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GRAPHICS DISCLAIMER

All figures, graphics, tables, equations, etc. merged into this
translation were extracted from the best quality copy available.
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'~~ The of ~~Abstract (,(L ~t~ A d~J
The study of combustion in pur4eV and mixture (•'•-2.-Clg-

high temnezatum.:jud presures provides a simulation of combustion mechanism study

of a&umiMWi• iold rocket propellant. Computations were performed for predl-ting
possible intermediate tpeeieo and products. Emission spectra of important intermediat'?.
species were identified by uasg a spetroxuetez. Time histories of the ( 'emisaiun .

~ k) ~band show the cO*Ati'UW'= radwtionT3"'O which indicates thatcliAO 43 a. pre-cusor
the reaction scheme, The mnlAi and liquid products were observed a.i

analyzed by eleeron diffracti-i,, X ray diffraction, transmission and scanning t p- ' ,
microscopes. The gasouh produecu were detected by vsing infrared spectrometry.
These mesurements are in good areement with the computations and provide useful
chemical kinetic data.,

- e 4 * 1' Le i

ii

CJ? 0 fl " j* V, 4*

1(A wI ýA I" P44,r-



A SIMULATION STUDY OF THE COMBUSTION MECHANISM OF ALUMINUM IN
SOLID ROCKET PROPELLANT AT HIGH TEMPERATURES Z.flD PRESSURES IN
A SHOCK TUBE

Liu Zichao, Beijing Institute of Aeronautics and Astronautics

I. Preface

The study of aluminum combustion in pure oxygen and a

N2-H 2 -C1 2 -0 2 mixture using a high temperature and pressure en-

vironment (can reach 5000X and 40 atmospheric pressures) behind

the reflective shock wave in a shock tube can provide a sim-.

ulation study of the combustion mechanism of aluminum powder

added in solid rocket propellant. Equilibrium components were

computed and possible intermediate species and final products

were identified for the combustion reaction under different

conditions. Some primary intermediate species of aluminum

combustion were identified by using a spectrometer and time

histories of A1O were recorded. The discovery of continuum

radiation of A12 0 indicates that AlO is a precursor to Al 20 2 *

Solid and liquid products as well as their particulate con-

glomerates were observed and analyzed by electron and x-ray

diffraction, transmission and scanning electron microscopes.
The gaseous products were analyzed by using infrared spectrometry.

All these measured results were in good agreement with the cal-

culated results. This provided useful chemical kinetic data.

This paper was presented in the Conference of Combustion
of the Association of Chinese Engineering Thermophysics which
.was held in Tianjing in October, 1984.
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The performance of solid rocket propellant can be markedly
improved by adding aluminum. For years, there have been many
studies on this, but the question of chemical kinetics is still
not very clear. Most of the studies on aluminum-oxygen reaction
are conducted pnder 10 atmospheric pressures and there are ba-
sically no data on conditions above 10 atmospheric pressures. The
data on reaction of aluminum in ammonium chlorite are even more
rare. This has caused difficulties in estimating the performance
of rocket motors. For instance, the conglomeration mechanism
of Al 20 3 particulates as a combustion product is not well under-
stood, and this makes it difficult to estimate the effects of.
interflow caused by such mechanism.

The high temperature and pressure zone behind the reflective
shock.wave in a chemical shock tube can simulate the operation
environment of a rocket motor. Figure 1 shows a schematic
diagram of the aluminum reaction zone behind the reflective
shock-wave in the shock tube. The combustion process and emis-
sion spectra of intermediate species were recorded by using a
high-speed camera and spectrometry. The experiments have shown
that aluminum ignition starts at T5 , is between 2000-2400k and
a blue-green light of AlO is emitted 1]. This is related to.

the 2300k melting point of the oxidation layer. Computations
were performed for the chemical equilibrium components to pre-
dict the intermediate species and final products of Al-O 2 and
Al-N 2-H2-C1 2 -0 2 reactions, and they were used as guides for the
experiments. Useful chemical kinetic data were obtained through
the analysis of intermediate species and final products using
spectra, electron and x-ray diffraction, electron microscope and
infrared spectrometry.

