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Abstract

The history of solid propellants has dramatically changed since the end of the 19th century when Paul Vieille and Nobel
discovered the phenomenon of gelatinization of nitrocellulose (either by solvent or by mtroglycerin). The products thus
obtained exhibited a new combustion behaviour, combustion in parallel layers This is the basis of modern gun and rocket solid
propulsion.

Extruded doubic base propellant grains were used for propulsion of rockets before world war II. Composite propellants (a
binder, a fuel and an oxidizer) were discovered dunng the 1940s. They also burn in parallel layers, although microscopically the
process is more complex. Since that time, these families of propellants have been improved and are now widely used fol the
propulsion of tactical rockets, strategic missiles, as well as space launchers. During the operation of rocket motors, many
complex combustion phenomena occur. It is the object of Lecture Series 180 to present, and analyse all these combustion
phcnomena, both theoretically and experimentally:

- Overview on solid propellant combustion within a rocket motor
- Solid propellant steady combustion
- Erosive burning
- Special effects in solid propellant combustion
- Combustion instabilities
- Ignition and unsteady combustion
- Combustion and safety of solid propellant rocket motors.

This Lecture Series, sponsored by the Propulsion and Energetics Panel of AGARD, has been implemented by the Consultant
and Exchange Programme

Abrege

Lhistoire des propergols solides a connu un bouleversement profond avec la d~eouve:te pal Paul Vieille et Nobel, t la fin du
dix-neuvi ime si cle, du ph6nom~ne de la gdlatinisation de la nitrocellulose (soit par solvant soit par la ntroglyc6rine). Les
produits ainsi obtenus pr6sentaient un nouveau comportement i ia combustion: [a combustion par couches paralleles. Cc
phtnomine est A la base de la propulsion par propergols solides des obus et fustes modernes.

Avant la deuxitme guerre mondiale des blocs i propergols sans dissolvant furent utnhs6s pour ]a propulsion des fusdes. Les
poudres composites (un liant, un ergol et un comburant) ont 6t6 d~couvertes lors des ann6es 1940: la combustion se fait
igalement par couches paralliles, bien que le proc&l6 soit plus complexe sur le plan micromol6culaire. Depuis lors, ces families
d'ergols ont 6t6 am~liores et elles sont d6ormais tris largement employees pour la p-opulsion des fusses tactiques, des
missiles strat~giques et des lanceurs spatiaux. Un grand nombre de phdnommens compiexes de combustion se produisent
pendant le fonctionnement d'un moteur-fus~e ct lobjet du cycle de conf6rences No 180 est de les prdsenter et de les analyser.
tant au plan thorique qu'exp~nmental:

- panorama de Ia combustion des propergols solides dans les moteurs-fusdes
- la combustion stationnaire des propergols solides
- la combustion 6rosive
- les effets particuliers de I1 combtstion de propergots .nlides
- les instabilit~s de combustion
- rallumage et la combustion stationnaire
- la combustion et la s~cunti des moteurs-fusies a propergols solides.

Ce cycle de conferences est priqent6 dans le cadre du prc.ramme des Consultints et des Echanges, sous '6gide du Panel
AGARD de Propulsion et d'Energitique.

iv
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Introduction to the Lecture Series 180
Bernard ZELLER

Directeur de i& 8tat6gia ot du Marketing N
(Director, Business Development and Planning)

S.N.P.E.
12, Quei Henri IV, 76004 PARIS FRANCE

1. FOREWORD (How LB 180 was initiated) F thrust
C: nozzle thrust coefficient

In 1988 and 1989, AGARD organized a double P internal pressure (in the rocket
aeries ot lectures (LS 150) on the subjec, motor)
of Design Methods in Solid Rocket Motors. AT nozzle throat cross section ares
The Lecture Series Director was Daniel
REYDELLE7, This Le.;ture Series was so The internal pressure in the motor is the
successful that it was presented in 1988 in result of balanced flow rates
Netherlands, Greece, Turkey and United
States of America, then, in 1989, in United - an input flow rate due to the combustion
Kingdon, France, Germany and Italy. A of the propellant,
substantial part of this Lecture Series
was, of course, dedicated to solid - an output flow rate due to the ejection
propellant grain design. The question of of propellant high temperature combustion
propellant combustion, which is essential products through the nozzle.
in the principles of rocket motor
propulsion, was addressed, but could not This may be written as
thoroughly be detailed. Various asp-ts
were mentioned such as : normal steady SVC = P.CD.AT
combustion, ignition, unsteady combustion,
erosive burning, combustion instabilites,.. r propellant density
Numerous attendees of LS 150 asked for more S propellant grain burning area
information on these subjects, so that Vc propellant burning rate
A3ARD Propulsion and Energetics Panel P internal pressure
proposed that a whole Lecture Series be Co nozzle discharge coefficient
dedicated to these questions of solid AT nozzle throat cross section area
propellant combustion. This proposal was
approved by the National Delegates Board of This equation may be written and
AGARD, then organized by Plans and corresponds to a steady operation only if
Programmes of AGARD in connection with the one assumes that :
Propulsion and Energetic Panel.

- the propellant burns in "parallel
This is the origin of Lecture Series 180 layers", that is to say that the burning
which is a useful follow up of LS 150 in front recedes at a speed whose vector is
the field of solid propellant behavior (one perpendicular to the front (normal
may also imagine another specialized combustion);
Lecture Series in the field of solid
propellant mechanical properties and grain - the propellant burning rate increases
structural analysis or in the field of proportionally less than the pressure,
rocket motor plume technology), when the latter increases.

2. ROLE OF COMBUSTION IN SOLID ROCKET MOTOR These are thi main questions that are
OPERATION discussed in this Lecture Seriis

Combustion is the central phenomenon of SOLID PROPELLANT MUST BURN IN PARALLEL
solid rocket motor operation. It is the LAYERS
stage where condensed matter is transformed
into gaseous high temperature products. The RELATIVE CHANQIk .F BURNING RATE VERSUS
potential" energy contained into the PRESSURE MUST 'c LOWER THAN RELATIVE
propellant is changed into the thermal and PRESSURE CHANrlC
kinetic energy of gaseous mixture thanks to
a nozzle. The higher temperature and the Besides these basic requirements, many
lower the molecular weight of the mixture, other phenomena have to be under control.
the more impulsive the propellant Rocket motors have o be efficient, safe
specific impulse of a propellant (impulse and reliable. Accurate predictive methods
delivered by the propellant mass unit in must be available (in order to minimize the
given conditions) is proportional to the cost of the rocket motor development
square root of gas temperature over gas programmbs). )011 these requirements demand

X average molecular weight a detailed knowledge of the phenomena
related to ignition, unsteady combustion,
erosive burning, combustion instabilities,

Is k deflagration to detonation trans'tion,...

3. COMBUSTION IN PARALLEL LAYERS
However, it is not sufficient to "deliver
impulse". This impulse is the integral of In 1991, it seems obvious that solid
thrust versus time and thrust must be propellant burns in parallel layers. It has
controlled during the operation of the not been always like that, and one has to
rocket motor. Thrust is related to pressure remember that, even nowadays, a failure in
in the rocket motor that way of burning may induce catastrophic

effects such as transition to detonation.
F CP.P.AT Until 1884, solid propellant was mainly
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black powder. This propellant, even an engineering point of view, of all the
strongly compacted, could not sustain a phenomena related to combustion which have
foll combustion in parallel layers in a to be considered for designing a sound
gun. In additi.-', it was smoky and its solid propellant grain. This lecture is
impulse was limiteG In the middle of the intended to make a link between the
nineteenth century, niirocellulose was engineer and the scientist, between
recognized as a potenially very practical issues and basic scientific
interesting propellant. Many attemps were investigations. Each of the following
made to use it for gun propulsion. Its lectures will be, at least partially,
force was around three times that of black connected with this first lecture.
powder and it was smokeless. Even
compacted, this product did not burn 4.2 Solid propellant steady combustion
regularly and many guns exploded as a (two lectures)
result of this unpredictable behaviour.

Guy LENGELLE and Professor Kenneth K. KUO
In 1884, Paul Vieille discovered how to wi1l adddress this essential point on both"gelatinize" nitrocellulose using a mixture physical and theoretical aspects. It is the
of ether and ethyl alcohol and removing objective of these lectures to give a
this solvent. Instead of having a fibrous comprehensive understanding of the physics
structure, the nitrocellulose thus obtained of the combustion process of various types
was a compact not porous material which of solid propellants and also of their
burned in parallel layers. This was the ingredients. Another objective is to
birth of single base propellants. provide the attendees of LS 180 with the

description of the various up to date
At the same period, Nobel discovered that models of combustion behaviour of double
nitrocellulose, mechanically processed with base and composite propellants.
nitroglycerin at temperatures above normal
temperature, was also changed into a 4.3 Erosive burning of solid propellants
compac*, non porous material. This was the
birth of double base solventless propellant This phenomenon is given more and more
whose thickness may reach several consideration because of the permanent
centimeters trend towards high performance rocket

motors, which induces high propellant
During the twentieth century, new families loading density. Erosive burning have to be
of solid propellants appeared, such as cast controlled, so that it can be used instead
double base propellants and, during World of being merely a constraint.
War II, composite propellantp.

Merrill KING will present a review of
Composite propellants, made of a polymeric experimental and modelling work concerning
matrix, an oxidiser and a metallic fuel, erosive burning of solid propellants.
macroscopically burn in parallel layers,
although, microscopically, as the material Here again, double base and composite
is not homogeneous, the flame front is not propellant behaviour will be analysed and
plane. The web thickness of propellant tl.e most up to date models will be
grains based on these propellants has no discussed.
theoretical limit. Grains of 4 meters
diameter have been manufactured. 4.4 Effect of wires on solid propellant

ballistics
As mentioned above, burning in 1-d.allel
layers is not sufficient for designino a Several rocket motor grains involve the use
satisfactory propellant grain. The of metallic 'lures. One can mention STINGER
propellant grain designer must be provided and SAM 7 Surface to Air missiles as using
with propellants having controlable burning that type if rocket motors. Metallic wires
rate. The need for high performance rocket are used 6o amplify solid propellant
motors involves to master erosive burning, burning rate and thus to make possible the
combustion instabilities, use of grain geometries which, otherwise,

would not be acceptable. Merrill KING will
4. ORGANIZATION OF THE LECTURE SERIES review the phenomenon and the various

SESSION models available. Some of them are related
to the "pure" phenomenon (for propellant

During the session, six speakers will strands), other are coupled with the rocket
present eight lectures. These speakers are motor chamber ballistics analysis so as to
among the western world best specialists in provide prediction of pressure (and thrust)
the field of combustion. All of them are versus time history.
leaders in their countries. They have
gathered experience all along the years and 4.6 Combustion instabilities
all of them are now very well known in the
field of propellant combustion. Because of Combustion instabilities may have, in some
their expertise they have important rocket motors, catastrophic effects such as
responsabilities and very busy schedules. overpressure. They are difficult to predict
Despite that, they have devoted an accurately. Basic physical phenomena will
important part of their time to prepare be analysed by Paul KUENTZMANN. State of
their lectures. We are proud to have them the art of available predictive methods of
for this lecture series and we acknowledge rocket motor stability will be presented.
their common participation, which is a rare Some examples will be given in order to
event. illustrate this lecture.

4.1 Combustion Phenomena Associated with 4.6 Ignition and unsteady combustion
solid propellant rocket motor
operation Professor KUO will review the literature

available in the field of solid propellant
Alain DAVENAS will give an overview, from ignition so as to present a comprehensive

i • = # m m I I i • # i 
#
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description and evaluation of the state of topic of solid propellant combustion and by
the art in ignition to date. a round table discussion.

Professor KUO will also present the During the synthesis, we shall try to
phenomena and the models related to unformally address the topics which were
transient burning. One has to be aware that not addressed during the Lecture Series,
instantaneous burning rate undAr transient because although of interest, they were not
conditions may differ significantly from selected when preparing these sessions. One
the steady state correspond;ng va'ue. can mention, rocket motor plume technology,

thermodynamical properties (and
4.7Combustion and safety of solid calculation) of solid propellant,

propellant rocket motors combustion of solid fuel and fuel rich
propellants in ducted rockets, computer

Tom BOGGS will discuss these irporta,-t codes for calculation of propellant grain
topics. The content of his lecture will be recession during combustion, comparison
partially based on the work presented in between gun propellant combustion and
Agardograph 316 "Hazard studies for Solid rocket propellant combustion...
Propellant Rocket Motors" which will be
distributed to the Lecture Series During the round table discussion, the
attendees. Some updated information will lecturers will address, in more details,
also be presented so that these materials the points presented during the Lecture
will represent the state o! the art in this Series, that the attendees would like to go
critical field, deeply into. Together, we shall also try to

point out the topics for which the
5. CONCLUSION knowledge is not at a satisfactory level,

considering the needs for an accurate
We shall conclude this Lecture Series by an prediction of performance, safety and
attempt to make a synthesis on this wide reliability of rocket motors operation.

LI
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Introduction A In marie do confdrences LS 180
Bernard ZELLER

Directour do la Strat~gie et du Marketing
SNPE

12, qual Henri IV, 76004 PARIS FRANCE

1. PREANBULE (Comment eut nAG la S~rie de proportionnello A ls racine carr~e de la
conf~rences LS 180) temp~rature des gaz do combustion divisde

par la masse mol~culaire moyenno do ces
En 1988 ot 1989, L'AGARD a organisd une gaz:
double s~r-ie do conf~rences (LS 150) sur
lea m~thodes do conception des moteurs A T
propergol solide. Le diracteur do cette Is
s~rie do conf~rences Atait l'Ingdnieur en
Chef do l'Armement REYDELLET du Service
Technique des Engine A ia D616gation Cependant, il nest pas suffisant do
G~ndrale A l'Armement (FRANCE). Cotte s~rie "fournir do ]'impulsion". Cotto impulsion
do conf~rencos a remport6 un tel succbs est l'int~grale do la pouss~e au cours du
qu'elle a AtA pr~sontde uno premlbre fois, temps at la pouss~e aoit 6tre contr6l~e
on 1988, aux Pays-Bas, en Gr~ce, en Turquie (avoir un profil donnA) pendant Is
et aux Etats-Unia d'Am~rique puis une fonctionnement du moteur. La pouss~aeaot
deuxibme fois, en 1989, au Royaume Urn, en liA a pression dans Is motour par la
France, en Allemagne et en Italie. Une part relation
consdquente do cetto s~rie do conf~rences
6tait, bien entendu, consacr~e A la F =CF.P.AT
conception des chargoments do proporgol
solide. La question do is combustion dos F :pouss~e
propergols, qui eat au cosur du principe do CF coefficient do pouss~e do is tuybre
]a propulsion par motour A propergol P :prossion & l'int~rieur du moteur
solide, y Atait trait~e, mais pas en AT aire do la section droite du col do
ditail. Divers points dtaient abordis tols tuybre
quo -Is combustion normale stationnaire,
l'allumago, is combustion instationnaire, La proasion instantan~e dans 1n moteur est
is combustion Arosive, los inatabilit~s do 1e r~sultat do l'Aquilibre do flux gazeux
combustion, etc.., On nombreux auditeurs do entrant at sortant
la Sdrne do conf~rencos LS 160 ayant
souhaitA obtenir des compl~ments - un flux entrant dG A la combustion du
d'information sur ces sujets, 1e ComitA chargement do propergol,
Enorgdtique et Propulsion (PEP) do 1'AGARD
a proposA do coneacror une s~rne entibre do - uri flux sortant dO & 1'Ajection des
confdrences & cetto question do is produits do combustion & haute
combustion des propergois solides. Cotto tomp~rature au travers do is tuybre.
proposition a 6tA approuv~e par 10 Conseil
des D6l6gu~s Nationaux (NDB) de 1'AGARD, Coci pout s'Ac~ire sinai
puis organisde par Plans at Programmes do
l'AGARD on relation~ avec 1s ComitA ~Sic =P.Co.AT
Energ~tique et Propulsion.

Smasse volumique du proporgol
C'est I& lVorigine do is sdrie do S aire do is surface do propergol 3n
confdrences LS 180 qul oat une suite utile combustion
do la s~ri. do conf~roncos LS 150 (on Vc v i tsse do combust ion I ina i re du
pourrait aussi onvisager, dana 1e m~ine propergol
esprit, d'autres s~ries do conf~rences P prossion interne
sp~cialisdes, par exemple sur lea Co: coefficient do d~bit do la tuy~re
propri~t~s m~caniques St 1e dimensionnoment AT :aire do ls section droite du col do
m~canique des chargomonts do propergol tuy~re
solide, ou encore sur is technologie dos
jets do propulseur). Cotto Aquation no pout 6tre Acrite et no

correspond & un r~gime stable quo si Ilon
2. ROLE DE LA COMBUSTION DAMS LE fait l'hypothbse quo

FONCTIONNE4ENT DES MOTEURS A PROPERGOL
SOLIDE - 1e propergol bralo en ..coucho

parallble", co qui aignifie quo ]0 front
La combustion eat le phinombno central du do combustion r~gresso parallblement A
fonctionnoment des moteurs A propergol lui-mlme A une vitesse dont 1n vocteur
solide. W~est 116tape oO I& matibro eat normal au front (combustion
condens~e (solido) eat transform~e en normale);
produits gazoux A haute tompdraturo.
L'dnergie "potentiel 10" contonue dana 1e - l'augmontation relative do ia vitosso do
proporgol so change on 6nergie thormique combustion avec ls pression eat moindro
puis, grAce & une tuybro, en 6nergie que lVsugmentation relative do cette
cin~tique du mdlango des gaz do combustion. dernibre.
Plus ls tompiraturo do ce m~lango ost
6lovde et plus la masse moldculairo moyonne Cos questions sont au coeur do cellos qui
do co m~lange eat faiblo, plus In propergol sont trait~es au cours do cette s~rne do
a uno impulsion spdcifique Alev~e. conf~rences.
L'impulsion sp~cifique d'un propergol
(impulsion fournie par l'unitA do masse do LES PROPERGWLS SOLIDES 0OIVENT BRULER EN
propergol dana des conditions donn~es) oat COUCHES PARALLELES.

7~



4.

