogen chloride gas

wi th the surface of the metal cylinder. Lowering the cylinder temperature

to -15°C with an ice-alcohol bath reduced the hydrogen bufldup to less

than 10% within two hours after sample collection . Use of a glass cylinder

wi th a Teflon closure completely elimi nated this problem. For ease of removing

16
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solid combustion products , gl ass collection cylinders were used when

solids as well as gases were to be analyzed. The stainless steel

cylinders were used for analysis of non—condensible combusti on gases only.

Initial pressure in the 4—liter collection cylinder during combustion

of a 6.5 gram propellant grain would rise above one atmosphere , then drop

after combustion to approximately 450 nm. The water and most of the

hydrogen chlor ide condense d upon the col d surf ace of the coll ection

cylinder , thus reducing the pressure of collected gas.

MASS SPECTRA L DATA

T~ determine if air had leaked into the collection cylinder , the

concentration of argon and oxygen in the non—condensible combustion

products were fi rst measured by mass spectrometry, If argon was absent,

gas chrornatographic analysis was then performed,

Tab le 2 p resents comb ined mass spec tra data for seven f i rings of the

same propellant formulat i on at PC ranging from 350-1000 psi. The

non—con densible gases H2, CO , N2, CO2, and 02 in the combustion products 4
were expected. The unexpected formation of CH4 and C2H2 may have

occurred either before steady state combustion and during tailoff, or

because of non-equilibri um combustion. —

Repl icate analysis of a single fi ring provides greater precision

than the combined replicate analysis of seven fi rings . Theoreti cal

equilibrium calculations for combustion products show very little change

of non-condensible gas composition from 500-1500 psi chamber pressure.

. 17 
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Therefore, such parameters as variations in propellant formulation,

motor test conditions , sampl ing procedure and instrument calibration

and stability could contribute to data vari ation for combined

replicate analysis.

GAS CHROMATOGRAPHIC DATA

Data for non-.condensible combustion gas compositions derived

from gas chromatographic (GC) data are presented in Table 3. The N2

and CO peaks were resolved on the Chromosorb 102 column ; however,

any 02 present was unresolved from the CO peak. Consequently, the CO

concentration deri ved from the GC data had to be corrected for any 02

found in the mass spectral analysis.

The prec i sion appears equi valen t to that der i ved from the mass

spectral analysis. The advantage of the GC analysis is complete

resoluti on of the N2 and CO peaks ; however , unresolve d 02 woul d resul t

in a higher calculated concentrati on for CO. Use of a molecular sieve

column would resolve H2, N2, 02, and CO; however, the C02 would be

absorbed. Therefore, a dual column analysis of the same sample using

both molecular sieve and Chromosorb 102 columns would resol ve this

di fficulty.

COMBINED ANALYTICAL DATA

The combined mass spectral and gas chromatographic analytical data

for non-condensi ble combustion gas composition were compared to

theoretically predi cted equilibri um compositions and are presented in

Table 4, The experimentally deri ved N2/CO2 and CO/C02 ra ti os compare

19
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favorably with those predicted. However, the hydrogen concentration

found in the experimental analysis is 23% greater than the amount

predicted. The difference may be due to non-equilibri um combustion

in the micromotor or reac tion of 02 wi th other combustion species to

reduce the amount of water formed. Because a complete analysis of

the combusti on products was not performed, a mass bal ance was not

obtained. Therefore, further studies of the combustion products must

be performed to resolve the d~fference in H2 concentra tion between

ex per imental and theore tical data.

PRESSURE EFFECT

Some combustion tests resulted in chamber pressures increasing

above 150C psi caused by rapid burning of the propellant between the

l iner and grain. Combined rita for these tests are presented in Table 5.

One obvious diff”-ønr.e between tests at high pressure (>1500 psi)

and standard pressure (350 psi 1000 psi) was the increase of CO

relative to CO2 . Fi fe r and Lannon, (7~ in their studies of double

base propellant combustion also noted an increase of CO relative to CO2

with increasing reaction pressure . They suggest this is due to the

oxi dati on of formaldehyde and hydrocarbon species Also , the small

decrease i n CO2 with increasing pressure may result. from the reaction :

C(sol id)+C02 > 2C0
This occurs in the secondary flame zone where solid carbon or graphi te

particles , expelled from the burning surface by evolving gases , pass

through the secondary flame zor,~ and are then oxidized by the reaction with

‘~ CO2. 
.