II. Computation results of intermediate species and products for
aluminum combustion

The conditions of working gases (pure oxygen or 0.1 N2 +
+ 0.4 H2 + 0.1 C12 + 0.4 02 mixtur3) before aluminum combustion
were computed first. Then the intermediate species and final
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products of aluminum participating in combustion under high
temperature and pressure were computed. The minimY.c• Gihbs
free energy method under isobaric and isothermal -nditicns was
applied in the computations to take true gaseous effects into
consideration.

For the Al-0 2 reaction, when the incident Mach number Ms=9.1
and at P5=28.9 atmospheric pressures and T5=4418K, the composi-
tion of oxygen before the ignition of aluminum was computed to be
43% molar fraction of oxygen atoms and 56% molar fraction of
oxygen molecules. The mass ratio of oxygen and aluminum was
"1.32 and the aluminum was preheated to 900k. Twenty-three possible
components appearing during the combustion were considered in the
computations. The temperature after aluminum combustion was
4930X; The majority of the intermediate species were 0 (42%)

and AIO (19.7%), and the remainder was Al, Al+, A1O+, A10, AI 20,
A1O 2, A1202l.r. A120 3 ,0-, etc.

For the Al-(0.1N2 +0.4H2+0.1C1 2 +0.402 ) reaction, the mass
ratio of mixture and aluminum was 2.6, and the components, specific
heat and molecular weight of the mixture under various Ms, T5 , P5

before the aluminum combustion were computed. The maximum condi-
tions of the experiment were Ms-10.5, T5-51 OX and P5=40 atmos-
pheric pressures. For a typical condition of Ms=7.8, T5=4149X,
P5-14.3 atmospheric pressures, the primary components before the
ignition of aluminum are: 0 (17%), OK (14.3%), H (13.4%), 02

(11.4%), H2 0 (10.4%), Cl (9.8%), HCI (7%) and N2 ,H2 ,NO, etc.
The appearance of 80 components was considered when aluminum
participated in combustion. The computed results of 23 components
are presented in Figure 2. The majority was Al, AlO, AlCl, HCl,
H, 0, OH, CI, etc. The molecular weight of the combustion gas is
25.67g/mole and its specific heat is I1.8. Figure 3 shows the
changes of 18 intermediate species during the cooling process.
The final products were mainly water, water vapor, HC1, ammonium,
N2 , H2 and Al20 3 solid particles with water, HCI, Al 203 as the
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majority. This is consistent with the results of rocket experiment

measurement.[2]

III. Measured results of intermediate species and final products
for aluminum combustion

reaction
The spectrometer recorded the Al-O2 AsPectra of Al(3944,3961.5A),-

Al (5861A) and six bands of A10(4373.7, 4470.5, 4648.2, 4842.3,
5059.3 and 5226.9A). No bands of A10 2, Al20 and Al 2 0 2 were
found in the visible light range. The A1O band was very strong.
The Al-N2 -H2 -C1 2 -0 2 reaction emitted a large amount of spectra
and bands with some overlapping, but a spectra of Al, Al +, A1O,
AlH, H, 0, etc. could still be identified. Some weak bands might
have belonged to AiCI, AIC1 2 and AIOH. The time histories of
A1O (Fig.4) shows that the maximum value of strength occurred
1.4 milliseconds after the ignition, then declined after 2
milliseconds. A strong continuum radiation appeared, subse-

quently lasting 14 milliseconds. Analyses show that this was
emitted by A12 0 2 . It is very possible that A1O is a precursor
to A12 02 .