LA VARIATION RELATIVE DE LA VITESSE DE parallbles. Microscopiquement, Otant donnd
COMBUSTION DOIT ETRE PLUS FAIBLE QUE LA. que Ie mat~rlau W'est pas homogbne, le
VARIATION CORRESPONDANTE DE LA PRESSION front de flamme nWest pas plan et,

strictement parlant, la combustion no
Au-dolA de cam spdcifications de base, de s'effectue pas en couches parallblea.,
ntmbreux autres phdnombnes doivent Otre
connus, maltrisds ot contr6lds. Les moteurs L'Opaisour & brC~1er de ces chargoments de
A propergol solids doivent dtre propergol n's pas thdoriquement de limite
porformants, s~rs at fiables. Ii faut supdrieure. Des chargomonts de quatre
disposer de m~thodes do pr~diction du m~tr.os Jo diam~tre ont dajA 6t6 fabriqu63.
fonctionnement des moteurs s~ram et
pr~cises. Coin besoins n~cessitont uno Comma ii a dtd dit plum haut, una
connaissancea pprofondip des phdnom~nos ccmbustion on couches parallbles W'est pas

i is A l'allumage, & Is combustion suffisante pour qu'un chargement do
instationnairo, & Is combustion dromivo, propergol fonctionno corroctomont. La
sux instabilit~s do combustion, A la conceptour do chargoment dolt disposer do
transition do Is d~flagration vera Is proporgola dont ii doit pouvoir r~gler Is
d~tonation... vitesso do combustion. La recherche do

performances toujours am~lior~es impl'q~je
3. C0OMBUSTION EN COUCHES PARALLELES Agaloment uno connaissance ot una maitrise

do scombustion drosive at dos
En 1991, ii somble Avident quo les natabilitds do combustion.
propergols solidos brOlent on couches
parallls. Cola n'a pas 6t6 toujours 10 4. ORGANISATION ET DEROULEMENT DE LA SERIE
cam, at ii faut bion avoir A l'asprit quo, DE CONFERENCES
mama do nos jours, un mode do combustion
ddgrad6 par rapport mu mode nominal pout Pendant cetta session six orateurs
induiro des affets axtr~moment Wastes, prdsentaront huit conf~rences. Cam orsteurs
tels qua Is transition d~flagration mont parmi lam meilleurs sp~cialistes
d~tonat ion. mondiaux do Ia combustion des propargols

solidas. Tous sont reconnus comma lea
Jusqu'on 1884, 10 propargol solids unique meillaurs dana laura pays. Ils ont accumuld
6tait is poudre noire. Co proporgol, mama das connaissances at do l'exp~rlence au
fortemant compactA, no pout brOler cours dam atndcs at, de plus, ils poss~dent
compl~tement en couches parall~les dans un tous Is passion do faire mavoir, do
canon. Do plus, ii crilo beaucoup do fum~o transettre cam connaissances. A cause do
at sa force eat limit~e. Au milieu du l96me cotta compdtonce m~ma, ils ont
si~cla, ii eat apparu qua is nitrocellulose d'importantom responsabilit~s at des
pouvait Otre un propargol (une poudre) trbm emplois du tamps tram charg~s. En d~pit do
intdrommant:, do nombroux programmes d'essai cola, ils ont consacrAi uno part importante
ont dt6 meands A cotta dpoque afin do de lour tamps A prdparer leur(s)
l'utiliser pour propulser lea projectiles confdranco(s). Nous sommes fiars do lour
dans lea canons. So force eat trois fois participation A cotta s~rlo do conf~rancas
supdrioure A cello do Is poudre noire at at nous saluons cotta r~union de
ella eat sans fumde. Maim, mama compactA, sp~cialistes qui eat un dv~nement rare.

co p,-oduit no brOlsit pam r~gulibremant at
co comportom.o3nt irr~guliar antrainait 4.lPh6nombnes do combustion 11Am mu
l'axplosion do nombroux canons. fonictlc-nnement des motaurs A propargol

sol ids
En 1884, Paul VIEILLE a d~couvert comment
g~latinisar ]a nitrocellulose en is Alain Dirvenas passers en revue at
m~langeant intimamant avac un m~lango analysea, du point do vue de l'lng~nieur,
dthar-alcool puis an dliminant ce molvant, l'ensomble das phdnombnos lids & Is
sprbin malaxage at mime an forms do grains combustion dont ii faut tenir compta pour
ou do bandes. Au lieu d'un mat~riau a pouvoir concevoir at r~alisor un chargemont
structure fibrouse, Is nitrocellulose do proporgol solids do bonne qualit6. La
trsit~easinai avait uno structure compacto but de cotta conf~ronce eat d'6tablir un
at non porouse qui conduisait A una lion entro l'inpdnieur at le sciantifique,
combustion en couches parallblas. C'Atait ontro lam problhmos pratiquos at lea
la naissanca des poudres A simple base. racharcham sciantifiquas do base. Chacune

des confdrences suivantam sora, mu momns
A pau pram A is mama 6poque, Alfred NOBEL partielloment, lids A cotta prami~ro
d~couvrait quo Ia nitrocellulose, confdrence.
travaill~e m~caniquement avac do la
nitroglyc~rina A dos tompdratures 4.2Cobustion statlonnaire dos proporgols
sup~rieuram A Ia normal., me transformait solides (deux confdroncom).
asmi en tin matdriau compact at non poroux.
C'dtalt is naissanco des propergols & Guy LENGELLE at 10 professour KUO
double base sans solvant dont i'6paimmour traiteront cotta question essontl'elle sous
pout atteindra pluslaurs centimbtres. mom doux aspects i physique at th~oriqua.

C'ost Io but do cam deux confdrences do
Au cours du 206mo sltcle, do nouvelles pr~senter uno description d~taill~o do Is
families do propergol solids sont apparues, physique des ph~nom~nes lies a Ia
talles qua la proporgols & double base combustion etatlonnairo do divarses
moulds at, durant Is 2Am. guerre mondialo, families de propergol solids Cot aussi do
lea proporgols composites. lours constituants). Un autre objoctif est

do fournir aux auditeurs do cetto esrne do
Les propergols composites, A matrice confifrences une description tout A fait A
polymarique charg~o pst, un oxydant at un jour des diff~ronts modbles do combustion
combustible m~tallique (aluminium) brOlent, des propergois double base ot des
d'un point de vue macroscopique, en couches propergole composites.f



4.3 Combustion 6roslvo des propergols Le professeur KUO prdsentera ausmi les
solides phdnom~nes physiques et les modbles his A

Is combustion insta'ionnaire. Ce point est
Le ph~nombno de is combustion drcsive inst important car ii pout arriver quo Is
6tudi6 do plus on plus car Is terwnsnce vitesse do combustion d'un p.'opergol dens
g~n~ralo A l'augmentation dos per',,rmances des conditions trbm instatiunnairos soit
des moteurs A propergol solids induit une tr~s dvff~rente do ls vitesse observ~e A Ia
augmentation du coefficient do romplissage mae pression as dens dos conditions
do coo motours ot donc l'apparition stationnaires.
beaucoup pius frhquonto do Is combustion
Arosive. Ii faut connattro at maltriser ca 4.lCoibustol ot s~curitA des motours A
ph~nombno, do fagon A co qu'ii no soit pius proporgol --olide
consid~rA uniquomont comae une contrainto
maim qulil mot dvontueloment utiiisA Tom BOGGS traitors cotte question do grande
fonctionnoilemont. importance. Lo contonu do a conf~ronce

sora fond6 en partie sur Ie travail
Merrill KING passers en revue lea travaux pr~sentA dans i'AGARDographio 316 "Hazard
lea plus rdcents relatifa aussi bion A Is Studies for Solid Propellant Rocket Motors"
connaissanco exp~rimentale, qu'A Is qui sera distribu~e aux suditours do Is
connaimmance th~oriquo do Is combustion S~rne de Conf~ronces. Une mime A jour dos
6rosive. informations sera 6galetient pr~sontdo do

sorts quo cotto confdrer. ;e repr~mentora
4.4Effets do file m~talllques sur Is i'Atat dos connaissancos dans ce domains

combustion des propergols solidos capitai.

Piusiours chargemonts do motour A propergol 5. CONCLUSION
solids do missiles utilisont des film
m~taiiiques on pout citer Ie STINGER St Nous conclurons cotto m~rio do conf~rencom
10 SAM 7 qul sont des missiies Surface Air d'une part en osayant do synth~tiser ies
A courts port~e. Los filsm stailiques mont connaimmances sur 10 large sujet do is
utilisis pour augmenter fortemont ia combustion dos proporgols soiides at,
vitesse do combustion des propergols d'autro part, en organimant une table tonde
solides ce qui autoriso i'usage do sur 10 sujet.
ggomdtriem do chargement particuli~roment
int~rossantos. Merrill KING examiners Pendant Is synthbae, nous tonterons do
l'onsombhe des phdnombnes 11Am A co mode traitor do manibre informelie quelques
particulier do combustion et pr~sentora les sujots non abordds preoant Ia 9drie de
mod~lisations corrompondantes. Certainom do conf~rences et qui soraient d'Intdrat pour
ces modlilsations mont relatives au les suditeurs. Coin sujots pcurraient Otre
ph~nombne 6ldmentairo, d'autres, coupl~om A choisis parmi los suivants
la balistique interne des moteurs,
conduisent & une prdvision do Ia presmion - technologle des jots do moteurs A
et do ia poussde du moteur en fonction du proporgol solids;
temps.

- propri~t~s thormodynamiquem des
4.5Instablltie do combustion propergols solides;

Los instabilitds do combustion peuvont - combustion des combustibles molides et
avoir dans certains moteurs-fus~es des dam semi-proporgois dans los statofusdos;
consdquences trbm graves, par example, des
surprommions condulsant & l'oxpiosion do is - caicul do i'dvoiution do surface en
structure. Elbas mont difficiles & pr~voir combustion d'un chargement do proporgol;
avec pr~cision. Lea phinom~nes phymiques do
base seront analys~m par Paul KUENTZMANN. - cosparaison do is combustion dos
L'Atst des connaimmances en co qul concerns propergols pour moteurs-fus~es et des
lea m~thodes do prdvision do Is stabilitA poudros A canon;
du fonctionnement sera pr~sent6. Quelques
examples pratiques soront donn~s afin - effets du vieillissement sur los
d'iilumtrer cetto confdrenco propri~t~s do combustion, etc...

4.eAllumage et combustion instatlonnalre Pendant is table rondo, los conf~renciers
traiteront plus on d~tail los sujets,

Le professeur KUO passers en revue ot pr~sentds durant leur(s) conf~rence(s), quo
synth~tisera is litt~rature disponibie dana lea auditours voudrsient voir approfondir.
1e domains de i'aliumage des propergois Ensemble, noum tonterons Agalement do
solides afin do pr~senter une description mettre en 6vidence lea domaines oOi los
et une Avaluation de o 'tat do i'srt on ce connaissances ne mont pas A un nivesu
qui concerns hValhumage des propergois suffisant pour satisfaire lea bosoins do
solides. pr~vision du fonctionnoment, des

performances, de m~cunita et do fiabilit6
des moteurs A proporgols molids.
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RESUME Une difficult6 consistait A cernier
" 6tendue exacts du sujat. Nous nous sommesLa conception at la maitrisa du inspir~s pour cela du contenu do l'ouvrage

fonictionnosent d'un moteur A propergol de Kuo at Summorfield (1) at retanu
solids A haute performance implique une essontiallament de traitar la
connaissance approfondie et l'6laboration caract~ristiques de combustion intrinsbques
de mod~les pr~cis de nombraux phdnom~nas des propergols, lour modification
physiques -,combustion, interaction da dventuelle salon l'architectura at Is
l'dcoulemant interne avac ia combustion, proc~d6 de rdalisation du chargament, Ia
instabilit~s, formation du jat... dans combustion 6rosive maim pam ou Peu
lesquels lea caract6ristciuos da combustion l'adrodynamiqua interne qui connait
du propergol jouent un r~la important. actuellement d'immenses d~valoppaments maim

na relbve pas directoment des phbnombnes de
L'amidlioration do cas modbles at lam combustion, d'instabilit6, at compl~t6
connaissances d'origine exp~rimentala de cetta pr~sentation par l'axamen dam
nombreusas anomalies balistiques permattant caract~ristiques de combustion lidas a
aujoulrd'hui mu conceptaur d'un nouveau certaines gdom~tries ou caract~ristiques
moteur do pr~dire sea performances avec una particuli~ras de chargamants.
pr~cision de l'ordre da qualques pour-cant.
Lea principales difficultds rencontr~as 2. FONCTIONNEMENT DES MOTEURS A PROPERGOL
mont toujours lides A Ia disponibilit6 d'un SOLIDE
propergol ayant de "bonnes
caract~riatiquas" de cin~tique do La combustion d'un propergol solids eat
combustion. caract~ris~e par la fagon dont Is surface

du chargement r~gresse lorsqu'il brole. La
L'impr~cimion dam pr~visions balistiquas at viteasa da combustion eat is distance
lea variabilit~s balistiqussmont parcourue par 10 front de fiasma par unit6
principalement lies A l'influence du do temps, mesur~a dana una direction
procd de fabrication du chargemant de normala A Is surface do combustion. Ii eat
propergol aur sea caract~riatiques admis qua ce front eat r~gulier et qu'il
cindtiques. progressa dans is plupart des cam dana una

direction normals A iui-mdme (combustion
L'oxistence et l'importance des par couches paraillles). Ceci a 6t6 v~rifi6
instabilit~s do combustion particuli~rement exp~rimentalement, par example en proc~dant
dana la propulsion des missiles tactiques A das extinctions A diff~rentas phases d'un
avec des propargols discreta oat tir at en examinant la surface obtenue.
probablemant encore aujourd'hui Is plus
grand risque rencontrA bora du La fonctionnament d'un moteur typique
d~veloppement d'un nouveau moteur. (fig.1) correspond A l'6aglitA des d~bits

gazeux issus do is combustion du propergol
Dana l'avenir, l'accent mis sur Ia d'une part at du d~bit 6ject6 par ia tuybre
r~duction do is vuln~rabilit6 at ia d'autro part. La vitesse de combustion at
recherche do propargols discrets A haute is pression interns ou pression do chambre
dnergie induiront de nouveaux efforts de pc mont alors relids par
recherche sur las caractdristiquem de
combustion des Propergols at is PC
d~veloppement de nouvellos architectures do o
moteurm sans tuybre, hyperv~loces, a obi S eat l'aire do Ia surface en
impulsion multiple ... n~cessitera dt, combustion, AT l'aire du c-ol do Is tuy~re
nouveaux efforts do mod~lisation et, at Ca 10 coofficidnt do d~bit de is tuybre.

d'essais.La parambtre K =!/PA7appeI6 serrage eat un
1. INTRODUCTION param~tre important pour caract~riser Is

fonictionnoment interne du moteur.
Dana cotta conf~rence, nous avons tent6
d'aborder lea problmaes do combustion La vitesso do combustion du propergol eat
associ~s au fonictionnomant des propulseurs une foniction de la prassion
solon 10 point de vue de l'ing~nieur at du
praticien. Nos collbgues pr~santeront v f(p)
cortainemont dam approches plus rigoureusem
et plus fondamentales do chacun des Dana un intervalle de preasion, ella pout
phdnombnas 6voqu~s. souvant 6tre reprdsent~e par une loi (loi

D'autre part, l'6tat de l'art quo nous d an-oet utp

d~crivons est bien antendu largement 116 a v =apn
une expdriance personnaile dana i'organisme
ot Ia pays dana loquel nous travaillons. do sorts qua
Dana coin conditions, at Agaleffnent COMote
tenu dam questions do confidentialit6, ii p"li
oat certain qua cotta description pourraLrA
apparaitre, aur cartains points, incompl~ta ce qui montre quo d~s quo l'dvolution do
Pour cortaina lecteurs ou auditeurs trbs surface est connue l'dvolution de is
inform~s. Lea discussions pourront prassion eat d~termin~e. Des codes bi at
d'aiileurs fitre Iloccasion d'enrichir Is tri ~mensionnels ont 6t6 d~velopp~s pour
sujet avec la participation do i'auditoira. calculer catte 6volution gdom~trique.
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Certains codes peuvent prendre en compte - Les propergols double base peuvent Ltre
une vitesse de combustion variable en chargds avec des charges dnergdtiquas
foniction du tampsaet de l'espace, ce qui telles que l'hexog~ne ou l'octog~ne (en
permet de tenir compte d'anomalies franiqsis Nitramites) ou d'autres charges
balistiques qui seront d~crites dnergdtiques telles que perchiorate
ultdrieurement (2). d'ammonium (PA) ou aluminium. Ce mont des

double base composites.
L'effet de la temp~rature sur is vitesse
de conbustion et donc mur lea lois de -Les propergols du type double base moul~s
pression at de pouss~e eat caract~ris6 par peuvant 6tra modifids par r~ticulation de
deux coefficients is nitrocellulose, 6vantuallement

conjugude avec un polymbre hydroxyl6

Tr =L( V caact~iseIs snsiilit du polyester ou polycaprolactone.

X I~h moteur (K constant), Ces quatre families peuvent Otre charg~es
vk-lwkavec des solides 6nerg~tiques;

fl'p= j4' Y caracterisa is sensibilito du aujourd'hui pratiquament seulement des
Vk9Z propergol (p constant) charges de type CHON sont utilis~es ce

qui laur conf~re des caract~ristiques de
discrdstion, ou de "fum~e minimum" du fait

Il eat facile de d~montrer Is relation qua lea asp~ces condensdes dans lea
produits 6jectds sont en concentration

ITr faible dana Is plupart des conditions
T1K atmosph~riques rencontr~as.

-Les propargols composites sent bas~s sur
entre lea coefficaents de temp~rature. On un liant non dnergdtique, g~rndralement
constate qu'un exposant dilav6 a des hydrocarbon6 (typiquament da type
cons~quences n~fastes car lea polybutadi~na) et sur le parchiorata
sp~cifications de propulsion impoment d'ammonium auquels sont dventuellement
g6n~ralement des variations r~duites de ajout~s une poudre d'aluminium et
dur~e de combustion du moteur. dvantuellement des ingr~dients

6nerg~tiques tels qua l'hexog~ne ou
Noum verrons ultdrieurament qua des Iloctog~ne. Xis sont fabriqu~s par
exposants 6lev~s conduisant 6galement A des malaxage des charges avac lea ingr~dients
valeurs 6lev~es de Ia r~ponse acoustique du liquides du liant, coul~a ou injection et
propargol qui aggraveront Is sensibilit6 du cuisson. Lea propergois sans aluminium
motaur l'utilisant aux instabilit~s de mont A "fum~e r~duite' ii n'y a
combustion, formation de fumde que dans certaines

conditions d'humidit6 et de tamp~rature
11 nWest donc pam 6tonnant que l'ing~nieur ambianta qui permattant is condensation
chargd de Is conception du moteur souhaite de l'eau avac le gaz chiorhydrique
disposer d'exposants de pression las plus r~sultant de la combustion du
faiblas possibles at qua le formulateur perchiorate.
demanda aux charcheurs sur lam m~canismes
de combustion de laider dana cette tAcha. -Les propergols A haute 6nergie ment des

composites bas~s mur un liant 6nergdtique
3. LES FAMILLES DE PROPERGOLS SOLIDES ET g6ndralement plastifid par un ester
LEUR CARACTERISTIQUES DE COMBUSTION nitrique ou un m~langa dasters

nitriquas. Lea charges mont an g~n~ral
3.1 Las propargole tout ou partie des suivantes : hexogbne,

octog~ne, PA, aluminium confdrant suivant
Six families de propergois mont aujourd'hui le cam dam caractdristiquem
principalement utilis~em industrialiemant. d'indiscr~tion totala, de fumdes r~duites
Elles mont d~critas en d~tail dans des ou de fumdas minimales.
ouvragas spdcialisds (3) -

A c6t6 da cas principaux compomants, lam
- Las propergols double ease extrudds ou SD compositions de cam propergois peuvent

(mans dissoivant) an frangais dont lea contenir divers ingr~diants A faibie taux
principaux ingr~diants mont la tals qua stabilisants, catalyseura
nitrocellulose at is nitroglyc~rina. baliatiques, additifs anti instabilit~s,
Apr~s impr~gnation de Is nitrocalluloses suppresseur de post-combustion, etc ...
par is nitroglyc~rina, g~ndralament dana
l'eau, qui conduit A une pAte ou galetta, Las termes de "fumda r~duite" ou de "fumde
is composition eat daiborde par malaxaga minimala' employ~s pr~odaemmant ne sont
avac dam additifa, laminaga at extrusion Avidemment pas suffisants pour parmattre de
sous force de bloc. Las proc~d~s modarnes classar ou de comparer des propergois entre
utilisent i'axtrusion continue avec des aux at vis-A-vis des applications, Un
machines bivis. groups de travail de 1'AGARD (4) a 6labord

una m~thode afin de permettre dam
- Las propergois double base moul~s comparaisons entra des propergois 6labor~s

(Epict~te an frangais) ont des dana diff~rants organismas at diff~rents
compositions analogues maim mont pr~pards pays. L'idde de base de is m~thoda eat do
par g6latinisation d'una poudre A mouler caract~riser le nivaau da fumde primaira at
A base de n;troceiiulose ut turteniant las secondlaira de tout propergol. Pour na pas
additifs pr~amablement pr~pards par un d~pandra des moyans de mesura do is
m~lange riche en nitroglyc~rine. transmission optique dans le jet at des

r~suitats absolus, Is classification
Las propargols SD at Epict~ta mont propos~e repose sur is comparaison At deux
souvant appelds homoghnes car lea esp~ces propargols de rdf~rence at la ciassamant
oxydantas at r~ductricas mont contenuas sara bad sur des sanctions du type "plus
dans Is m~ma mol~cula. qua" ou "coins qua".
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3.2 Caractdristiques do combustion et de la nature du solvant Utilis6. Le
solvant de moulage utilisd pour