22

-- - - .--~---~~~~~~~~--—— -- -~~------ - - - - - -  - - ~~~~~~ - - - — -  -



- -_ ~~~~~~ _~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~ 
—-

favoi abl y with those predicted. However, the hydrogen concentration

-• found in the experi mental analysis is 23% greater than the amount

predicted. The difference may be due to non-equilibri um combusti on

in the micromoto r or reaction of 02 wi th other combustion species to
- 

. reduce the amount of water formed. Because a complete analysis of

the combustion products was not perfo rmed, a mass balance was not ‘1

obtained . There fore , further studies of the combustion products must

be perfo rmed to resol ve the difference in H2 concentration between
F experimental and theoreti cal data.

PIIESSURE EFFECT

Some combustion tests resul ted in chamber pressures increasing

above 1500 psi caused by rapid burning of the propellant between the

liner and grain. Combined data for these tests are presente d in Table 5.

One obvious difference between tests at high pressure (>1500 psi)

and standard pressure (350 psi - 1000 psi) was the increase of CO

relative to CO2. Fife r and Lannon , (7) in their studies of double

base propellant combustion also noted an increase of CO relati ve to CO2
wi th increasing reacti on pressure. They suggest this is due to the

oxidation of formaldehyde and hydrocarbon species. Also , the small

decreas e in CO2 w i th increas ing p ressure may resul t from the react ion:

C(solid)+C02 ) 2C0
- ~

‘ This occurs in the secondary flame zone where solid carbon or graphite

particles , expelled from the burning surface by evolving gases, pass

through the secondary fl ame zone and are then oxidized by the reaction with

CO 2.

22
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Table 5. HIGH PRESSURE COMBUSTION GAS CORRELATION

Mole Percent Concentration

High Pressure Average Pressure Theoretical
Specie (>1500 psi) (350-1000 psi~ (500—1500 psi)

H2 22,0 20.1 16.1

N2 20.3 21,6 23,2

CO 33.1 31,2 33.2
C

CO2 24 ,2 26.5 27,6

CH4 0,16 0.16 —

C2H2 — 0.11 —
02 0,14 0,23 0.21

Ratio

CO/CO2 1.37 1.18 1.20

N2/C02 0,84 0,82 0.84

H2/CO2 0,91 0.76 0.58

23 
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MOLECULAR BEAM SPECTRAL DATA

The combustion gases from a 1,5” length of burning solid propellant

grain were monitored by exhausting them di rectly into the ori fice of the

water—cooled sampling cone, Rapid quenching of the gases occurs

imedi ately upon sampling due to rapid expansion of the gases from
— 

exhaust pressure to l0~ torr. Further reactions of the combustion

products are effectively stopped. Mass spectra of the quenched

combustion gases were obtained downstream of the skimner nozzle which

formed a molecular beam of combustion gases. Complete spectra of all

gases present we re obtained eve ry 0.5 second together with continuous

mon i toring of the H20, CO + N2, and C02 species. Data for the

combustion gases H20, CO + N2, CO2 , HC1 , and NO are plotted in Fi gure 3.

In itial chamber pressure for approximately 1,3 seconds after ignition

was 500 psi; however, it increased to over 1500 psi before the burst

disc ruptured. Apparently the propellant grain contained a void or

rapid burning occurred down the side of the propellant. This increase

in p ressure before rupture can be observed in Figure 3. The

continuous increase in combustion gas composition starting at 1.3

seconds after ignition would indi cate increased pressure at the

sampling ori fice. Once the burst disc ruptured , the compos iti on of the

combustion gases changed. The most obvious change was the appearance

of ni tric oxi de (NO). The rapid drop in chamber pressure woul d reduce

the temperature of the burning propellant wi th subsequent decrease in

24
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NO di ssoc iat ion

Another interesting observation is the increase of H20 and CO+N2
concentrations relative to the constant CO2 concentration prior

to disc rupture. Fi fer and Lannon (7) in their combustion studies of

double base propellants hypothesized the following reacti ons for

increased CO concentrations:

HCHO+NO ~ C0+H~O+1/2 N2

C (solid)+CO2 ‘—) 2CO

Similar reactions may be occurring during the increasing chamber pressure

observed in this study. If so, this would explain the increase in H20, 
C

CO and N2 prior to disc rupture, as well as the increase in NO once the

combustion temperature decreased. The H2O concentration should also •

have dropped off upon disc rupture ; however, due to diffi culty in

removing H20 from the molecular beam vacuum system, a persistent

backgrou nd would occur.

SOLIDS ANALYSIS

C Particle size distribution and composition of the solid combusti on

products were determined. Figure 4 presents curves of the distribution

found in combustion products from a 200 psi and 1000 psi Pc fi ring.

These curves are compared to one derived from particle size distribut on

found in a synthetic mi xture of graphite (C5), zirconium carbide (ZrC),

and al uminum oxi de (Al 203 ). The synthetic mixture was a well-mi xed

sample of the three ingredients in the ratios expected in the propellant

26
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formulati on. The parti cle size distribution for the C
~ 

and ZrC are

also given. Average particle size of the Al 203 was less than lp .

The data indicates that average particle size distribution does not

change during the combustion process in the micromotor, However,

opti cal photomi crographs of the solid products revealed the average

cross—secti onal area of the largest particle to be l8Opm2, Average

cross-sectional areas of the largest particles in C
~
, ZrC , and Al 203

were 3500pm2, 100pm
2
, and 45pm2 respectively. Apparently, the

particles underwent physical and possible chemi cal changes during

combustion. X—ra y di ffraction analysis of the solid combustion products

did not indicate the presence of ZrC. Instead , Zr02 was detected

together with C~. Because the Al 203 used in the formulation was

determined to be amorphous , it wo uld not be detected by X - ray di ffraction.

Other crystalline solids detected in trace concentration were attributed

to micromotor nozzle erosion products.

Elemental analysis by means of X—ray fl uorescence spectrometry

indicated the presence of Zr , Al , and traces of Fe , Ni , Cr , Ca , and Ti.

The trace el ements most likely resulted from erosion of the stainless

steel nozzle.

The weig ht rati o of solid combustion products collected to sol i ds

weight , other than PP. in the propellant grain revealed that nearly 100%

of the sol i ds were collected for Pc = 200 psi . As Pc increased , the

amount of sol ids collecte d decreased , wi th the rati o being 3O%—40% for

Pc = 1000 psi. More efficient combustion of C5 in the case of Pc = 1000 psi

may account for most of the difference in the weight of solid combustion

products collected.
28
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SECTION IV —

CONCLUSIONS

The development and demonstration of a small scale micromotor
- - combusto r, combustion products collection systems, and analytical

techniques for analyzing most of the combustion products have been

conducted, Chamber pressure s as high as 1500 psi were achieved and all

resul ting combustion products were collected. The analytical procedures

used to analyze combustion products provided informati on on non—condensible

gas composition , parti cle size distribution , and solid product identi fication .

Combustion data for the propellant formulation studied compared favorably

with theoretically predicted equilibrium compositions , except for the
a 

hydrogen concentration. Further analytical methods must be developed for

complete chemical analysis of combustion products so that a mass balance

can be obtained. Results can then be used to identi fy diffe rences in

combustion characteristics of solid propellant formulations containing

diffe rent concentrations as well as di ffe rent types of acoustical stability

additi ves.

: 

29



T~~~~~~~~~~ ~~~~~~~~~ 
•
~~~ 

,, - —-. . 
~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~

SECTION V

RECOMMENDATIONS

Recomoendatjons for future programs utilizing the developed micromotor

conbustor technique include complete analysis of all combustion products

from propellant formulations containing different concentrations and

I types of addi tives. Future programs should also include the study of

- combustion products not only from reduced—smoke propellant formulations

but also metallized and high energy NF plasticizer formulations.

- Resul ts obtained from the micromotor tests should be continually

C 
reviewed by user organizati ons to provi de feedback for planning further

mi cromotor tests.
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