X-ray diffraction identified the white powder produced from
the Al-0 2 reaction to be Al 2 03 . These were spherical particulates -

with sizes ranging from 0.1 to 0.6 micron measured by an electron
microscope, and they are in good agreement with the measurements

of Al 2 0 3 particulates exhausted from the rocket.(2 The solid
products from the reaction of Al and the mixture were identified
to bu the Al 2 0 3 particulate conglomerates suspended in the solution
of HCI + H2 0. They were no longer spherical which indicates that
the congomeration of particulates was due to the effects of
HC1 and H2 0.

The gaseous products from the reaction of aluminum and the
mixture were analyzed and found to be water vapor and HC1 vapor
by using infrared spectrometry, and are consistent with the compu-
tation results. There were far more NO and NO2 measured that those
computed. This was caused by the nonequilibrium process during
cooling.
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IV. Conclusions

1. Region behind the reflective shock wave in a chemical reaction
shock tube can provide a simulation study of combustion mechanism
of aluminum in solid rocket propelJ'ant.

2. The computation results of intermediate and final products
after combustion and the measured results using various methods

are basically in good agreement. This provided some basic data

for the study of aluminum combustion mechanism under high

temperature and pressure.

(1)(2 ()

," (6)

Fig.1 Schematic diagram of the reaction
zone near aluminum surface behind the
reflective shock wave
Key: (1) Aluminum foil; (2) Aluminum
vapor; (3) Intermediate species;
(4) Working gases; (5) Reflective shock
wave; (6) products.
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Fig. 2 Computation results of Fig. 3 Component change during
components of reaction of Al and cooling after the reaction of
mixture, from upper left-hand Al and mixture, from left dwon-
corner downward, respectively, ward, respectively, H, 0, Al,

H, 0, OH, AOt10, HO, HCI, AICl, AIO, Cl, AI ,H, AlCl 2 , HCl, NO,
Al. NO, AlObCI AIO.H, AIO,, AIOR, AtO, At H 0 (vapor)l1O, A10H2 AlO

Cl,, AIH, At+, N, AIO, AI,O,, HAIO, AIOH, 1H ).v0p16O
AN, Al0 3 Ilijuid, s ,' H20(liquid , NH.

XeyT (aT Rolar fraction; Key: (a) Molar fractton.
(b) Incident shock wave Mach (b) Temperature T(X1O4K).

No. Ms.

(a) , •',

Fig.4 History of band strength
of A1O at 4846.2A.
Key: (a) millisecond.

6

\ I ~ 4 01 -S.



LITERATURE

SI] J, F, Driscol. J, A,. Nicholls. V, Patel, B. Khatib.Shahidi, T. C. Liu (Liu Zichao) "5ho~ TU3•

Study of the Ipnidon and Combustion of Aluminum", .AFRPL TR.83.O•3, Aug i19,3.
[2 ] L. Strand, et a.h. "Character,•otion of Particulates In the Exhaust Plume of Large So'i'.Pr>

ptilant Rockets", ST Spacecraft, 18, 4(1981).

f

7-k



DISTRIBUTION LIST

OTSTRIBUTtOt4 OIR9CT T4 RECIPIENT

2OLOAHZATION 
MICROFICHE

A205 WIA)TCI
A210 WAMC 

I

1344 CIA/RTS-2C 
9.

C043 US A.41 AI
CSOO TPADOCI
Cso9 ULLISTIC US3 LAB
cS10 14T LMSS/AVUDCOM
C513 ANNA CON 

1.

.c53 5 &VUADCOM/TSARCOK 1

C592. fSTC
C6L9 KIA RZDST0141

'1053 RIQ USAV.IKZ?
94O W* &DC/DOf

94LO AD/inl
LI4a9 SDIT.in
?0OS DOEIISA/DDIL
Paso CZAI0C3/ADDWSD

L=~lCade L-369 
1

NASAl NST-4(6
4SA/ 1213/Tf0L

AMD MT/TQLA

- FTD-lD(RS)T-o671-86