La limitation des vitesses de combustion l'6laboration du propergol aura plus ou
disponibles pour un projet donn6 eat l'une momns de facilit6 A dissoudre le grain de
des grandes frustrations des concepteurs de poudre A mouler seloir la fagon dont il a
moteurs. dt6 prdpar6 et cela a de grandos

consdquences sur lea caract~ristiquos du
En pratique ces vitesses sont ddtermin~es A propergol obtenu A composition finale
diverses temp~ratures avec des petits identique.
moteura standard d'6valuation balistique.
Ils utilisent, mutant que possible, des Le r~glago industriel passe donc
chargements conduisant A des courbes de g~ndralement par la r~alisation de lots
prossion plates et des fins de combustion t~moins ou partiels de poudre A moulor A
sans rdsiduel pour persettre des mesures partir desquols sont r6alis~s des blocs
pr6ci ses. standard qui mont ensuite tir~s. A partir

de m~langes de coin partiels, on pourra
Des m~thodes plus efficaces dconomiquement alors rdaliser un lot de poudre A moulor
mont de plus en plus utills~es. Ellos qui sera A nouveau testd. Un lot de base
permettent d'obtenir v =f(P) sur tout un pour la production industriello pourra
domaine de pression A l'aide de dispositifs alors 6tre constitu6. On congoit que ceci
A serrage variable mu cours du tir. La entraine des cycles extrdmement longs pour
vitesse de r~greasion du propergol peut le r~glage et Ia production de ces
m~me 6tre nesur~e directesent par ultrasons proporgols et des coOts 6lev~s. Il n's
A partir d'une mesure instantan~e de saiheureusement pas 6td possible d'6tabl'r
l'dpaisseur du propergol inbrul~e (5). des abaques permettant A coup sOr d'obtenir

lea bonnes cmract~ristiques balistiques A
PROPERGOLS SD partir do partiels de caractdristiques

connues.
La figure 2 montre des courbes vitease-
pression typiques d'un propergol double Une autre particularitd de coin propergols
base SD. Outre l'utilisation de eat la poasibilit6 de m~langer des poudres
modificateurs balistiques, des noirs de A mouler de caract~ristiques volontairement
carbone sont souvent incorpor~s car ils ont diffdrontes ce qui permet une adaptation
une efficacit6 importante pour r~gler la des caract~ristiquea cin~tiques et
vitesse de base de la compoaition s'ils balistiques. Ceci eat en particulier
sont associ~s aux modificateurs balistiques rdalis6 pour l'incorporation d'additifs
(souls ils sont sans effet). Le taux de antilueurs (suppresseurs de la post
noir de carbone eat souvent utilisd combustion). Ceux-ci, g~ndralement des sels
industriellemont comae param~tre de r~glage de potassium, a'ils mont incorpords
pour r~ajuster Ia vitesse de combustion directement, interf~rent avec lea
lora de changements de lots de matibres m~caniames de platonisation par lea
premi~res. modificateurs balistiques. Par contre, un

malange de certaines proportions de poudres
Les autres param~tres influents de la A mouler, l'iune contenant seulemont lea
composition sont bien entendu le taux et la additifs balistiques, l'autre seulement
granulomdtrie des catalyseurs balistiques. l'agent antilueur, permet de conserver lea
M~me si des sp~cifications 6troites caract~ristiques cin~tiques initiales. Il
relatives A Ia granulom~trie ct la surface eat s~me possible dWaller plus loin et
sp~cifique des catalyseurs existent, il est d'irrcorp6rer une troisi~bme poudre A mouler
souvent n~cessaire bora d'un changement de no comportant ni additif baliatique, ni
lot de ces ingr~dients critiques de additif antilueur, sans que lea bonnes
procdder A une nouvelle qualification de caractdristiques cin~tiques aoient
l'asortimont de mati~res premi~ros A modifi~oa alors que bien entendu Ia
utiliser en production pa des fabrications discr~tion et l'dnergie disponible sont
et des tirs de blocs standard en faisant augment~oa. Sea proportions pouvent m~ine
varier un param~tre de r~glage. Loraque lea Atro utiliades comme parambtre do r~glage
spdcifications balistiques sont du second ordre pour ajtjater
particuli~rement pointues, il pout Atre industriellement Ia vitease do combustion.
n~cessaire dWaller jusqu'au tir do
v~rification d'un motour t~moin avant do Propiergols cgmposites
lancer la production,

La vitoamo do combustion dos propergols
Les parambtres du procdd ont Agalement une composites mu porchlorato d'ammonium eat
influence importante sur 1e niveau do esmentiellement contr6lde par la
vitesmo at Sur 1e coefficient do granulomdtrie do colul-ci, lea plus fines
temp~rature, dana la mesure o6~ ils agissent conduisant aux vitossos les plus 6lev~es.
sur Ilhomogdnaitd do Ia dispersion des Ella crolt aussi avoc 1e taux do PA. Un
catalymours ot mur l'Atmt do g~latinisation grand nombro do vari~t~s granulom~triques
des proporgols. On pout ainsi observer uno mont donc utilis~es induatriellemont pour
notte influence du temps et do la ajuster la vitosso des vari~tds do
tempdrature do laminage sur la diminution granulom~trie moyenno 400, 200, 100, 10, 3
de l'exposant do pression et l'apparition ot 1 micron sont g~ndralemont utilisdes.
du plateau.

La viteaso pout Atro 6galomont modifide A
Propergols double babe moul~s laido do catalysoura do combustion. Le

chromito do culvre et l'oxyde forrique mont
Los moficateurs baliatiquos utilism§s mont utilisds depuis longtempa. Pour acc~der &
analogues, par contro l'lnfluonco cu des vitosss plus dlevdes, il oat
proc~dd passe par un m~canisme difftrent n~cessairo do pouvoir introduire 1'A6mont
1e parambtre 1e plus influent oat colul do actif en concentration plus 6lev~e et soum
la g~latinisation do Ia poudro & moulor uno forme plus active. Des ddriv~s liquldes
lora do son dlaboration en fonction du taux du for ont donc dt6 mis mu poin~t (d~riv~s
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ferrocdniques). !Is sont incorpords au (propargols A haute dnar-gia), ella est
liant. L'utilisation simultan~e de fo-tement modifi~e, le m~canisme de
perchlorates ultrafins conduit aux d~composition de la nitramine l'emportant.
formulations sux vitesses les plus dlevdes Ceci eat dgalement yr-ai pour lea composites
dans la pratique industrielle. Le fait que A base de nitramines (7).
las plastifiants ferroc~niques peuvent
migrer pendant le vieillissemant du 4. INFLUENCE DES ECOULENENTS INTERNES SUR
propergol a conduit A la mise au point de LA VITESSE DE COMBUSTION
pr~polymeres ferroc~niques qui participent
au rdseau r~ticul6 du liant (6) Las Las produits de combustion du propergol
catalyseurs las plus efficacas sont intaragisant avac a combustion at pauvent
probablamant lea d~riv~s organiques du bore modifier la 101 de combustion.
(ddcaborane at d~riv~s) maim il na sambla
pas qu'il y sit au da d~vdloppement Dana las tout premiers calculs balistiquas
industrial cons~quent de cas compos~s & la dam perform-nces d'un moteur, ii eat
synth~sa difficile at on~rusa., De nouveaux souvant suppos6 qua la vitesa des gaz de
oxydes de for ultrafirts mont aujourd'hui combustion est n~gligeable at qua
d~velopps pour concurrancar las ddrives l'dcoulament ne s'acc~l~re qu'A l'entrde du
farrocdniques as caux-ci gardant a priori convergent de la tuybra pour atteindra Ia
daux avantagas :uis modifient peu la vitesse du son locale au col. Salon la
viscositA des pAtes de propergola at las gdom~tria du chargement on peut capandant
variations de vitessa de lot A lot sont calculer des vitasses de l'ordra de 100 A
plus faciles A maitrisar qu'avac un 15Cm/s dans le plan de sortie du canal
catalyseur solide pour laqual la surface central spr~in ellumage at pressurisation du
sp~cifique eat un param~tre important. motaur. Deux types de ph~nombnes

caract~ristiquea mont rencontrds
Lam expomants de presmion sont g~n~ralement
d~gradds par l'utilisation de perchloratas - una perta do charge at un gradient de
fins, en particuliar au-dessus de 200 bars. pression entre lavant at l'arri~re du
Les catalysaurs de combustion permattent canal central,
mouvant une am~lioration.

- una augmentation lcoala de Ia vitemme de
L'influence de ls pr~mence d'aluminiui dana combustion due A la combustion 6rosiva.
la composition eat g~n~ralement due
deuxi~me ordre, sauf dana le cam otI le La moment le plus critique dana le
propergol eat moumia A des acc~ldrations fonctionnement d'un propulseur intervient
Alevdes. donc juste apr~s l'allumage, zlors qua

l'ensemble eat pressurisA at 14ue las
Industriellement, il eat souvant n~cesaire sections de passage par lesqtelles les gaz
de proc~dar A un nouveau r~glage de la doivent s'6coular sont minirrales (fig. 5)'.
vitesse de combumiton lorsqu'il y a Dana certains cam dam diff.irences de
changement de lot des ingr~dienta les plus pression avant-arri~re de plumieurm MPa ont
actifs (particuli~remeit PA at catalyseur). 6t6 rancontrs.
11 eat possible d'agir mur la proportion
dam divarsem granulomt-ies at sur le taux Au stada de l'avant-projet, il eat
de catalyseur, s'il y an a (cette derni~re n~cesmaire de quarcifier de fagon rapide at
m~thode eat g6ndralement recommandda). Mdma simple lintenaitA probable dam effeta
avec lea m~mas mati~ras premi~ras das d'dcoulamant Le tableau I Asume lea ordrem
variations du procdd de fabrication de grande..r des principaux param~tres
peuvent influencer la vitesse, par example influents *: Kp at J at em effets
le tampa d malaxage (broyage du PA de correspondants observ~s
granulom~tire Alav~e). Nous varrons plus
loin qua le procdA de coulda pout j . K<p oOi Kp eat le serrage
Agalemant la modifier. K

local dana une section consid~r~e du canal:,
La figure 3 r~sume lea plages de vitemma de rapport de cette section A Vlare da la
combustion des principales families de surfce de combustion en arnont de calla-ci.
propergols industrials.

Coefficient da temo~rature Kp eat 116 au d~bit masse unitaire C

GrAce aux effets plateau ou m~ma, lam GC v Kp

propergols double base peuvant conduira A J donna une id~e de la vitemma maximale
des coefficients de temp~rature trbm des gaz (on a approximativement J=M, nombre
faibles. Cadi eat g6n~ralament d'autant de Hlach, dana la section de sortie du
plum difficila A obtenir qua l'Anergia (le canal) at das difficult~s de balistiqua
poteritiel) du propar~gol eat 6levde. intdrieure suscaptibles d'6tre rencontr~as.

Lea valours deTTp, pour lea composites du Des valaurs 6Aevdas de J at m~ma J~l
PA mont g6ndralament de l'ordre de 0,2%* (moteur sans tuybre) pauvant 6tre utilisdes

C-1.m is a 9om~trie du bioc eat adapt~e A

Autres orooeroola , nous nous bornarons A - des gradients de prassion Alav~s;j
.ue'quea indications. - une combustion 6rosive 6iev~e;,

- une phase d'allumage d~licate.
L'introduction d'une nitraminA dans lea
propargols double base conduit g~n~ralement Combustion 6rosive : l'augmentation locale
A une r~duction du niveau do vitease. Pour de la vitasse de combustion due A
dam taux de charges limitds (quelques l'Acoulement tangent A la surface du
dizaines de pour-cent) la cin~tique de propergol par rapport A la vitease mesrde
comibustion du propergol eat cependant sans 6coulemeprt important eat appel~e
modifide (fig. 4). Pour des taux 6levds c ,mbustion 6rosive. La valeur de Kp du

$ --SA 3i
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chargement donne une id~e du risque de Eff! debr - Celui-ci peut 6tre
combustion 6rosive. Ce ph~nom~ne eat dQ A particuli~rment mis en 6vidence lors du tir
un accroissement des transf'irts de chalaur de blocs pleins en combustion frontale dans
de Is zone de flamme A la su~rface de lesquels apparait une progressivitd
propergol. De nombreux modbles physiques inattendue de Is preasion mu cours du tir.
ont dt6 6labords pour reprdsenter et Des extinctions en cours de tir font
quantifier Is phdnom~ne (8) (9). apparaitre une augmentstion de la surface

de combustion qui s'explique tr~s bien par
Lea mod~les monodimensionnels soot un accroissement de is vitesse de
g~n~ralement assez bien adapt~s pour Ie combustion au voisinage de l'inhibiteur
calcul de la balistique interne de entrainant une formation progressive de
chargements tactiques syant des LID 6lev~s c6ne.
avec une section de canal central Pau ou
lentement variable suivant l'axe. La Cetta modification locale de is vitasse
pr~cision de ces modbles (environ 5% sur Ia peut avoir de trbs nombrauses causes,
points de preasion A l'allumage) permet de certaines sp~cifiques aux blocs brulant en
d~finir des chargements avec des J dlev~s combustion frontale, d'autrs qui peuvent
et une combustion drosive iaportante dana s retrouver done tous lea types de
Is partie a-ibre du canal. Lea modblas bi chargements.
et surtout tridimensionnals incluant Is
combustion 6rosive sont beaucoup momns mu Lea principalas causes peuvent 6tre lea
point et d'une utilisation difficile. suivantes

Des mod~les pr~di'-tifs satisfaisants -plus fo'-te concentration de particules
existent aujourd'hui pour lea propargols fines mu voiamnago de I'interface
composites as ils manquent encore Cperchlorate fin, catalyseura
relativement pour lea propergols contenant balistiques, etc...);
des nitramines qui paraissent nettement
momns sensibies A ia combustion 6rosive. -migration d'ingr~dients liquides du

propergol dana is protection thermique et
La combustion 6rosive eat souvent modification locale de Is composition
rencontrde dans lea moteurs tactiques en augmentation locale du taux de charges
raison de leur dlancament et de solides dana lea composites, migration de
coefficients de remplissage dlevds. Elle l'aster nitrique dona lea propergols A
eat souvent consid~rde coma un probl~me ou double base;
une contrainta du dimensionnement.
R~ciproquement, il y a de plus en plus de - dchauffement du propargol par conduction
cas o6i ls combustion 6rosive eat utilis~e des mat~risux au voisinage de i'interface
dana Ie dimensionnement pour aieux lorsqu'il existe des interstices
satisfaire lea sp~cifictions de propulsion, alimentds par lea gaz de combustion.
En g~ndral de fortes pouss~s initiales
sont recherch~es et la combustion drosive Effet Hump ou bosse - L'analyae des courbes
peut fournir Ie suppldment de pouss~e que de pression et de pouss~e en fonction du
is surface initiale ne peut fournir A elle temps de tirs de chargements en propergol
seule. composite montre que Ie procdd de

fabrication a une influence aur la
5. PREVISION DES CARACTERISTIQUES cin~tique de combustion de propergols
BALISTIQUES, ANOM4ALIES ET DISPERSIONS composites. On observe par exemple que lea
BALISTIQUES courbes de pression de blocs standards du

contr~le baliatique coulds A oartir du m~me
Lea caract~ristiques cindtiques mesurdes propergol et mis en forme avec noyau en
bora de tirs de petits propuiseurs standard place ou par noysutage apr~s coul~e
doivent souvent Atre corrlgdes de queiques prdsentent des diff~rences
pour-cent lors d'un changement d'dcheile du caractdriatiques. On observe aur la figure
moteur. Le proc~d6 de fabrication et sea 6 qua Ia courbe relative mu premier type de
variations peuvant 6galement avoir une bloc pr~sente une bose caract~ristique A
certaine influence sur lea caract~ristiques mi-6paisseur brul~e. on observe An outre
de combustion du propergol. Cas facteurs que
doivent Atre pris en compte pour une bonne
pr~vision des caract~ristiques balistiques & A a-dpaisseur Is vitease de combustion
d'un moteur. eat toujours supdrleura de 3 & 7% pour

les blocs mis en forms avec noysu en
L'erreur possible sur is, lol do vitesse de place-
combustion rdelle du propergol dana le
calcul balistique d'un nouveau chargement - 'aaplitude de Ia bosse de pression nWest
eat probablament Ie facteur qui a ls plus pas fonction de is vitesse de combustion
d'influence sur la pr~vision de la loi do de la composition. Des extinctions ont
presslon ou de pouss~e du moteur qul par ailleura montr6 que ls surfsce de
l'utilise. L'expdrience prdasible accumul~e combustion eat dana lee deux cas tr~s
bora du d~veloppement de moteurs de proche de Is surface th6orique : ii fsut
configurations varis eat importante pour dcnc attribuer cat effet A une variation
recaler lea pr~visions si blen qua lea de le vitease de combustion en fonction
donndes correspondantes sont souvent de l'dpaisseur A bruler.
gard~es confidentlelles par lea soci~tds
qui d~veloppent de nouveaux moteurs. Certaines explications ont 6td avancdes

(10). A Ia coul~e des zones enrichios, en
Nous examinarona A pr~sent troi8 types liant a. crderaient par etrates au contact
d'anoaalles balistiquos susceptibles de du noyau et do la structure dana 1. cas de
modifier la pr~vision issue d'un calcul ls miss en forme noyau en place. Les zones
.naff" at souvent rencontrdcs dana la enrichies en liant brOlent moins vito, ce

pratique. qul expliqueralt quo ls vites.e do
combustion solt fonction do l'6paisaeur
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combustion soit'fonction de I'dpaisseur trouvent lour source dans les variations
br~ide, alors qua ces strates sont des matibres premibres et du proc~d6 de
d~truites au noyautage, abrication.

Une ioi de type V2/Vo~f(e) oOi e est G. INSTABILITES DE COMBUSTION
1'6paisseur A brOler pout Atre 6tablie
exp~rimentalement et utilis6e dans les Le ph~nombne d'instabilitd de combustion
avant-projets. peut se pr-oduire lorsque des perturbations

excitent lea modes acoustiques de is
Influence des sollicitations m~caniaues chambre de combustion. Des facteurs
Des sollicitations m~caniques apparaissent d'amplification ou d'amortissement vont
darns lea chargements moul~s-colids lors des intervenir , couiement, particules
cycles thermiques auxquels eat sousis le condensdes dana lea gaz, tuy~re, etc... .qui
missile et bora de Is miss sous presaic.i du peuvent conduire A une aggravation ou une
tir. Dana certaines zones de chargemantsaen att~nuation du ph~nom~ne. Ce ph~nom~ne pout
propergol composite soumises A des se traduire par des vibrations de pression
contraintes internes importantes, une et une augmentation de pression moyenne
ddcohdsion entre lea charges et le liant qui, dana cartains cas, peuvent atteindre
peut apparaitre. Le propergol acquiert un niveau inacceptabie.
alora jne porositd interne et devient
compressible at is vitesse de combustion Pour 6tablir un bilan sur le risque
eat modifide. La figure 7 illustre cet d'appariticn d'instabilit~s, une proc6dure
effet aur un brin de propergol dtird puis en deux dtapes eat gdn~ralement employe
inhib6 avec un mat~riau de raideur thdorie lindaire).
suffisante pour maintenir 1 ailongement.

La press ion acoustique dana is chambre eat
Dana ces condtions, si V'on vout dresser un reprdsontde par
biian de nos capacit6s prddictives lora de P/ZYLL
ia miss au point d'un nouveau moteur, nous L'.. i'(JLr(\ (-i
sommes tent~s, compte tenu do notre 6- =J
exp~rience, de faire iasaynth~se suivante
si V'on caractdrise par eaemple l'erreur Po =pression soyenne
possible sur is pr~vision a priori de la P" pression instantande au point M
courbe de pression d'un nouveau moteur, ii i= pulsation du mode de rang i at de
y a daux cas extremes en l'absence de frequsnce fi
combustion 6rosive i= forms du mode spatial de rang

1= coefficient d'amortissement ( i i 0)
- Soit ii s'agit d'un propergol d~jA bien ou d'amplification ( i 0) du mode de rang
connu at d'architecture ds chargement
sinai qua d'associations de mat~riaux La premi~re dtape consists A calcuier lea
d'am~nagsmant interne 6galement bien modes acoustiques sp6cifiques de is cavit6
connues at test~es dana des dimensions en utilisant g~n~ralement des m~thods
analogues. Dans ca cas, l'dcart antre d'616ments finis.
p~vision at tir peut ne ps d~passer 2%.

La deuxibme dtape consists A calculer
- Soit ii s'agit d'une architecture trbs Ces calculs doivent utiliser des 4l*6ments

nouvelle at d'asaemblages de mat~riaux d~crivant la rdponse acoustique du
6galement nouveaux. Dana ce cas, i'erreur propergol, l'effet des particuies
de prdvision peut atteindre, voir condens~es, etc ...
d~passer 5%.

Salon la valour de , somme algdbriqua des
S'il y a de is combustion 6roaive, ii pout coefficients de gain ou d'amortissement, ii
s'y ajouter une erreur de pr~vision qui est possible d'appr~cier 10 risque
peut atteindre 10 A 15% de ls valeur de Is d'inatabiiit6. Pour un mode ds fr6quence
points de aurpression drosive. fi, une valeur de i sup~rieure A 0,1 fi

ir'lique una tendance significative A une
Il faut cepandant noter qua d'auties causes instabilit6 de combustion, is g~om~trie du
d'srreurs ou de dispersions balistiquas que chargemant ou le propergol doivent atra
nous ailons examiner A pr~sent pauvent slors modifids.
intervenir. Una pr~s.,ntation r~cante (11)
analyse lea causes at l'ampleur des R~oonse acoustioue du orooergol - Le
dispersions balistiquos, en examinant facteur do gain 116 6 la r~ponse acoustique
l'influence de divers param~tres sur Is du propergol eat souvent calcul6 & partir
variabilite des durdes de combustion. Lea de assures au propulasur an T. D'autres
coefficients de variation rolatifa A ls techniques utilisent is modulation
masse de propergol, A as densit6, au p~riodique forc~e d'un moteur standard. Ces
coefficient de d~bit, A l'airo de col de dispositifs sont trbs limitds en fr~quence.
tuybre sont ralativement faibles. Lea Des modbles de is r~ponse ont 6td dlabor~s,
facteura pr~pond~rants sont bas~s sur is description de Is zone do

combustion. Culick (12) a propos6
- ia varlabilit6 de Is surface do l'exprossion suivante
combustion (variations de g~om~trie lides
au proc~d6 de fabrication -,ddsaxago du
noyau par example) qui peut s'oxprimer R A_____E; ____

lora do ia pr~vision d'un promier tir par A - +)fABIa m~connaissance de la surface do
combustion exacts (compte tonu des
roff-oldissomonts, d~formations, etc...) 00"

aprb cuison u chrgemnoat une fonction complexe do ia fr~quence
- les variabilit~s sur la vitease do ot Il'exposant do pression do 1la 101 V-. aps
combustion r~slie du proporgol qui A et B sont des constantos issues d'une

LN-.
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analyse physico chimique (6nergies ph~nom~ne r~sultait de la rupture m~csnique
d'activation, temp~rature de surface ...) du propergol vitreux A cette temp~rature

par r~sonance due au couplage du aolide
Problgmes oratioues d'instabilit~s do avec lea vibrations du gaz dana la cavitd;
combustion et rembdes possibles preonombne amorcd par l'6branlement dO A la

rupture de l'opsrcule.
Lea inatabilitds acoustiques sont
g6n~ralement ciassdes en deux grandes Un essai montra qu'un changament dons lea
catdgories . transverses (radiales et conditions d'allumage permettait d'6viter
tangentielles) at longitudinales. 'iricident. D'autres essais montrbrent

qu'un changement l6ger de 1a g6op~trie de
-Les instabilitds transverses des moteurs la section dtoilde du canal central
tactiques en raison de leurs dimensions aboutisant A un changement des fr~quences
ont des frdquances 6lev~es (10000-50000 des modes propres permettait 6galement de
Hz) et ls rdponse du propergol eat slors rdsoudre le problbme. Lea deux rem~des
tr~s difficils A assurer. Cam furent finalement appliquds.
instabilit~s sont souve:,t observ~es avec
des propergols non alumin-s~s car ces Dana un autre cas o6, compte tenu de
modes sont souvent bien amortis lorsqu'il l'dchslle, des essais sur motaur rdel
y a des particules condensdea dens lea 4taient dgalement possibles, 11 a Atd
gaz. La risque d'spparition de ces montr6 que parmi toua lea param~tres
instabilit~s eat difficile A eatimer a influenta possibles, la variation de ceux
priori et des critbres semi-empiriquas ralatifa A le gdomdtrie du bloc avait le
doivent Atra appliquds. plus d'effet. En particulier une section

6toilde syant un nombre de branches impair
GUndralament un domains stable pour un 6tait plus favorable pour la r~duction des
propergol donnd peut 4tre caract~risd par instabilitds qua la g~om~trie an ayant un
una pression de chambre at is rapport de nombre pair (14).
is longueur A un diam~tre dquivalent du
canal central. Influence de la Dreasion

Lea principales "racattes" pour agir sur L'influence de ia pression de
lea instabilit~s transverses consistent A fonctionnement a 6td systdmatiquement
jouer sur : tudide de faqon empiriqus dana le cas de

rhargements de propergol double base,
-des changements de g~om~trie qui particuli~rement sensibles aux instabilit~s
modifient la fr~quence des modes transverses. Les fr~quencas sont lides A la
propres de is cavitA;, g6om~tris du canal central. A aerrage

constant, pour un chargement de diam~tre
-un changament de is pression moyenne donnA 0, ii exists g~n~raismant une
pour se rapprocher du domains stable,, longusur L au-deasus de laquelle

apparaissant des instabilit~s (figure 8).
-l'utilisation de structures On pout 6tablir un domains D, L/D
amortissantes dana is cavitA : tige de d'instabilitA qua V'on caractdrise par ia
r~sonance, barri~res, etc. . .- d~rive de pression nominale:, P/P. On

montre 6galament qua las presalons jouent
-addition d'une faibla quantit6 de un r~la important :absantas A preasion
particus rdfractaires (carbure de Aiev~e, slls appaaissent an revanche vera
silicium, de zirconium, alumina ... ) las basses preasions qui correspondent
choisies pour fournir l'amortisaamsnt g6n~ralement A ia limits infdrieure de
maximal A Ia frdquence consid~r~s. l'effet plateau. 11 at possible de d~finir
C'sst probablement de nos jours ie une preasion seuil ou un aerraga seuii au-
procdd is plus couramment utilisA car delA duquel ii n'y a plus d'instabiiit6.
ii a g~ndraisment peu d'influence sur
ia loi de vitesse at ie dimensionnement Structures amortiasantes (R~sonataur
du chargement. d'Helmoitz, tige de r~sonance). La tige de

rdsonanca eat is dispositif is plus
Nous examinerona A prdsant des examples de utilis6. 11 eat constitu6 par uns tige
chacun de ces proc~d~s. encastr~s A l'avant du propulseur qui

occupe tout ou partie de is longusur du
G~omdtr is canal. Las sections rectangulaires ou

cruciformes de ces tigas sont lea plus
Nugeyre at al (13) ont prdsent6 un cas do efficacas a lias ampdchent ia rotation des
couplage acousto-atructural dana un gaz at suppriment lea pica de prassion,
chargament libra an propergol double base aurtout au d~but du tir. Ce type de rem~de
chargde en hexog~ne. Cs coupiage provoqusit a 6t6 appliqu6 de faqon souvent trbs
Vexplosion du motaUr A laliumaga A -40' empirique A de nombreux chargemants de
apr~s rupture de l'opercula. AU pr~alable, propergol double base. Une combinaison de
des essais tres satiafaisants avaient lieu catta technique avac l'amortissement par
A toutes temp~ratures sur un moteur A pau Particulas solidas a 6t6 d~crite (15) isl
prbs identique isl seuls diff~renca Atait tige eat anrob~s de sulfate de potassium
un accroissament de 1,4mm du diam~tre de is qui joue is double r~le de fournisseur de
structure et du bloc. Aucuno dca hypoth~ses Potassium busceptibie d'empcier )a post-
habitualles ne pouvait expliquer le combustion dans i'atmosphbre des gaz de
phdnom~ne. Un calcul des modes propres de combustion at de g6ndrateur de particuls
is cavitd montra qua is fr~quenca du solides dana is chambre de combustion.
premier mode trans'.erse 6tait extrdmememnt
procha d'un mode propre longitudinal du Amortiasement oar Darticules - La figure 9
solids (860 contra 856 Hz) alors qua ie montra l'6volution des inatabilit~s de
m~ine calcul sur ia premibre d~finition combustion pour un chargement an propergol
conduisait A une diffdrenca nettamant plus SD dana lequel on incorpora un taux
importante. 11 fut conjectur6 qua le croissant d'un additif r~fractairs dont ia



granulom~trie a dtd choisie, compte tenu de l'octogone. Les caract~riatiques de
sa densit6 pour avoir l'effet combustion de ces produits sont tres
d'amortissement maximal sur le mode nouvelles et les premiers easais montrant
acoustique responsabla des instabilit~s. de grandes difficult~s A maltrir~er les

exposantt do pression et les coefficients
7. NOUVELLES COM4POSITION4S, NOUVELLES de temp~rature. Ces nouveaux produits
ARCHITECTURES, NOUVEAUX PROBLENES devraient donc relancer les 6tudes de

m~canismes de combustion. Par ailleurs,
Dons lea trente dernibrem ann~ea, s'agissant de propergoim discrets gdn~rant
l'6volution des propargols a 6t6 peu d'espbcos condansdes dona la chambre,
assentiellemeit caract~ris~e par la lea problbmes d'instabilit6 de combustion
recherche d'une augmentation des risquent de se poser A nouveau.
performances 6nerg~tiques et d'una
adaptation des caractdristiques cindtiques Parall~lement, de nouveaux concepts et de
aux sp~cifications des missions envimagdes: nouvelles architectures de chargement
augmentation des domainas de temp~rature, 6mergent dans lea applications.
extension des domaines de durdes de
combustion, etc ... Ces syst~mas requi~rent des propergols

prdsantant des caractdristiquam de
Au plan des applications militai rem depuis combustion particuli~res et doivent
quelquas ann~es, est apparu le besoin 6vantuellemant pr~sentar en plus lea
d'accroitre la suret6 de fonctionnament et caract~ristiques de vuln~rabilit6 r~duite
la survivabilit6 des plateformes de combat et de discrdtion. Il s'agit en particulier
(bateaux, avions, chars ... ) dans l'arnbiance des propulseurs sans tuybre, deL
du champs de batailla ou dans des propolseurs pour syst~mes hypervdloces et
circonstances accidentelles, ce qui des noteurs A impulsions multip'es ("pulse
entraine en particulier au niveau des motors").
ensembles propulsifs la n~cessitd
d'augmenter leur discrdtion pour diminuer Prooulseurs sans tuv~re - La principe de
la ddtectabilit6 at leur sensibilit6 aux fonctionnemant de cam moteurm conduit A une
agrassions telles qua. incendie, impact courbe de preasion chambre fortement
par fragments ou par balles, d~tonation par d~gressive (associde A une poussde
sympathie. fortament progressive). L'optimum du

fonctionnement conduit A recharcher un
Au plan de la vuln~rabilit6, des compromis sur i'exposant de pression ,pam
amdliorations progressives pauvent Atra trop diav6 A haute prassion au d~but du
apport~es par des dispositions tir, pins trop faible A base preasion pour
companmatoires ,syst~mes de d~confinemant ne pas avoir une impulsion spdcifique trop
rapide ou structures en matdriaux adapt~s faibia an fin de tir. D'autras
action mur las propergols pour modifier complications peuv3nt apparaltre avec la
leurs caractdristiques da combustion , combistion 6rosive sinai qua par suite
r~duction des vitammes de combustion A la d~formation du chargement sous press on
basse pression aprbs d~confinement, qui modifie le sarrage.
etc... maim pour respecter toutem las
sp~cifications at obtenir des propergols Propulseurs pour-svat~mes hypery~loces -
r~ellamant insenmibles ii eat n~cessaire Dans cam propulseurs, une impulsion
d'agir plus profonddment sur la composition maximale an un tampa court eat souvent
des mat~riaux dnergdtiques. racherch~e. L'optimisation du moteur

condLit A le faire fonctionner A une
Ceci eat particuli~rement vrai pour lam pression moyanne Alevde typiquement
propergols d~tonables loraqu'ils sont comprise entre 150 at 250 bars, domaine
amorc~s par onde de choc qua mont les dana laquel la maitrime des axposants de
propergols A fumde minimale du type double prassion eat momns bien assurde.
base, nitramites, EMCOB. Ii faut alors
avoir recours A de nouveaux ingr~dients Moteurs A impulsions multiples - Dana cam
dnergdtiques qui peuvent soit Atre utilis~s moteurs de missiles qui pr~sentent souvent,
pour augmenter l'6nergie des compositions aprbs une propulsion classique, una phase
actualles, soit 6tra utiiisds au mdma do vol sarodynamique suivie d'una impulsion
nivaau d'6nergie ou A un niveau inf~rieur en phase terminale, il sarait souhaitable
an am~liorant lam caract~ristiques de de pouvoir disposer de tr~m grandam
vuln~rabilit6. Ainsi le PAG, polyazide de vitessas de combustion dans la phase finale
glycidyle, nouveau polymbre dnergdtique afin de rdaliser una combustion frontale,
peut Otre utilisA en cunjonction avac des cam vitemmem na pouvant pam toujours 6tre
nitramines ,hexog~ne ou octog~na ou bien obtenues avec las propargols classiquem
Wte coupl6 avec dam oxydants beaucoup m~ma avac l'utilisation de is combustion
moins Anergdtiquas tels qua le nitrate pilot~e par film.
d'ammonium pour augmenter le diambtra
critique dam compositions discr~tas.
0'autres recharches mont en cours On voit qu'il y a encore bian du travail
conduisant A envisager d'autres charges pour lea chercheurs at lea technicians an
solides nitrdes qua l'hexogbna ou mati~bra de combustion.

Q "'
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Tableau I

Effet du rapport d'autoserrage sur Is nature et 1'intensit6
des ph~nombnes dus aux 6coulements dans un chargement

K Prasence de combustion Valeur de 1'6cart

<50 non

s0 a 100 oui pour v -- 10 mm/S
Faible dans tous les cas

<0,2 100 A 150 oui pour v <-20 mm/s en gdnaral
inf~rieure A 5% de p),

>150 oui pour toutes les compositions
Tras importante pour

v azz10 mm/ s

<:50 non

so A ioo oui pour v <_ 10 mm/S
Environ 10% dep.

0,2 A 0,35 100 A 1s0 oui pour v < 20 mm/s pour J =0,3

>1150 oui pour toutes les compositions
Tras importante pour

v 10 mm/s

< 50 oui pour v .- 10 mm/s

0,35 A 0,5s 5 u pu 0m/ Environ 15% de p.,,
~-i50 oui pour toutes les compositions pour J =0,4

Tris importante pour
v <10 mm/s

-<50 Oui importante pour
et de v < 20 mm/s

30 A ISO
0,5 & 8 Peut atteindre 40% de p.

=150 oui pour toutes les compositions
Tras importante pour

v <10 mm/s

oui La pression dans la section
1 Pour Intense pour v.:: 10 mm/s sonique eat telle que

toutes Importante pour v -20 mm/s p 0,56 Pa,
valeur Faible pour v-<:: 30 ms/s

P-pressioi de fonctionnement mesur~e A 1'avant du chargement.
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Figure 2: Courbes vitesse-pression typiques d'un propergol double-base
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Figure 3: Impulsion spdcifique pratique standard et plages de vltesse de
combustion des principales families de propergols
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SOLID PROPELLANT STEADY COMBUSTION-PHYSICAL ASPECTS

Guy LENGELLE, Jean-Robert DUTERQUE. Jean-Claude GODON, Jean-Francois TRUBERT
Research Scientists. Energetic* Department

Office National d'Studes et de Recherches Abrospatiales
29. Avenue de la Division Leclerc

92320 CHATILLON (FRANCE)

ABSTRACT INTRODUCTION
A review of the understanding of the Much work has been devoted in variouscombustion mechanisms of solid propellants is countries to investigating the combustionpresented. Such an understanding is an mechanisms of solid propellants. It is timelyimportant part of the process carried out to to bring together the information on themaster the behavior of solid propllants and combustion of the individual components asto obtain desired characterist-cs (with well as of their combination intorespect to energetic level, burning rate propellants. This review is about thelevel, sensitivity to pressure and initial existing components and propellants : double-temperature, nature of emitted combustion base propellants and active binders, inertproducts, vulnerability to various binders, ammonium perchlorate, HMX and theaggressions...). corresponding composite propellants, ammonium

perchlorate - inert binder (plus possiblyThe propellants and propellant components aluminum), HMX (or RDX) - active binder.
considered are • The viewpoint adopted here is that of thedouble-base propellants, based on understanding of the combustion behavior ofnitrocellulose and nitroglycerin, propellants. Therefore as much information as- active binder, based on an inert polymer possible is presented about the fundamentalsand a liquid nitrate ester, of the processes (thermal properties,- inert binders, such as polybutadiene, kinetics in the condensed phase and in the- ammonium perchlorate, gas phase...), whereas no attempt is made to- nitramines, such as HMX, establish a complete catalog of practical- composite ammonium perchlorate-inert biader results on various propellants with differentpropellants, particle sizes, catalysts, variations on the- composite propellants based on a nitramine percentage of ingredients.
and an active binder,
- aluminum, with respect to the two previous Some space is taken up by physico-chemicaltypes of propellants, modeling. The aim is not so much to give the- additives, when appropriate, elements of mathematical descriptions which

could be used for a priori computations ofThe features of the combustion zone described burning characteristics of propellants (toare the extent that such computations are
possible). The point is more to put to test- in the condensed phase, the thickness of the hypotheses made on the mechanisms ofthe temperature profile and of the combustion by incorporating them indecomposition zone, the kinetics of the reasonable models and confronting the resultsdecomposition, the energy released, the thus obtained to experimental data.

nature of the gases evolved, the surface
temperature, These descriptions can also be viewed, along-

in the gas phase, the type of flame side with the data given for each component
structure (diffusion or kinetically or propellant, as useful for coping with thecontrolled), the possibility of staging (such regimes of combustion which go beyongas in double-base propellants), the kinetics stationary combustion ! that is erosivesof the reactlon(s), the energy released, the burning and unsteady (under pressureof t h r a c i o ~ s , h e e n rg r l e s e , h e e x c u r s io n s o r p r e s s u r e o s c i l l a t io n s )flame temperature (primary and final, when combustion responses.applicable),.obsinrsoss
aThe 

table below gives information about theIt is concluded that a fairly proper various types of propellants of actual use.knowledge of the combustion of the various
comronents and propellants has 'een acquired Double-base propellants (made by the(to be now extended to new ir4redients, extrusion or powder casting techniques) areoxidizers or binders). Furthermore, based on used in anti-tank rockets or missiles and inthis knowledge, a first approach modeling some tactical missiles. Their main advantagedescription can be achieved, which should be is that they produce a minimum amount ofimproved progressively in the next few years. smoke (only from a small amount ofSuch a description can be useful in additives).
accompanying the elaboration of newpropellants and in preparing the Composite proellants based on ammoniuminvestigation of more complicated regimes perchlorate (AP) without aluminum generatereduce smoke, MiadH0vapor willsuch as those of erosive burning and of non- reced moHC and H20 pe undestat-ionary response. precipitate into droplets in the plume undergiven temperature and humidity conditions.

They are used for various tactical missiles.
With aluminum, they are widely used in
missiles and space launchers. They produce
alumina smoke, which, in the case of space

j" ,
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Performances / characteristics of various propellants

PROPELLANT ICOMPOSITION pv g/cm
3  

I,(70/1) theor. hPPLICATIONS/CHARACTERISTICS
(main (pract.)
ingredients) _

Extruded DB Nitrocellulose 5 230 s - Anti-tank rockets and missiles
Nitroglycerin s 1.66 . - 10 s) - AS rockets- Some tactical missiles (SAJ

Minimum smoke

Powder cast Nitrocellulose s 225 - Anti-tank missiles
DB Nitroglycerin s 1.66 (- - 10 s) - Some tactical missiles (AS)

Minimum smoke

P compositeEx 88% AP - 1.72 - 250 (- - 10s) - Some AS rockets
12% HTPB - Some tactical missiles

Reduced smoke (HCI-H 20)

AP composite x - AA tactical missiles
with 68 AP - 20 al. - - 1.82 265 (- - 20 a) - Anti-ship missiles (booster)
aliminum 12 CTPB - Tactical ballistic missiles

- Strategic ballistic missiles
- Apogee motors
- Boosters for space launchers
(Titan III, IV, Space Shuttle,Ariane V...)

Smoky (A1203)

HMX (RDX) HMX or RDX - < 1.75 < 255 (- - 15 s)- Anti-ship missiles (cruise)
composite XLDB binder - SA missiles

Minimum smoke (without AP)

HMX - Strategic ballistic missiles
composite (upper stages)
with XLDB binder 1.87 273 (Trident, MX...)
aluminum Smoky (A1203 )

Rores: a or3ss it, may A 4. Annales dies mines, jan-rab. 19-.
6ronautique at Astronautiue, n" 138, 1989.

launchers, could be considered in the future General background on the combustion of
to be undesirable (along with HC1). double-base propellants can be found in

references (1-6].
Composite propellants based on nitramines and
an "active" binder (cross linked polymer with Double-base propellants are made in a number
nitroglycerin or other liquid nitrate esters) of ways. When they are rolled or extruded,
are used more and more. Without aluminum, the components are nitrocellu~ose and
they are in the minimum smoke category and nitroglycerin, to which some stabilizers such
they replace DB propellants. With aluminum, as centralite and plasticizers are added.
they reach the highest specific impulse and When they are cast, a casting powder (made of
density and are used so far for upper stages nitrocellulose, some nitroglycerin, and the
of strategic missiles, various additives) is swelled within the mold

by a liquid mixture of nitroglycerin and
The combustion of the components and then of triacetin. The grain thus obtained is then
the various propellants will be seen in the inhibited and used free standing in the
next chapters. motor. The propellant ingredients can also be

mixed, cast, cross-linked, and the grain case
A few general references about chemical bonded.
propulsion, solid propellants and combustion
can be found at the end of the main text, Depending on the relative amounts of
ahead of more specialized references nitrocellulose and nitroglycerin, the
introduced progressively in the following energetic level of the propellant can be
chapters. increased or, in the usual terminology, its
COMBUSTION OF DOUBLE-BASE PROPELLANTS ANL "heat of explosion" or "calorimetric value",
ACTIVE BINDERS that is, the heat evolved in a calorimetric

bomb by combustion under an inert atmosphere.
1. Introduction One can then talk about "cool" and "hot"

compositions.
It seems appropriate to consider double-base - H,C-ONO,
propellant combustion mechanisms in the first [ 1 H N
place because they correspond to relatively J C-O 0 6 -, H
simpler premixed processes which lendbecase heyhavebee inestgate fo ~ NOONO Czthemselves to a better understanding and C 0because they have been investigated for a O-> C ,_o L_o0

long time (starting in the 1950's) in the US, 0 , KH/..... H
USSR, UK, Japan and France in particular. L NO,
As will be seen, the mechanisms involved in

the combustion of double-base propellants H Nitrocellulose
will apply as well to the active binders HC -_C- CH,
(- 1/3 polymer, - 2/3 nitroglycerin, or 6

NO, ONO, N Nitroglycerinanother liquid nitrate ester). N
Example of composition : 1100 cal/g
propellant, 52.25% NC, 42.75% NG, 5% others.

I I I o II |l - -l .- 'nnul~'.n v- *a ••
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Double-base propellants are used in small and V- A
medium sized rockets and thus exposed to '- f
varying ambient temperatures. The sensitivity
of the motor operation to temperature depends O A.,
upon the propellant burning rate sensitivity 50
to both the temperature and the pressure. As
can be seen on Fig. 1, the pressure exponent,
in the usual empirica' law vb _ p", is around
0.7 and increases to nearly 1 at high
pressure. Super-rate effects (Fig. 2) are
created by the use of additives, most often i0.fo - -

lead and copper salts combined with carbon . y
black. At the end of the super-rate zone, the .05 1
burning rate falls back to that of the 5 - - -

control propellant, with the occurence of a
nearly zero pressure exponent zone, a
"plateau" effect, or a negative exponent
zone, a "mesa" effect. These terms are used
by analogy with topographical features. A
fairly complete set of results can be found -.. . ......
in reference [6]. It is only in these reduced P 10 50 100 No Iw0

pressure exponent zones that the propellant s W Vfr
is used to minimize the motor operation .No P.P 1,,, 10 0wo.

sensitivity to ambient temperature. Due to 0 V",hM WM I5CW5.311K
this fact, the study of the combustion of A M Is,.Qzoe
propellants without additives should be a O.vu 0 ,0 )
conceived only as a first step leading to an F. BURNIGRATEVSPSSURELAWS DOUBLE-BSEPROPELTS
understanding of modified (that is, with
additives) propellants. 100

2. Flame structure 10/

From the works mentioned previously it is 50
possible to describe the combustion wave
structure of double-base propellants, in
particular its chemical processes, see
Fig. 3. The various data will be discussed
and justified later. Gas analysis results are
from reference [7]; they refer to mass
fractions. a _0__

The propellant components pass unaffected 100,
through a preheated zone of a few tens of s .44.2---- -

micrometers in a few milliseconds and reacha superficial degradation zone (or "foam" ~
zone in the early literature) where the
temperature becomes high enough for the
molecular degradation to take place,
initiated by the rupture of the C-O-//-NO2
bond. Simultaneous recombination occurs so I
that a mixture of NO2 , aldehydes, but also NO 10 50 00 so 1000 Pso

emerges from the surface and th, net energy - V C.5, :2hS, 2P8 SAO

balance of the degradation is exothermic. At .I We~Weak
pressures under about 100 atm, a clearly -_ Qstprol.,s Q i4.I.8dwUs+eaWWPS
separated primary flame ("fizz" zone) and a "
secondary flame ("luminous" flame) are -.- very .Psr ( Velyh5propIASCaudl
observed, the first involving N02-aldehydes
reactions and the second probably NO-CO Fig. 2 SUPER-RATEEFFECTS-DOUBLEAIASEPROPELLANTS
reactions. In this pressure range the 1 SUPERSIC L EORAONAON ZONE SECONDARY(LUU"NOUS)

secondary flame is too far away to have any (FOM ZoE) FL
effect on the surface or even to induce a C 0 /lNO-.O4h7NO2  NOICO
temperature gradient into the primary flame.
The burning rate is then entirely under the P IMAYFMFIZZZONE
influence of the latter. This corresponds to NOALoEYDEs
a burning rate/pressure law with a 0.7 1OCARSON
pressure exponent (Fig. 1). As the pressure
increases, the secondary flame enhances and INDUCTIO (ARK)
then merges into the primary flame and a '._EAIE.[ ZONE 2
transition is observed to a zone with a ZONE
pressure exponent close to 1. When the
secondary flame is fully developed, even at
pressures for which it does not yet influence SURFACE ENDOFFLAW ENDOF
the burning rate, the final products (N2 , CO, -2 -022 N

C02, Hio and H2 ) and the final temperature Clo2 021 ALOSH

(2100-3100 K, depending on the heat of NO 014 NO 026 NO
explosion) are attained. N2  014

0CO 042
C0201 02 1:002 020The following table gives data relative to o0 004 V20 014 "0Of$

the various zones of the combustion wave. - 42 ? 000

Figuen florOf 1100 C&.4 PdO sL SlaawSewd SOy (O111 ) 118 Irs lsw "M 9" aly"
Fig. 3 VARIOUS ZON$ IN THE COMBUSTION OF A DOUBLE BASE - PROPELLANT

- - .-. K: 1/ ;Z: '< I..r .
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0 a, The residence time through this conduction
-00/ "- - zone is

100o -0 -.atm Tcond. = (dP/v
2b) In 102 (4)

about 4 ms in this example; a very short time
for a temperature increase of 400K.

as I Is 2 The superficial degradation zone has its

Pressure 10 50 100 thickness ruled by the conservation of the

atm. non degraded propellant mass fraction Yv :

Vb mM/s 1.9 6.7 10.6 ppvbdYp/dx = - Pp Ac exp (-E./RT), (5)

T., K 610 662 685 with the decomposition represented by an

Preheated Arrhenius law. Numerous investigations by
zone, Pm 140/ 50/55 45/35 thermogravimetry, differential scanning
zo e / I calorimetry, on nitrocellulose, nitroglycerin
(measured/ 1) and other nitrate esters, as well as on
I +_d I double base propellants , and ignition

Residence studies [5) result in •
time in
preheated I100 8 3
zone, ms 8 3 Decomposition order 0, A = 1 1017s-, I

Superficia , E = 40 kcal/mole

degradation 11 3 2
zone pm Values for the condensed phase degradation

Residence kinetics. Double-base propellants.

time in
superficial 6 0,5 0,2 The thickness of the degradation layer is

zone, ms related to the fast drop in the degradation
oe srate When this rate is 10-2 that at the

Flame surface temperature the lower limit of the
thickness, 200 75 110 reaction layer is reached
pm (secon-
(measured) dary exp [ 8 (1 - AT/T)] = 10"2 exp( - t;),

I___________ flame)
=i8; 5 E,,/ RT,,

Measured results from Zenin the temperature drop is then

Characteristics of the combustion zones. AT/T= 1/(I + In 102) (6)
3. Condensed phase processes

AT - 100 K for T. 700 K. Such a temperature
The preheated zone of a regressing propellant drop inserted in eq. (2) gives an estimation
is described by the conservation of energy in of the reaction layer thickness
a coordinate ( x > 0 in the gas phase)
regressing with the surface e~e.cto, = (dp/vb) in [1 - AT/ (T. - To)]

pPvbcpdT/dx = d(dT/dx)/dx (1) or taking into account the magnitude of thereduced activation energy ( 8; - 30).
in such a way that a temperature profile

(T-To)/(T,-To) = exp(x vb/dp), ereaction - ond. Ts/tc (T. - T) (7)
ds /' (2) For the values taken above, at vb = 10 mm/s

emct - 2 pm, with an associated residence
will progress with the surface into the time T,,.,t of 0.2 ms.
propellant. From measurements up to 100'C and
from ignition experiments, representative The summation of Eq. (5) through the
average values are taken as : degradation layer results in :

P1 1.6 g/cm
3
, c = 0 cal/g K, PpVb(Yp,. - Yp,o) 

= - f pA. exp(-E./RT) dx (8)=p~p 5.1 0 g/al cmK . clgK

5.8 10- cals Vb - Acaxp(-E/RT) er-.,
= Acexp (-X.)(dp/vb) 1n102 (1/8;)[T./(T. - To)J

Values of the condensed phase properties, A more rigorous approach (8] (which is almost
Double-base propellants. identical to a numerical computation [9])

gives:
The thickness e.-d. of the conduction zone g
can be taken conventionally as vb

2 = (dp/Sc) Ac exp (-8;)/

T(end of cond. zone) - To = 10' (T. - To) (1-To/T - Q. / 2 c0T,) (9)

e..A. = (dp/vb) in10
2  

(3) This equation indicates a relation between
surface temperature and burning rate : the

As an example, for vb = 10 mm/s mass flow rate ppvb emitted from the surface
ecor. = 37pm, a thickness through which the is the result of the decomposition of the
temperature rises from 293 K to about 700K. propellant into gases throughout the

superficial degradation layer, Eq.(8). The

( ( m l ( m m ( m m ( i ( . -mm in -mm mm m mN
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higher the burning rate vb,2 the smaller the
residence time r_..t. - i/Vb

2
, and the higher 900"-cT-ro)

is the surface temperature reached to allow
for the complete degradation of the
propellant. rj,95-

Traverses with micro-thermocouples (as seen 500 - (orrectef raduation
previously the thickness of the combustion 400. losses)
wave is of the order of tens of pm) allow to
obtain measurements of the surface 300.
temperature (2,3,4,5]. One example is given T5.320C
on Fig. 4. The results from various sources 330
are collected (see [5) for references), as
burning rate versus l/T., on Fig. 5. Also 20
indicated is the correlation obtained from
Eq.(9). Having in mind the inevitable scatter P.62tr
in measurements due to the thinness of the V 2mm/
combustion wave, some conclusions can be
reached (see also Refs. [3,10]). The initial 100 . hermocouple wire 12pm
degradation of the propellant components is
controlled by the breaking of the -C-O-//-N02  suice
bond (characterized by the 40 kcal/mole
activation energy). This is considered to be
a temperature sensitive only process,
irreversible (therefore not influenced by the
pressure level). It is noteworthy that the
kinetics of the degradation is the same from
thermal decomposition (by TG and DSC) at 100m
about 400 K, to ignition from 400 to 500 K -

[5] and combustion at temperatures up to
700K. Also important is the conclusion, if
one looks at the details of Fig. 5, that the
presence of super rate producing additives
does not affect the condensed phase kinetics.

The energetics of the reaction layer is now

to be considered. The initial degradation of __
the propellant, taking into account the
assumed decomposition of nitroglycerin into
3N02, 2 CH20 and 0.5 (CHO)2, is thought to Fig.4 TEMPERATURE PROFILE IN THE CONDENSED PHASE
give (for the example of the 1100 cal/g
propellant) the mass balance A u, , I ,ft , pna i

1 propellant - 0.467 N02 + 0.364 CH20 + 0.1 _1

(CHO) 2 + 0.06 hydrocarbons (10) ..... -

with a corresponding endothe,mic heat of ---

Qd - 135 cal/g of propellant. *

It is thought [5,9,10] that within the 5 0 so@superficial layer the exothermic reaction -.....

between NO2 and aldehydes can start. A 4- )V
plausible mole balance (in order to match 3--- A
various results, in particular the analysis
[7] of the gases emitted from the surface of 2- --- J-
regressing propellants) is \.,-.
NO2 + CH20-NO + 1/2 CO + 1/2 CO2 + 1/2 H20

+ 1/2 H2  (11)

with a corresponding exothermic heat of 0
reaction 05 -04 ... .- - -

Qwo2 = 1040 cal/g of NO2 . -03-

Conservation of the species NO2 (in terms of TO 14 1 16 1.7 1. 10 2 t
mass faction Y) is written (no diffusion is TsKX 714 667 625 5" 55 526 5W0
taken into account) - 0WX49 WA,.-d',E,.40 W aWW

0. 100M .t . W2C. d, - J 10 CnI,%
ppVb dYN0 2/dx = Y,2,i Pp Ac exp ( -Ec/RT)

- A* 2 (plf/RT) YNo2 exp(-E 02/RT) (12) A WOft" mm
6 f.tmve o oKUBOTA

if a first order with respect to the molar * em.v1*f mOTA
concentration of N02 is assumed (it will be * mawvnoccg. zWaal
seen that this is probably the case). 0 %W"t.o. $ 0V W( M)

Fim. PMOLYSIS LAW FOR DOUiLE. SDUE PAOPELm . . .

3u
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Conservation of energy is written

ppvb cdT/dx-d(XdT/dx)/dx - (bp ,-__-_--___

-,ez2 402 (13) ,,, -7ji" "- 1 t

with k the rate of reaction of the ,0
propellant, as in Eq. (5), and 4,02 that of 00 - _ _

NO2 as in the second term of Eq.(12). The w ----- - KUBOT
summation of Eqs. (5,12,13) through the -o-w, k I C 0 KUEOTA
condensed phase to the surface leads to _ __s -, j .o.. 801KUBOTA

-- ~ .* 0 Mo~ddo ONCRA
dT/dx I PpVb (c gT - cpTo-Q.) (14) a0 NOW O-NE-

-- ----- "--- U Coo ZENtN
PpVb Qe 4 -Ph lw1-010v)~

1 p in at is lnov

Q. Qd + QN02 (YNo2,. - YNo2,0 (15) F ,. HEATEVOLVEDINTHECONDENSEDPHASE
0 DOUBLE - BASE PROPELLANTS

The first equation is the heat balance at the _______________,_______:_,__

surface, the heat flux from the flame in the ''

gas phase allows the heating and pyrolysis of
the propellant. The net heat of decomposition N02 + CH20 NO + 1/2 CO + 1/2 C02 + 1/2 H2O

of the propellant Q. is exothermic to the
extent that some NO2 reacts exothermically + 1/2 H2  (11)

already in the condensed phase. Quo = 1040 cal/g of NO2.

From thermocouple traverses such as that of I is likely that aldehyde-aldehyde reactions
Fig. 4 and the balance of Eq. (14) the net

also occur following (again to match the gasheat Q. can be estimated (again scatter analysis results)

should be expected) The results from various

sources are given on Fig. 6. The net heat of CH2O + CHO - CO + 1/2 CH, + H20,
decomposition is seen to be exothermic and
increasing with burning rate (due to an Q.18.1 389 cal/g of CH20 (16)
increase in pressure). Summation of Eq. (12)
yields (with Eq. (5) taken into account) (CHO), + (CHO)2 - 4 CO + 2 H2,

Pp Vb(Y-o2,i " YW02,.) 
= A11, f (pI/RT) Q1d.2 - 533 cal/g of (CHO)2 (17)

Y.o2exp(-Eo 2/RT) dx At low pressure when probably only the
reaction of (11) can take place, an energy

- A.02 (p V /RT.) Y,02 exp (-Eo 2/RT.)e..,,. balance between initial temperature and end
of the primary flame yield :

and with Eq. (8)

YB02.. -Y102,. - (P M1 /RnT.) cg Tfp - cp T. = Qd + QN02 YM2,i,
p arm (18)

exp (-EN02/RT, )/exp (-E./RT.) p) t

since the initial NO is totally consumed in

This relation indicates that the amount of the condensed phase and the primary flame. An
NO2 reacting in the condensed phase will evaluation of Tf - 1340 K results. It is
increase with pressure, and thus Q. will seen on Fig. 7 that measurements with small
increase, if the reacting rate for NO2 thermocouples indicate a large increase with
catches up with the decreasing residence time pressure in the primary flame temperature
in the degradation layer, from this value. The aldehyde reactions of

Eqs. (16,17) do not produce energy in
Tr.. t. - i/Vb2 

- l/exp (-E./RT.) significant amount. It has ther been assumed
(5] that the NO already present at the

(due to Eq.(9)). A plausible law is obtained surface as well as that produced from the
for a first order NO2 reaction with an No,-aldehyde reaction react with the layer of
activation energy E02 between 5 and 10
kcal/mole. -

One important feature of Fig. 6 is that the A
heat evolved in the condensed phase is not
affected by the presence of additives. ,Iw o- -

4. Flame zone

As seen above, the reaction between NO2 and 'No
aldehyde starts in the condensed phase in '-- 0
such a way that the surface gas comsposition , ~ ..
[7] indicated on Fig, 3 is obtained, with NO 2
being significanLly less (0.255) as compared - " '
to what results from the initial degradation ,,0
of the propellant (0.467, in the case of an " Mii 0 M S

1100 cal/g propellant) and with NO already .
present (0.14). The mole balance of Eq. (11) ____ o. N . m0ERA
allows to match as well the gas analysis at ,20 - 0 at--l KUOA
the end of the primary flame ([7], 0.XaI  o . 0 EA

measurements at 11 atm) * "WPO KUBOTA

-Or -- oSo. - PW ,-EL- NT

S 10 20 lOG PU

I il I I I iI I I I 1 ii
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carbon residue attached to the surface which
is observed by direct visualisation under cg = 0.35 cal/g K,
combustion and after extinction by scanning X = 1.25 10-'(T/700)

0 7 
cal/cm s K

electron microscopy.

The NO/ carbon reaction had been investigated o 30 g/mole
in (11]. If one makes use of the results
obtained, the conservation of the species V
carbon can be written as (the carbon layer Values considered an representative for the
regressing with the surface) gas phase. Double-base propellants.

vbdpc/dx = (N€/No> &o (19) The evaluation of the heat flux received at
the surface, which will then control the

4 - ANe/c exp(-ENO,/ /RT)pcS,cY, p
4
)
2
I burning rate according to Eq. (14), results

from the summation of Eq. (22) through the
in g/cm3s flame zone. Only a true numerical evaluation

of the temperature and species profiles will
(this form resulting from the way the data of give the proper heat flux. However
(11) is cast), the reaction balance being conclusions can be drawn from approximate
assumed to be relations. The activation energies of the

reactions of Eq. (22) being moderate, the
NO + C -.1/2 N, + CO, flame is distributed and an approximation ofthe temperature profile is given by :
Q~o/c = 1600 cal/g of NO (20)

and S.,, being the specific surface area of (T, - T) / (Tf - T*) exp( - x/x1 ) (23)
the carbon (at most 106 cm

2 
/g). Reference which will produce a shape such as that of

[11] produces (after rounding EO,/c) Fig. 4.

Am/c = 2 10-' mole/s cm
2 
atm, With Eq. (14)

EO/ = 30 kcal/mole X ,. dT/dxl, s q. fho.

A rough estimate of the amount of N2 produced v
by reaction (20) through the primary flame is PPvb (cT. - c.T - Q.) (14)

given by (with i = pp Vb the mass flow rate) Eq. (23) yields

AYw2,fp = -(1/2) (l1flO) Ao xf q. = kq, (Tf - T.)/Xf

&o being evaluated at average values through xt = Xg, (Tf - T.)/AQ. (24)
the flame. With p = 11 atm,_v b = 0.28 cm/s,
Y= 0.2, p- = 0.5 g/cm

3
, T, = 1400K and The summation of Eq. (22) through the flame

xf 400 pm (from thermocouple measurements) results in
it is obtained.

Ac (Tf - T.) + q. = Qg~dxf (6) > 0, average
YN2,fp - 0.06 rate)

a reasonable value (with respect to the or with Eqs. (14,24), and taking into account
result of Fig. 3). This tends to indicate an overall ecquation for conservation of
that the NO/carbon reaction has a kinetics energy
indeed fast enough with respect to the
residence time allowed in the primary flame. C9 (Tf -T.) = Qq - tl,

An energy balance taking into account the A ( [q, , (T, - T.) / Qo]' (25)
NO/carbon reaction is written 

k

At very low pressure, - 1 atm, when only the
cg Tfp - cp To = Qd + Qo2Yo2,1 + YNo o... QO/C NO2 reaction probably takes place, the
+ Q.1d Y.'d,c-.. (21) burning rate follows pressure according to,

see Eq. (12),

(the taking into account of the aldehyde
reaction cools the flame by about 80 K). In A ppVb - ( .o2)'
this balance Yo,00,.. is the amount of NO -EN/2 RTfp) (26)
consumed in the primary flame p exp(

YNo,€oo.. = 
YMo ,i ( ,/ 02) - Y 0,fP a pressure exponent which is indeed observed,

see Fig. 1. As the pressure increases the
in the case of the example of Fig. 3 and NO/carbon reaction takes on more importance
taking into account the uncertainty on the and, Eq. (19),
measurements : YNo,. = 0.035 to 0.047 and
Eq. (21) results in Tf 1420 to 1475 K, an As ppVb - [p exp (- E 02/RTfp )
admissible value when compared to the results
of Fig. 7. + ox (-Eo/c / RTt)(

The temperature profile in the primary flame
is controlled by the conservation of energy which, with the increase of the flame
(= pp/Vb) [5]. temperature with pressure, see Fig. 7,

accounts for the pressure exponent of 0.7.
Ac. dT/dx - d(k,/dT/dx) - Q002 4902

At higher pressures, above about 150 atm for

" Qoc 
4
0 - Q.1d. 0.1d. (22) the 1100 cal/g propellant for example, a

change in the pressure sensitivity, Fig. 1,
is observed. This tends to indicate that the
secondary flame, probably characterized by a

m laI I lllq lma PN •N In I II Il
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second order, with respect to pressure, Although the burning rates of the different
reaction for NO, comes into the primary flame active binders can be, for a given heat of
and progressively dominates it, with a explosion, somewhat different at low j
pressure exponent, according to Eq (25), pressures [10], above 10 atm the differences
increasing to close to 1. become small , see Fig. 9. In the case of a

double-base propellant and of a XLDB binder
Results on Fig. 8 for the 1250 cal/g (that of the above table), with nearly the
propellant indicate the temperature same heat of explosion, the burning rates for
sensitivity of the burning rate defined as a large range of pressure are very close,

Fiq. 10.
p (d ln Vb/ dT.) at p given (28) v n 1,00 atm
According to Eq. (27) the burning rate is 3o

under the influence of a premixed flame heat 0 DOONERA OYNAMITNOBEL-HELLER

flux and therefore very sensitive to changes 0 XLDBSNPE
in the primary flame temperature, in the B XLOOI801 I
pressure domain when the two flames are 20 _ -

separated. From Eq. (21) any change in
initial temperature will affect the primary
flame temperature and therefore induce a F
change in burning rate. As the pressure rises . . ....... ... .

the prima.y flame temperature increases (up
to 1800 K) and then for higher pressures
the burning rate comes under the influence of
the final flame (with a temperature reaching is -;

3110 K for the 1250 cal/g propellant). It is
seen from Eq. (27) that a given change in T. o o
and therefore in Tf has a smaller impact on o
the burning rate for higher flame ,o -

temperatures, that is for higher pressures, 0 .
a tendency observed on Fig. 8. c •

036% b s .,9 BURNING RATE VS HEATOFEXPLOSIOI.OOUBLEBASEPROPELLANTS

043% 200 bso AND XLD BINDOERS

039% 12!ib r 100 -

042% 50 WeI 0 ee DOo .AN4"0
2010

5. Active binders de-0)

Various types of active binders, based on to o '0W
nitrocellulose or an inert binder and Fig. 10 OOUILE -IAOE9PROPELLANTANDACTVEB INDER IURNINORATES
nitroglycerin or less energetic liquid
nitrates, can be uped, see reference (10] for Measurements for XLDB binders of the
a complete description. The cross-linked degradation kinetics, of the surface
double-base binders (XLDB) will be considered temperature, of the neat evolved in the
here, in which the polymer is cured with an condensed phase, as in Fig. 6. and of the
isocyanate after mixing with NG. primary flame temperature, Fig .7, show that

these characteristics are very close to those
of DB propellants.

Composition 1 1/3 NG, 2/3 polyethylene
glycol. Heat of explosion : 850 cal/g. N02 CH2 (CHO)2 NO CO CO0  H20 HC

0.31 0.37 0.08 0.07 0.03 0.04 0.02 0.08

Tit 2000 K. pp 1.42 g/cm.

c= 0.46 cal/g K. Gases evolved from the surface, mass
fractions. XLDB binder [7].

X= 3.9 10
"
' cal/cm s K. dp = 0.6 10-1 cm

2
/s Gas analysis at the surface gives results

Ylo2,j 2 0.421. Qd = - 150 cal/g which are qualitatively comparable to those
of DB propellants, Fig. 3.

Values for a XLDB binder.

* V I ! I V
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Modified propellant 70 atm

~Modified propellant

Fi g . 21 20 30is '050 m 200 300 500 7000

4000

Modified propellant 30 atm SURFACE STRUCTUME OF A CATALYZeD PrOPELLAnt

6. Mechanisms of action of additives

The incorporation of a few per-cents of lead flame temperature is observed in the presence
(and copper) salts and carbon black enables of additives [5]) and resulting in a higher
to obtain super-rate effects followed by mesa heat flux to the surface, and thus a higher
or plateau effects in the burning rate versus burning rate.
pressure laws of double-base propellants,
Fig. 2, as well as of active binders, Fig.10, Figure 11 shows surface structures of a cool
although in the latter case these effects are propellant with a strong super-rate and a
much less pronounced. corresponding thick carbon residue. In this

case, visualisation shows that a physical
What is thought to be the mechanism of action effect occurs in which the secondary luminous
of the additives has been presented in flame attaches in streaks to the carbon layer
references (5,6) by ONERA and recently in and deposits its high temperature (- 2200 K
reference [12]. as compared to the - 1400 K of the primary

flame) closer to the surface. The abrupt end
It has been found that the active part of the of the super-rate, the mesa effect, is
lead salt is the oxide of lead which believed to be due to the too thick carbon
accumulates above the propellant surface, residue being expelled from the surface. At
after the salt has been trapped in the carbon the end of the mesa effect the surface is
residue layer which can be observed immersed almost clean of carbon.
in the primary flame (the decomposition
kinetics of the salt is slower than that of In the case of hot propellants, Fig. 2, the
the propellant components and it Lthus emerges super-rate is probably due only to the
from the surface unchanged). If the chemical effect of the enhanced NO/C
propellant (when its heat of explosion reaction. As the pressure increases the
increases) or the active binder naturally secondary flame, where NO will react anyway,
produces less carbon residue, then the lead merges into the primary flame and
salt particles are in large part ejected from progressively the modified propellant is
the surface and cannot act. This is the case caught up by the reference propellant, a
probably when the amount of nitrocellulose is plateau effect thus resulting.
reduced (hot double-base propellants) or
almost absent (XLDB binders). In the latter In the high pressure domain when the flame
case however the inert polymer leaves some system has reduced to one overall flame, a
carbonaceous residue. Addition of carbon second super-rate occurs (when only lead salt
black is probably favorable because it or oYide is added), see Fig. 11 for the cold
accumulates on the surface in the naturally propellant and Fig. 2 for a 1250 cal/g
produced carbon layer. propellant. This effect seems to be purely

physical, related to the presence of lead
It has been found that PbO reacts oxide particles accumulating and imbedding
preferentially with aldehydes to form carbon into the surface, Fig. 11, with for example
and CO2. It has been observed systematically an enhancement of the thermal conductivity of
(6] that there is a relation between the the flame zone or a flame holder effect (the
amount of carbon residue and the importance protruding particles perturbs the flow from
of the super-rate observed (for example, the surface). At higher pressures and burning
depending on the fabrication process rates the thickness of the condensed phase
solventless extrusion, powder casting, heated zone and reaction layer and flame zone
mixing). It was seen that the primary flame becomes so small that the particles will not
is due to an NO,-aldehyde reaction. But NO attach to the surface or will be too large to
starts to react with carbon as well close to perturb the combustion process.
the surface leading to the increase in
primary flame temperature of Fig. 7. It is
believed that the extra carbon produced in
the presence of additives enhances the NO/C
reaction (see ref. [12] for more results on
this reaction), depositing extra energy in
the primary flame (an increase in primary

I I I I Ifll I llt i I 1I I
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PYROLYSIS OF INERT BINDERS rsos', , -

A number of books and works has been devoted pro "" t,",
to the behavior of polymers, whether or not I , ,
usable as binders, under thermal loads, v A OI4

references [13-17]. Much work has been -E ,,potv..I
carried out with thermogravimetric analysis oW.d bSo, I
(TGA) or differential scanning calorimetry E.905"',

(DSC) with heating rates at most of the order 0.4110,

of 1'C/s. Under linear pyrolysis (for a a 2 10 30,,23
binder within a solid propellant) the rate of -temperature increase is of the order of 105

"C/s. It is far from obvious a priori that
the degradation kinetics will remain the
same. In Ref. [8] it was attempted to
establish that this is indeed the case for a
number of polymers.

Although it is hardly a propellant binder
Teflon is an interesting reference polymer.+
Its degradation kinetics (obtained by TGA) +
and thermal properties (8] ( X, = 6.34 10"
cal / cm K s, p. = 

2.1 g/cm3
, c

v = 0.25 cal/g ,0'
K) are indicated on Fig. 12. In order to
extrapolate these characteristics to the
regime of linear pyrolysis (obtained +
experimentally by pressing the sample on a
hot plate) tte procedure of reference [8],
also explained in the condensed phase
paragraph of the double-base propellants
chapter, is applied. In the case of a first
order (with respect to the non degraded
polymer) reactior the relation between 10 - --
regression rate and surface temperature is
(again, numerical computation shows this
relation to be accurate to about 1%)

Vr=(dp/ F.) A., exp ( - t~ /

[(- ln Yp,,) (1 - T/T - Q./cT.)

+ Q./cpT.] (1) soiW "aS0 o' I -~c t~ra~

t. E./RT. 07 O6 09 1 1 2 (71 12 03

Q. being the heat evolved in the condensed LT'EAR PYROLYSS AND EXThAPOLATION OF THERMOGRAVIMETRIC RESULTS
phase, in this case endothermic and about - EXAMPLEOF TEFLON
340 cal/g (Ye. mass fraction of the
remaining polymer at the surface can be set
at 0.01). It is seen on Fig. 12 that there is 2
a good match between extrapolated law and
measurements. These measurements are obtained
under various atmospheres, showing no
influence of this factor. The conclusion is
then reached that the pyrolysis of such a
polymer is an irreversible thermal mechanism.

In the case of an actual, widely used,
propellant binder such as carboxyl terminated 06
polybutadiene (CTPB) the same extrapolation
can be made, Fig. 13 (the thermal properties
used : X, 3.6 10

. 
cal/cm K s, pp = 0.91

g/cm
3
, cp 0.39 cal/g K), and compared to

the results of Ref. (15], where the linear
pyrolysis of various binders is achieved by
the heat flux from an arc-image furnace, the 0' Oauof N S C.5]n\
surface temperature being obtained by infra- - -- tpr of toV dm
red pyrometry. It is interesting to note thati A'..1 1II'' dp.1 10S, \
in these experiments no effect of pressure e{.701,oe O,.-"C"
was found, strengthening the idea that the ____,______

limiting pyrolysis mechanism is the 07 08 09 ,.o 11 1.2 Lei
irreversible thermal degradation of the £ig. 13
polymer bonds. In this case the match is
unfortunately not as clear as in the case of LINEARPYROLYSISOFCAfIOXYLTERMINATED OLYOUTADIDlTeflon. The agreement, considering the experiments. In further considerations, thepyrolysis law based on the TGA kinetics will
extent of the extrapolation, is satisfactory be considered to apply.
for regression rates up to 1 mm/s. Above, it
might be assumed that radiating carbon Equation (i) and
residues stagnating on the surface cause the surface temperature adjusts itself to allow
I.R. pyrometer to overestimate the surface the polymer to degrade into gases when the
temperature, a point seen in ONERA regression rate changes. Further

7I. ..
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considerations to better know the binder (T-
behavior are the nature of the gases J C(T) OT.401
resulting from the pyrolysis and the L'P='_ =---- - < PY ROLSSGASES
corresponding heat of degradation. From the L/2--- ----- OFRTHE ONR

results of (13] a mole balance is roughlyI /
(for 100 g of polymer) : /

H H H H IC7 H 22.24 00.2 (.,-C - C : C - C - •.

H 
H

12 % CH2 = CH2 , 15 % CH3 - CH3, 17 % CH3 - /
CH= , 5%CH3 - CH -CH3, 28 % CH2 = CH-
CH = CH2 , 14% CH2  CH -CH2 - CH3, 4% CH3- [ 8 OiDT /
CH, - CH, - CH, ... I-sO.DCT

It is shown on Fig. 14 the energetics T C CW () dT

involved in the degradation of CTPB (in _

particular the taking into account of the -- i
above gas composition is coherent with the 2.8K

measurements of [15)). For a given heat flux
q,, in cal/cms, at the surface, the energy Fig. 14 eNERGETics OFCAROXYLTERMINATEDPOLYBuTAIENE
balance is

2. Energetics of the AP combustionq. =Pp vr [cp (T* - To) - Q.] (2)
The model of (19] is v'bscribed to in order

with Q, the endothermic heat of degradation to describe the comlue.tion of AP alone. The
about - 360 cal/g. AP undergoes a phate transitlon at 513 K,

melts around 835 K end, in the thin (a few
COMBUSTION OF AMMONIUM PERCHLORATE microns) superficlal liquid layer thus

created, an exothcmic reaction, affecting
Ammonium perchlorate (AP), NH4 ClO4 , is a 70% of the AP, takes place and creates the
widely used oxidizer and as such has been the final combustion gases, 02 in particular. The
object of numerous investigations. References remaining 30 % of the AP sublime into N,3 and
(18 to 22] are a sampling, with (22) giving HC1O4  which react exothermically in a
a detailed list. A view of the combustion of premixed flame very close to the surface
AP is presented herein attempting to make use (about 1 micron), Fig.15.
as much as possible of the various
experimental data available. Due to the large From the data collected in [19] the change of
number of works on AP combustion, somewhat enthalpy per gram of AP required to bring the
contradictory interpretations and AP to its surface temperature, Ts,.,, is
corresponding models have been produced. A estimated as
simplified model will be presented, which is
considered to represent reasonably the A h,,p = 0.31 (.,13-293) + 21 + 0.365
combustion Mechanism of AP, although it will
not be in agreement with all of the above (835-513) + P0 0.328 (Ts,. - 835)
mentioned interpretations.

= 266 + 0.3.9 (T,,A - 835) cal/g (1)
1. Condensed phase behavior

where the he t of transition and the heat of
The considerations presented previously for liquefaction appear. The exothermic condensed
the condensed phase of a pyrolysing phase degradation involves an enthalpy change
monopropellant apply to AP. The conduction of [19]
zone has a thickness

A hD,- - 380 cal/gram of reacting AP. (2)
e * (dJ/Vb) ln 10'

The heat of sublimation is 58 ± 2 kcal/mole
(with the thermal diffusivity (21] dp - 1.2 or
10-

3 cm2/s at an average temperature in the
heat wave), thus equal to - 50 pm, for a Ah s,p = 476 to 510 cal/gram of subliming
burning rate of 10 mm/s. AP (3)

The adiabatic flame temperature for the
= 0.31 cal/g K (orthorhombic phase combustion of AP alone has been estimated in

(16] to be Tf, ,', = 1205 K, corresponding to
< 513 K) = 0.365 cal/g K (cubic phase) the reaction

I= 1.95 g/cm' , d, = 2.5 10"  NH4 C10, - 0.265 N2 + 0.12 N20 + 0.23 NO +

- 4.55 10" T(*C)cm/s 1.62 H20 + 3.76 HCl + 0.12 C12
+ 1.015 02. (4)

Condensed phase values for AP [19,21] The change of enthalpy, A hc,A, corresponding

Based on observations by scanning electron to the combustion of the sublimed NH and
microacupy tfter exti,,uLion, Lhe idea has XClOA (to give the combustion products of
been advanced that the self-deflagration of (4)) is obtained from the equation expressing
AP, possible only above 20 atm, requires that the conservation of enthalpy between the
a large amount of exothermic reaction already unreacted AP at initial temperature and the
takes place in the condensed phase in a thin combustion products dowstream of the flame
liquid layer (above a melting temperature
estimated at 835 K) [19,20,21,22]. 0.3 Ahc,A, + c, (T4 ,p

d - Ts,k) + 0.3 Ahs,Ap +

0.7 Ah,,, + Ah 0. (5)

-tX 7. m.mmra mmmo mmmmm
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ForCq - 0.3 value taken in (19] it is found
- 1015 0:. 263 j. 12 N.,0.03 W.1 V Ito. 766H4 2 2 F-,J, fl

0
sdh-

-AhAp - 850 to - 885 cal/gram of reacting A,, 1+3+, 1EMM

depending on the value adopted for the heat 30% 0 A 65 'on9..

of sublimation, 476 or 510 cal/g, and 3 i
independently of the value of Ts,A in the I
range found in [19]. CIO,

It should be noticed that the value given I 5+3%+66

here for the transformation of the AP into - - - ----- o VS,3 A
gases (that is NH3 and HClO4  for the 170,.2

subliming 30% and the combustion gases of (4) NM,4C 0,. 0a"0

for the 70% reacting in the condensed phase),
namely

0.3 (476 to 510) + 0.7 (- 380) F7 . 1 6 AUTONOMOUS COMBUSTION OF AMMONIUM PERCHLORATE

The pyrolysis law of the AP is written as
- 123 to - 113 cal/g of AP, (7)

isp v Afou exp - Eh / mT] (9)is also found in (10], where a model for the
combustion of AP similar to that of (19] is The parameters characterizing the pyrolysis
adopted. The heat evolved in the condensed law are determined so as to obtain a good
phase Q. ( > 0 if exothermic) will be set agreement between the rates and the surface
equal to 120 cal/g. temperatures measured by Seleznev [23] (Fig.

16). The activation energy obtained is 20
One last check of consistency can be kcal/mole, a figure compatible with the
performed : with the enthalpy of formation of various estimates encountered. The
AP at h'k = - 602 cal/g and that of the measurement of the surface temperature made
combustion products of (4) hocp = - 877 at 40 atm is the only one which deviates from
cal/g, an overall energy balance between that computed by the pyrolysis law used. On
initial AP and combustion products is the other hand, for the critical rate of 0.27

cm/s obtained at 20 atm (AP combustion
cg Tf, p + hocp = co

0
to To + h (8) pressure limit), this law allows for a

surface temperature of 830 K, corresponding
resulting in Tf,Ap a = 1215 K, close enough to the assumed AP melting temperature [19].
to the previous value.

3. Surface pyrolysis of the AP 20

Attempts to measure the surface temperature AS,-p %W
give values between 670 and 973 K. These
results, obtained either using thermocouples
imbedded in the AP pellet, or by measuring 10 l
the radiation emitted by the surface, are s0an
always associated with some uncertainty due
to the operating methods. In effect, the
large size of the thermocouples, in relation s
to the temperature gradients encountered,
favors errors; further, the measurement
represents an averaging of surrounding
conditions. The temperatures thus obtained ,,,
are therefore probably somewhat lower than in
reality. In the case of experiments using an 2
optical technique, the surface temperature is
deduced from measuring the radiation emitted
by the latter and transmitted by the gaseous
layer. The disturbance caused by the
radiation of the gases and the screening I
action of the flame limits the application of 11 3 low,
this method to 60 atm. That is why the IT,, I
original technique suggested by Seleznev 1000 -90 ON 709 1. (01
(23), and carried using a sapphire light
guide inserted in the solid substance and 1' Or ELM
reading of the infra-red emission in the .26 PYROLYSLAWFORAMONIUP PERCHLORATE
direction of the condensed phase, has the
considerable advantage of providing a direct
measurement of the radiation emitted by the 4. Flame structure of the AP combustion
surface, without any hot gases and the
reaction of the flame being interposed. Its The approach of (19] considers 14 different
application can therefore be extended to high reactions to describe the flame zone of the
pressures and the measurements appear to be AP, involving 30 % of the material sublimed
more convincing. These results enable to into NH3 and HClO,. An overall second order
determine the AP pyrolysis law. reaction is then obtained

Further, estimates of the AP melting NH3 + HC1O4 - products of Eq. (4)
temperature are put forward by a number of with an activation energy of E,,1u 15
authors; the values suggested vaiy from 715 kcal/mole.
to 865 ± 20 K and are useful in interpreting
the extinction phenomenon at low pressure. A simplified model can be constructed if one

assumes the flame thickness to be very small

X.. "Y
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as compared to the stand-off distance from table. Just by the choice of the prefactor
the surface (20,21,22). The conservation of Aq, adjusted at 650 g/cm

3 
s atm

2
, the model

energy is then ruled by satisfactorily reproduces variations in the
AP burning rate due to pressure as well as to

i cg dT/dx - d(k. dT/dx)/dx = 0 (10) the change in the initial temperature of the
product. Figure 17 provides a comparison of

with boundary conditions computed rate curves with experimental points
[21].|

T = T, at x = 0 , X, dT/dxl. = A Q0  (11)

with i = pA vb,, and Q. the heat required to 20 - -
-  

-. --
bring the AP from T. to gases from the
su r f a ce , se e Eq . (1 ) a n d Eq . (7 ) , -- --- -- _ -

Ah8 ,,.p - 8s 0

The temperature profile is then

T = T. + (Q./c.) [exp (A x c,/X) - 1] (12) 2 - . .--

When T = -Tp the flame stand-off distance 1 - - ; _ -_ -
is reached I-- - J/ . 2

X = / c < ) I n rl + o .w 4< 
- T , / Q , ) J i , iT f,(1 3)

Equation (5) for the overall enthalpy balance i - --
can be written ---------

c9 (T0 22 .4 
- T.) + Q. Q,, ,

Q9 0. O3 dh, > 0 ' 33 J.eO0O, 1A0 lo 0
and the relation for xf becomes i0 20 40 8080100 200 10 20 40 60 80100 200

F-eftr ental revues from BOGGS
C Xg /6 c,) ln(Q,/Q.) (14) P 7 BURNING RATE OF AMONIUM PERCHLORATE

AT DIFFERENT INmAL. TEMPERATUJRS
The flame, being premixed, is controlled 

by

the chemical kinetics and the time required At sufficiently high pressures, the energy
for the reaction to occur can be expressed as transmitted from the flame toward the

surface, to which must be added the effect of
-Tch - p9 the superficial exothermic reactions,

maintains the surface temperature above the
(b being the reaction rate AP melting point. When the pressure falls,

the premixed flame moves away and the surface
II - p' A,," exp - Eg,p/RTf, d ) (15) temperature can then fall below the limiting

value, thus causing the disappearance of the
The flame stand-off distance is then : liquid surface layer which was enabling the

exothermic reactions to occur. The energy
xf v- rTc - ,AI/p) Toh - A / d) (16) from the flame is then much too small to

maintain a pyrolysis which has become
This combined with Eq. (14) results in strongly endothermic and AP no longer burns.

2 This minimum pressure, beyond which theA ((,/c) 6 in (Q/Q.)] (17) combustion cannot propagate itself, sets the
and thus for a second order reaction as in pressure limit for AP self-degradation.

(15) a pressure exponent in I. p" close to 1. pLW)

P = 1.95 g/cm o
EAp = 20 kcal/mole I
s,Ap = 96000 g/cm2 S
,A, =650 g/cm' s atml= 30 %

C = 0.3 cal/g KX9 = 1.9 10 "' cal/cm s K

Values considered as representative for the

AP flame zone. 0
0 20 50 100 ISO ;0 -C

Taking into account the various values given
it is obtained for vb = 10 mm/s (Ts, - 925 Fig. 18 (E*1~,8,.nlbENSTA)
K) the flame stand-off distance, Eq. (14), UMITNGPRESSUREFORCOMSUSTIONFAMOIUMPERCHLORATE
(Q9 = 265 cal/g ,Q = 175 cal/g) xf = 1.3
Pm. On the basis of this hypothesis, the

combustion pressure limit is reached when the
The only input data which is not defined from surface temperature is equal to the AP
outside considerations is the pre-exponential melting temperature. It is interesting to use
factor A,,", used as a floating parameter for the model in order to follow the variation of
the model. Various numerical values the computed limiting pressure with the
associated with the input parameters of the initial temperature. At atmospheric
model are brought together in the above temperature, the combustion limit is 20 atm,

' '" - ..
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in agreement with experimental results. The
critical rate of 0.27 cm/s and the surface ,o---- --
temperature of 830 K, representing the AP
melting temperature, corresponds to it. The
computation method consists, for the initial
temperature varying between 0 and 200' C, in
finding for what pressure the surface -

temperature is equal to 830 K. A comparison
between the computed and experimental J
pressure limits is excellent, Fig. 18, and m
confirrs the soundness of the hypothesis Ip
follow ng which AP only burns if the surface
temperature exceeds its melting terperature.

One further set of results is presented. S
Questions have been raised about the
combustion of AP at high pressures above
about 100 atm, with manr conflicting results -1A.07e0 0'I
Measurements of burning rates on carefully I
inhibited samples are presented on Fig. 19.
It is concluded that no strong change of
combustion regime is observed. The model
based on the above presented hypothesis seemso©L
to follow quite well the resaltq to Ilign (503K) ,0" 6 T7

pressures. D

Fto0 DIFFERENTIAL THERMAL MALYSS OF HUX DECOMPOSITION

< '- i

o 0.)

E - '-'. go- I clo NWC In oS

W~ 2ssr o ewx
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t0 g0 100 800 1000 v
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- Coiuted b rate H.0 K W
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BURNIG RATE OF AIMO*IIUM PERCHLORATE Fig. 21' WOxNOF"us
COMBUSTION OF HMX

(24,29]. A fairly extensive review is given
Tne combustion of in Ref. (25]. Results obtained around the
HMX, which has (assumed) melting temperature are indicated
balanced oxidizing on Fig. 20, with the kinetics extracted for
and combustible a reaction order of 1.
elements (to reach .J0
CO,H20 and N2) and The condensed phase propert~es considered to
a combustion CH 2-N be representative are indicated below
temperature of 0 /
3280 K, is oN-N H2
controlled by I 0 pp = 1.9 g/cm3, c = 0.33 cal/g K
processes in the H2C N-No
condensed phase \N-CH2  d- X.,/pp cp = 1 10- cm2/s
as well as in the I
Informatione about (also found from thermocouple traverses)

these processes is k = 6.3 10"' cal/cm s K
to be found in
references (24 to
31] (also (21)). Condensed phase properties (average in the

thermal wave) for HY.X (31].
1. Condensed nhase Processes

Another technique to obtain the decomposition
The kinetics of the decom osition of HMX can kinetics, at somewhat higher temperatures, is
be obtained by differential thermal analysis through ignitJon tests, by exposing the

iiT, l
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sample to a given surface heat flux and T () TWcc PW.

detecting the delay for the first exothermic ////////////// -

ignition reaction (rapid deviation of the 2

surface temperature from that of an inert wc- -..- - -
material). The results are seen on Fig. 21 1 ;
and confirm those obtained by DTA (the first c - - "'
method qives a qood estimate of the I I.activation energy, whereas the ignition ." ,
experiments are better for estimating the cw
prefactor). All these results correspond to
an irreversible thermal decomposition of the cc -

HMX bonds with no influence of the pressure. T .o70

Finally, the investigation of the condensed - --
phase processes under combustion is carried
out by determining the temperature profile 4w_ - - -- ---
through the combustion wave by use of micro-
thermocouples. As was seen on several 20-- - - -

occasions the thermal wave thickness is :__ i

0 0 20 30 40 s0 0 0 60 t 00
e lo. = In 102 dp / vb (1) T .kI

that is, in the case of Fig. 22, eo,. - 220 P.M , d 0 I

Jim. The thermocouple junction has to be very Hx-V(2

small, in the present case 5 pm platinum Pig.22
wires are welded end to end by electric T M ICRomsEuocoupLE
discharge with the junction at about this
size. A measurement of the thermal "
diffusivity is also obtained, close to that '°--- --
indicated in the above table.

The relationship between the surface
temperature (obtained from measurements such
as that of Fig.22) and the burning rate is
displayed on Fig. 23. Scatter of the
measurements is hard to avoid (about 50 K).
Also indicated are thermocouple results from
reference [28]. The pyrolysis law is also
established from the decomposition kinetics
obtained by DTA and by ignition experiments, 0 0 M,1281making use of the approach mentioned for
double-base propellants as well as for inert E,-50kI,0
binders according to which [8], for a first A 0

order reaction, 02 d,., IDW-S

v'b~ (dp/8.) A exp( r.~,)/ , , ,, 5 :.cIa'00"

- n Y,.), (l-T./T - Q./cqT.) + Q./cpT.]
(2) . #YROLYSISLAW FO HMx

0 Ec / RT. and Q, is the heat evolved in
the superficial reaction layer of the HMX; 2M

its value will be seen next. The amount of
HMX at the surface Yp,. is set at 0.01. It is 0
seen that there is continuity between the '
decomposition (thermal breaking of the
chemical bonds, with probably no * 0
participation of the vaporization of the HMX)
under DTA conditions, - 550 K, for ignition,from 600 to 700 K, and under combustion, up co
to 900 K. This conclusion on such a
iontinuity, which is not a priori guaranted,
was also reached for double-base propellants.

From the temperature profiles, as on Fig. 22, _, ,
the heat evolved in the condensed phase can 02 05 2 3 '0

be evaluated by use of the relation .* ,. V

Xg dT/dxl. = ppvb [c.T. - cPT. - Q.] (3) 33

with Q. > 0 if exothermic. The results of ///,' o ;
Fig.24 show that indeed the transformation of
HMX into gases is exothermic. The energy
absorbed by the breaking of the HMX bonds is
more than compensated by exoth~rmic reactions Fip.24 HETEOLVEIf hCONOENUDpfAHOkU
taking place in the sperficial degradation Experiments have been performed (7] by
layer probably between NO and HCHO (see maintaining the linear regression (at about
further for the identification of these 1 m/s) of HMX samples with an external heat
gases). This mechanism was already observed flux (radiation or contact with a heated
for double-base propellants. plate) under vacuum so as to avoid any gas

flame. The sampled gases are then analyzed by
mass spectrometry. The following tableindicate the results.
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N2NO0 N2,0 N2 C02 CO H20 H2 HCHO HCN to

22.2 17.5 19.1 3 1.4 1.6 3.7 0.1 14.1 16.8
59 % 31 

*CrAUI20-C
Gases evolved from the surface of NHX.Nass ,.o15b02% 0.w.t OINO

fractions [7]. I.WE 6M

It is seen that the initial degradation
produces probably NO2 and N20 in similar
amounts and HCHO and HcN. See also for such s
conclusions reference (32]. Exothermic
reactions involving NO2  occur in the
superficial degradation layer to give a large 11.. f

amount of NO. Results in rough agreement with
those of the above table have also been
obtained in Ref. (33] with an infra-red
analysis technique. 5 to 50 00 500 t000

2. Gas-phase behavior

The production from the condensed phase of
HMX of several oxidizing gases, NO2, N20 and F%<.26 VEsEDeCOUSUSNoELOCTOENE
NO , can create a two-stage flame. This was
seen to be the case for double-base
propellants for which NO2 and NO are created
in the condensed phase : the primary flame At low pressures the primary flame, involving

involves NO2 and the secondary flame NO- NO2 in a first order reaction, controls the

above - 200 atm the two flames merge int; burning rate, with, according to Eq. (6), a

one. In the case of HMX, observation at pressure exponent around 0.5. At higher

pressures around 1 atm reveals the existence pressures the collapsed flame is probably

of a dark induction zone and a detached dominated by a second order reaction

luminous flame, similar to those of double- involving NO and N20, with a pressure

base propellants. Also the micro-thermocouple exponent close to 1.
traverses below about 10 atm, such as in Fig. COMBUSTION OF COMPOSITE PROPELLANTS
22, show a plateau in the temperature profile
at about 2000 K, much below the final This chapter is devoted to the description of
temperature of 3280 K. propellants made of an oxidizer, ammonium

perchlorate or HMX, and a binder, inert such
The burning rate of HMX, as single crystals as polybutadiene or active, a mixture of a
or as pressed samples, obtained in Ref.[25] liquid nitrate and a polymer. For the sake of
is shown on Fig. 25. The evolution of this
burning rate with pressure shows that around
20 atm a pressure exponent of about 1 is
attained, revealing that the staged flame has ,
collapsed into one (as in the case of double-
base propellants above about 200 atm).P, 0 vm,>

It was seen in the chapter on double-base N
propellants that in the case of a distributed9M IN
flame an approximation for the temperature
profile is

AP 29SCO/!

(Tf - T)/ (Tg - T.) exp ( - x/xf) (4) e

with
X = ) ,, (Tf - T.) .o, -

*2,,, SO% AP MOM~ ~~
, ,c T, - CP T -Q. (5)

(at vb = 10 mm/s this will give xf 15 pm)

and the burning rate becomes P,"W" 50'.

Pp vb 169 Xq,. (Tf - T.)/ Q.) (6)//////// joo
With i% the summed r~action rate through the - I

s
[

flame zone. More complete descriptions of the!___,

flame zone can be found in references
[29,30], the conclusions of which axe
essentially those which can be extracted from
the above simplified approach.

C9 0.35 cal/p K,

1.25 10
"
4 (T/700)

'7 
cal/cm s K Pi . 2 6

FOM ~f. a bffno of rie@ Iv, I S pow"h"of M50SM@W00I
Values considered to be representative of the COWME . MOFN OAMACnVfS*M OoVo)
gas phase of 101.

j , .

. 4 
'

0 0
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clarity only these two categories will be burning rate from the components' own burning
considered, the main point being, as was said rates. One of the first comprehensive models
in the introduction, to attempt to improve for composite propellant combustion modeling, 4

the understanding of the combustion of Ref. [34], had a picture of AP and binder
propellants rather than to present an burning in parallel with a partitioning of
extensive catalog of results. the surface between the two ingredients and

a surface averaged propellant burning rate.
1. Comparative picture of composite This view is also found in Refs. [35,36],
propellants combustion with Ref. (37] being a complete review for AP-

inert binder propellants, including
Drawing from the results presented previously references preceding the work of (34]. A view
for the various components the comparative of sequential burning, in which a qiven path
picture of AP-inert binler and HMX-active C goes through oxidizer
binder is found on Fig. 26. SI particles separated by

The combustion of AP results in a premixed layers of binder, with as

flame at about 1 pm from the surface at - a consequence a time

1200 K or higher . From this flame I mole of averaged propellant

02 comes out for each initial AP mole. Prom burning rate, was first
the binder surface at nearly the same presented in Ref. 39.
temperature combustible gases are This view was subscribed
whichraftrer diusion, raea eecte to in [40], although the
which, after diffusion, react with 02. As details have since thenwill be seen further on, the diffusion flame evolved into the option
height is related to the AP particle size. presented herein (which
The smaller the particle size the closer is seems to be coherent with
the flame and the higher the heat flux to the the latest view of
surface and therefcre the burning rate of the MEMth lesta view )•
propellant. The pyrolysis of the inert binder M. Becketead [42]).

is purely endothermic (heat required to bring Time-averaged Averaging of the
the temperature to 1100 K and heat to
decompose it into gases). In the case of propellant burning components' burning rates,
particles of a few tens of pm, the burning of Ref. a38 v into the
the AP being close to adiabatic (its flame
receives some heat flux from the final flame, propellant burning rate is obtained by
but computation results show that there is assuming that the components melt and mix at
only a moderate devlation from adiabati the surface and then form an average premixed
conditions), the heat flux from the final gas flame Due to the very small thickness of
flametions), se e pria lux t o m the binr the melt ito the extent that melting occurs)
flame serves primarely to keep the binder layers (of the order of pm) and very short
regressing. residence times in these layers (tenths of

The combustion of HMX is also through a ms) it is believed that such premixing of the

premixed flame, about 15 pm from the surface, components should not take place. This is

reaching the final stage of 3280 K. The gases
emitted from this flame cannot sustain any Finally, in the recent work of Ref. (41) a
further combustion. The active binder goes surface average is operated for AP-binder
through its own combustion, with a primary interactions whereas a time average nX-
flame reaching - 1550 K some 50 pm from the binder approach is adopted within the same
surface. The final flame somewhat further mixed oxidizers propellant.
away reaches about 2000K. There is no direct
interaction between the two components of the In a randomly packed arrangement of oxidizer
propellant. The burning of the propellant is spheres of diameter D, with the average
then an average of the individual burning height through the sphere from a giyen
rates. There exist however an indirect direction (perpendicular to the surface) h..,
interaction of the active binder on the HMX and for a volume of 1 cm

2 
on the surface by

particles. As was seen, the thermal 1 cm in depth, the number of particles
properties of HMX and the active binder are intercepted along 1 cm of length being N,
close and the HMX particles are immersed in one has
the temperature profile of the binder. Upon
reaching the surface the top of the particle Nh0 1 cm

2
/Nhb 1 cm

2  
/ (1)

is at about 700 K, the surface temperature of
the binder. This so happens to be very much with hb the average binder height between
the temperature for first ignition of HMX particles and .. the volume fraction loading
(see Fig. 21). There will be however a in oxidizer. Then it comes
transition delay of the HMX particle to full
combustion for which its surface temperature hb / o (2)
is about 900 K. This will be dealt with in (2)

more details further on. and due to

In the case of AP, the ignition temperature N( hx + hb) = 1 cm
is around 650 K and the surface temperature -
for full combustion is around 900 K. Immersed N = o,/hox (3)
in the inert binder with a surface
temperature of - 1100 K the AP should reach For a propellant buLzing rate vb,p, tne time
combustion as soon as it is uncovered with no to run through L cm of depth is
transition delay.

t = I/Vb,
p  

to, + tb = N hox/Vb,ox

2. Propellant burning rate resulting from + NAtox + Nhb/ Vb,
b 
At" (4)~comnonents rates.cmne sbeing the (possible) transition delay to

Various approaches have been presented in th. tll combustion after the top of the oxidizer
the literature to build the propellant particle has reached the surface. Then the
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propellant burning rate, as expressed with
the component burning rates, is, with Eq. (3)
taken into account,

1/Vb,p ox/Vb,ox + ,_At.. IN h..

+ (1 - / vb, (5)

Consideration of a sphere being traversed
randomly along a givwji dire'tion leads after
some computation to hox = Do (17 /4 )2.

In the case of AP- inert binder propellants
with no transition delay the propellant
burning rate is

l/Vb,p = 9o/Vb,P + (1 - o)/b,b (6)' ''7'M'T

The relationship between volume fraction Sketches of selected frames of a high speed
loading and mass fraction loading a being motion picture illustrate a protracted

ignition-agglomeration event in which thea. = 41 pi/p (7) hottest portion of the accumulate inflames
and precipitates the complete inflamation-

pp = a + (1 - aox)/Pb (8) agglomeration of the (already hot)Z ' /p=app+( o)P 8 accumulate.

that is for example for an 88% AP - 12 % PB Abinder pp = 1.72 g/cm
3.  -Aluminum melts at 930 K (inert binder at

1100 K) (active binder at 700K)

The mass burning rate of the propellant is - Al03 protective coating melts at 2300 K
collapses into cap, leading to inflamation

tp = Pp Vb,p of Al agglomerate (several 10's of pm)

and Eq. (6) yields - Aluminum vaporizes at - 3300 K and reacts

i/41P = aox/k + Pi - G.ox)/b  (9) in semi-spherical flame with CO2 from AP-
binder flame

In the case of a propellant loaded with
aluminum, it is known that the aluminum - Caps gives Al203 particles of a few pm,
particles are ejected from the surface spherical flame gives A1203 smoke of - 1pm.
(43,44] (Ref. [44] being an extensive review
of the processes of aluminum combustion) and
burn at several hundreds of pm from the DESCRIPTION OF ALUMINUM COMBUSTION
surface. The view of the combustion of
aluminum is summarized here. From an energetics point of view the modeling
The volume fractions being of the combustion of aluminized propellants

should include at the surface the heat of
ox , l fusion of aluminum - 100 cal/g of Al. One can

see Ref. (45] for such an approach.Eq. (8) becomes

3 HMX-active binder propellants
1/pp aox/Pox + oblPb + o*z/P,z (10)

Both HMX and the active binder have
that is, for example, for a 70% AP, 20% independant burning rates. The resulting
aluminum (p., = 2.7 g/cm'), 10% PB binder propellant burning rates is given by Eq. (5),
(Pb 

= 
0.91/cm ), pp 

= 
1.84 g/cm

3
. where the transition delay has to be

evaluated.
With respect to the burning rate of the
propellant loaded with aluminum it is The emerging HBMX particle offers to the
obtained external heat flux the surface area of the

sphere cap which has been exposed by the
i/Vb,p = ,,/Vb,ox + N.,hl/Vb,l binder regressing at Vb,b after the time t

from first appearance has evolved+ Na1 Lita1 + b/Vb,b (11)

The "burning" rate of aluminum can be S fl D_ (vb,, t)
considered as infinite since it is ejected With a being the part of the sphere which is
from the surface, whereas its "transition heated by the superficial flux 0 , the
delay" is the time for the binder to regress temperature rise is
through the particle height

At., = h., /Vb,b a(ppcp)oxdT/dt (411/3) (Dox/2)'

Also, for each component N h = its volume = 0 n D_ Vbb t (13)
fraction loading. The propellant burning rate The heat flux received is that of the binder
becomes flame when the particle first emerges and it

transitions to that of the HMX flame when the
I/Vb,p = ox/Vb,o. + b / Vbb + 9.1/Vb,b = particle has reached full combustion, a

b°+ (1 - o) / Vb,b 12) transition formula being assumed to be

that is the relation which would be obtained 0 
= 

Ob + [(T.(t) - Tb) / (T,, - T.,b)J
for a corresponding propellant with no ox - )
aluminum, with the binder filling in for it. -

k's
- -.
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with i

oxb 
= 

PPVb (C9T. - CpT0 - Q.)I .b 10

The fraction of the sphere heated by the flux
is taken to be, with K finally adjusted at
0.1,

a = exp ( - K Dox/ep*)

e * is the thermal wave thickness for which
te temperature is at 90% of its surface 1
value, that is, sufficiently close to it,

(T - To)/(T. - To) = 0.9

= exp(-ep* Vb,b/dp) (14)

When Dox/e * - 0 the particle i. vanishingly
small with respect to the thickness of the
layer at about the surface temperature, a - 100 '00
1 and the particle is heated in its entirety
by the heat flux. If Do. /ep* -. b4 the PRESSURE (atm)
particle is very large compared to the
surface layer, a - 0, it is heated on a a I-
vanishingly small part. When Do, = ep* , a = 0 0ERGETIC BINER (Heat of exploslon-850 cal/g)
0.9, the rarticle is immersed in the binder A 70/ HIIX [200m + 30Y BINDER
layer at T - T..b and it is almost totally
heated by the external flux. The transition Computed burning rate
delay from Eq. (13) is then
Atox

2  
a(ppcp)ox(Do.'/ 3 Vbb)

Fig. 27 EXPERIMENTAL AND COMPUTED BURNING RATE
IT-... T.,b]/(ox -

0
b)] In (0.. / Ob) (15) OF A NITRAMINE BASED PROPELLANT.

One noteworthy feature of this relation is 10
that the transition delay is proportional to
the particle size Dox, in such a way that
inserted in Eq. (5) it renders the burning T
rate insensitive to Do., a fact which isobserved experimentally for tMX-energeticbinder propellants [40].

Figures 27 and 28 show two examples of
propellant burning rate laws with the
corresponding components rates. It is seen
that the propellant burning rate is
intermediate between those of HMX and of the
binder (its being close to that of the binder
at pressures under 100 atm is coincidental).
The model presented above, and, what is
important, the mechanisms it takes into
account (that is the absence of diffusional .
interaction between the components and the 10000
importance of a transition delay for the HMX
particles), is quite representative of the PRESSURE (atm)
experimental results. Some of the details of
the making of the burning rate are given in 1 FM
the following table. 0 ENERGETIC BINR (Heat of explosion-850 cal/g)

A 75% H*M C46 m(5W/)+M.7Vm(5V/)J + 25% BINER

PRESSURE 20 atm 100 atm 250 atm Computed burning rate

vb,b 2,4 mm/s 7,1 14,5

T,b 622K 667 698 Fig. 28 EXPERIMENTAL AND COMPUTED BURNING RATE

Vb,ox 4,5 mm/s 17 37,5 OF A NITRAMINE BASED PROPELLANT,

T__,o_ 828K 907 962 It is seen that at low pressures the

% of transition delay has a strong impact and the
burning 32 % 16 % 4 % burning rate of the propellant happens to
time due fall close to that of the binder. At high
to delay pressure the propellant burning rate iso dnearly the time average of the componentsVb,, 2,3 mm/s 9,4 22,7 rates (without delay the average at 250 atm

- is 24 mm/s).

Elements for the evaluation of the burning It is observed that, for a given HMX-
rate, 70% X - 30% active binder, energetic binder composition, the burning

rate law is locked and that there is no way
to tailor it (as can be done in AP-inert
binder compositions by acting upon the
particle size). Furthermore the pressure
exponent is too high to be acceptable for the
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motor operation. Attempts to act upon the IM/
burning rate by the use of additives have not p , p
been successful. One possibility of action

however is with additives specific to double- (with the equation for perfect gases p/p

base propellants, lead and copper salts and RT/ /M being used) and the flame stand-off

carbon black , incorporated in the active distance

binder. It has been found on Fig. 10 that a

moderate super-rate effects can be obtained. Xfd = D-*
" 

ih (R/Al / 8 Ado-. T
'- (18

It is seen on Fig. 29 that such a modified
binder associated with HMX, and after does not depend explicitely upon the

optimization of the amount and of the size of pressure. In this limiting case and due to

the additives, yields a burning rate law with the fact that

moderate pressure exponent and initial hp - i/xf, it is obtained
temperature sensitivity.

5~ g' W Ap - /D ox

1_0____ independent of the pressure level and
p" rp,.,. eo, o strongly dependent on the particle size

(7n Snj , 12 W. As will be seen later, it has been found that
07 04 the diffusion flame process might become

0, 02%.C 012%c' turbulent at high pressures when large
differences exist between the mass flow rates

Pro~s 60"semitted from the AP' and from the binder. This
conclusion is also mentioned in reference

(37]. A general expression for a turbulent
-0 transport coefficient is

p . pu' 1

* with u' the magnitude of the fluctuating gas
(65% %MX) velocity and 1 its scale. It is then assumed

I - D../2 , pU' - (Otx - db)

that is the turbulent enhancement is related
to the difference between the mass flow rates

10 70 10 oo0 within the 02 containing column and in the
surrounding gases. Then Eq. (17) becomes

'z gi •2Z9 HMX -ACTIVE BINDER PROPELLANT WI ADOmVYE$
xfd D, bo "  / 8 Ad '(p) ).. (19)

4. AP-inert binder 
propellants

The burning rate of a propellant 
based on AP

and an inert binder such as CPTB is thought + K (Dox/2) (AX - Itb) (20)
to be described by the averaging rule of Eq.
(9) from the burning rates of the components. where K should be of the order of 0.1.
In this case the binder has of course no
autonomous burning rate. Its regression rate An extra flame thickness related to the
will be due to the heat flux from the chemical time for the completion of the 0-
diffusion flame, as depicted on Fig. 26, hydrocarbons reaction should be taken into
between 02 from the AF flame and the account. From the chapter on AP, Eq. (16), it
hydrocarbons from the pyrolysis of the is obtained
binder. A description of such a flame is
given here. Xfr 

= 
6p / Ar p

2 
A9,f exp (- E9,f / RTf) (21)

A column of 02 containing gases is ejected the characteristics being related to the
from a particle with an efficient diameter final O2-hydrocarbons flame.
D*ox proportional to Dox at a velocity vf

such that t = p v,. This column is consumed The stages of the combustion of an A!
by a lateral dffusion characterized by a propellant are shown on Fig.30, which is to
diffusion velocity be seen side by side with Eq. 26 for the

(D/2) (16) Corresponding values. The usually made
vd = AdJ/ (/1)description of this flame structure is to

assume very thin flames, treated as
A being the local diameter of the column, d discontinuities (34,35,36]. The temperature

sor.2 constant of order 1 and ob the diffusion
soemosn he van tio oiffth profiles are then ruled by the equation for
coefficient in cm/s.conservation of energy
column diameter is then given by

dD=- 2 vdff dt , dx = vdt q x* dq/dx= 0

D dD' 4 Ad dx/v, q dT/dx , x* a h/ c.
with the solution between two positions x and

Resulting in xf given by

Dox'
2 

8 Ado0 Xfd/Vg q = qf exp C (x - xf ) / x* 3
xd - D' / 8 (17) The final flame being a discontinuity where

When the lateral diffusion of Oz and the energy Qg is deposited, the heat flux
hydrocarbon gases into each others is purely from this flame toward the surface is (no
laminar the diffusion coefficit flux goes to the outside of the flame)
expressed as

l I 1 I I l WlmllI ] : I .
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100

i Ore A l, i|ii

Fig. 30 STAGFES OF AN AP4NERT B,NOER pROPELLANT 10 100 t000q = . tP Q PRESSURE (atm
thus T 89. 51Jm iA-CTPU

0 a W. 5pm RP-CrPB

q(x) itp Qf exp [(x - xf) / x* ] (22)

Computed burning Pat*
The mass regression rate of the binder is
then given by

1b Qc,b = q, = 4 Qf exp (- xf/x) (23) F7g.31 AP-ItIRT BINDER PROPELLANTS.

where the constituting elements of this 2, 8,m.nA- -ftrelation have been seen in the chapter on
inert binders. It should be noticed that to
simplify the description a uniform mass flowrate & is taken in the gas phase above the IS 'binder and the AP flame.

The mass burning rate of the AP, referring to 8
Eqs. ( 13 and 17) of the corresponding
chapter, is

iL = ((X 0/cg) dk ln [1 + cg (Tf,,, - Ts,AP) /
Q],)] }

%

(24), 4 -

40 aM-
wih h20

-p Ag, exp [- E9, /RTf,.,3
Now, due to the fact that the AP flame 01- 1 10 0"..1000receives a heat flux from the final flame, 

0 ,0 6the flame temperature is no longer the ,Pi.,.
adiabatic temperature (TA *d = 1205 K). It
is given by Fig. 32

1A p c g ( T f,, , , - T . , A ) + i t Q c ,0

= P Q9,A + ,A (2)BURNING RATE (COMPUTED RESULTS) VS AP PARTICLE SUEFor large particle sizes the final flame is
with, from Eq. (22), the heat flux from the dominated by the diffusion process, which ismain flame into the AP flame insensitive to pressure. This, combined with

the pressure dependant flame of the AP, seeqf, i = t Qf exp [(xf,. - xf)/x*] Fig. 26, gives rise to a propellant burning
rate which is moderately sensitive toResults for the burning rite of AP-CTPB pressure. It is found in the modeling thatpropellants are indicated oz. Fig. 31, where the contribution of the turbulent diffusion,it is seen a strong influence of the AP see Eq. (20), becomes important above aboutparticle size. The model described above, and 1.. atm. However above 300 to 400 atm thewhat is important the mechanisms ir contains burning rate of the propellant undergoes agives a satisfactory account of these sharp exponent break that the model cannotresults. follow. In some references this exponent
break has been assumed to be due to theFor the very small AP Particle sizPs the burning rate of the AP which would alsofinal flame is mostly dominated by the increase sharply. It has been seen on Fig. 19chemical process, very sensitive to pressure that, when the samples are carefullyas is the AP flame. This results in a inhibited, this is not the case.variation of the burning with a pressure The strong influence of the AP particle sizeexponent close to 1. upon the propellant burning rate, as
expressed by the modeling, is also.shown on

.. .... ..... 
* ' .
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Fig. 32. it is seen that at about 1 pm there
is no further gain in the burning rate. This 10

is due to the fact that there will always
exist a non vanishing flame stand-off o
distance related to the chemical time for the '

02-hydrocarbons reaction. 0

On Fig. 33 the b',rnin, rate computed from the
mechanisms modele. .s described above is 0 o
compared to results from the literature 10
[35,36] for mixed AP paiticle sizes. The
agreement is adequate for the larger particle
sizes and qualitative for the small ones
(Now, how representative are the particle
sizes indicated ?). This reveals that the
physico-chemical features incorporated in the
model of the AP-inert binder propellant are
probably sound. However, once a aodel has
been "tuned" to represent a set of I ------
experimental results, as on Fig. 31, it 10 100 1000
cannot be expected that it will "predict"
accurately other results for different values PRESSURE (atm)
of the parameters. O 82Y RP lum/um-I/!

0 BMW0, Sus490um-1/1
It has been seen that by acting upon the AP 4 80 P sum/28m-1/!
particle size it is possible to tailor the
burning rate of the propellant, but that - --- Computed burnIng rata
there exist a limiting size below which the
effect will be non existent, Fig. 32. It is
possible to gain further by incorporating
metallic additives, Fig. 34, such as the fig. AP-INERT BINDER PROPELLANTS,
ferrocenic type (which during processing will
dissolve into the not yet cross-linked binder
for a proper mixing). Various results, and in 8",r't"""
particular the similarity of action of a 100

silicon binder which produces on the
propvllant surface a fine structure of SiO2
residue, indicate that the mode of action is * 011
physical (rat.,r than catalytic, in the sense 0
of enhancing some chemical reactions). The s0o- 0

layer of residue deposited on the surface has a

probably a flame-holding effect, the gases
flowing in tortuous paths through this
residue will react closer to the surface in .
such a way that an enhanced heat flux will
act on the surface. .

CONCLUSIONS

A re v iew h a s b ee n p re s e n te d o f t he c om b u s t io n 10 . . . . .. .. ..

mechanisms of components and of solid
propellants. Some noteworthy points are
stressed here. -

Double-base propellants and active binders 10 20 50 00 200
a fairly good knowledge of the processes in
the condensed and gas phases has been
acquired. The main point is the presence of
a two-flame system, involving NO2 - NO - N2,
collapsing into one flame above 200 to 300
atm. Specific additives (lead and copper - kil0% b ,
salts and carbon black) have a true chemical I o d(gn5A)I
interaction, the enhancement of the NO-carbon
reaction, bringing some of the energy
normally evolved in the second flame closer AP.INERTBINOERPROPELLANTSWITHADDInVES
to the surface. This knowledge carries over
to the active binders, which are however less A onium uerchlorate : it is believed that
prone to super-rate effects because they the mechanism of combustion is properly
produce less structured carbon residue, known. A large amount, about 70%, of the kP

exothermically decomposes in a thin (- 1 pm)
Inert binders : not so many reliable condensed phase superficial layer, the
pyrolysis measurements have been performed on remaining 30% sublimes into NH3 and HClO 4actual binders. It has been shown (from which react in a flame very close (- 1 pm) to
comparisons for a number of materials) that the surface. Due to the thickness, and the
the pyrolysis characteristics obtained at low very short residence time associated, of
heating rate (by thermogravimetric analysis these zones, additives have no true catalytic
or differential scanning calorimetry) should (i.e. chemical), action.
extrapolate and apply under combustion
conditions. The pyrolysis ir a thermal IM : the combustion of NNX (or ReX) is
breaking of the cross-links and of the qualitatively comparable to that of a DB
polymer, not affected by additives, propellant, with the occurence of two flames,

I )
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involving NO and N20/NO. However above 20 ACKNOWLEDGEMENTS
atm these flames collapse into one and
therefore it is not possible to induce super- The work of ONERA has been carried out in
rate effects with specific additives, as was large part under contracts from the Direction
the case for DB propellants Also, additives des Recherches, Etudes et Techniques,
which were hoped to accelerate the melting- D6lgation G6n~rale A l'Armement and in
decomposition of HMX fail to act under cooperation with the Soci~t6 Nationale des
combustion conditions. Poudres et Explosifs (B. Gossant, R.

Couturier and their colleagues) and with the
AP or HMX (RDX)-inert or active binder Ecole Nationale Sup~rieure des Techniques
(aluminum) propellants : Avanc~es (E. Cohen-Nir).
the approach believed to describe adequately
the combustion of composite propellants is a J.c. Amiot and J. Hommel have actively
sequential one. When following a path through participated in the experimental work.
the propellant, it meets successively the
combustion of the oxidizer particles and of Much information was exchanged, in particular
the binder layers. through the AGARD consultant program, with
In the case of AP-inert binder propeliants, M.W. Beckstead, Brigham Young University, and
the propellant burning rate is an average of N.S. Cohen, consultant. Had time permitted,
the components rates. However an interaction this chapter could have been written with
flame between 02 from AP and hydrocarbons them.
from the binder enhances the rate of AP and REFERENCES
allows the pyrolysis of the binder. The
burning rate of the propellant can be quite General references (chemical propulsion,
widely tailored by reducing the AP particle solid propellants, combustion)
size and further by adding metallic compounds
which leave an oxyde residue layer, the - Timnat Y.M., Advanced Chemical Rocket
action of which is likely to be a flame Propulsion, Academic Press, London, 1987.
holding effect, i.e. a physical action.
Aluminum incorporated in such propellants of - Williams F.A., Barr~re M. and Huang N.C.,
course increases the final temperature by as Fundamental Aspects of Solid Propellant
much as 1000K, but its combustion is so far Rockets, AGARDograph 116, 1969.
from the surface thpt it does not influence
the regi.assion rate of the propellant. - Kuo K.K. and Summerfield M. (Eds),

Fundamentals of Solid Propellant Combustion,
In the case of HMX-actiwo b'inder propellants Volume 90 of Progress in Astronautics and
both components have autonomous burning Aereonautics, 1984.
rates. The resulting propellant burning rate
is the average of the two rates, with a -- Williams F.A Combustion Theory (Second
further slowing down due to the fact that the Edition), Benjamin/Cummings Publising Co,
HMX particles upon reaching the surface have Menlo Park, 1985.
to undergo a transition to full combustion.
This delay is of importance up to roughly 150 - Kuo K.K., Principles of Combustion, John
atm; above it tends to become negligible. No Wiley and Sons, New York, 1986.
additives have been found to act on HMX and
additives of the DB type act only moderately Double-base propellants and active binders
on the active binder. The tailorability of references
HMX-active binder propellants is therefore
more limited than for AP propellants. 1. Heller C.A. and Gordon A.S., "Structure of
Further trends on new ingredients are related the Gas Phase Combustion Region of a Solid
in the first place to the need to reduce the Double-Base Propellant", The Journal of
vulnerability of missile motors employing Physical Chemistry, Vol.59, n°8, pp773-777,
solid propellants to various aggressions : 1955.
"cook off" due to fires, bullet or fragment
impact, "sympathetic detonation". Another 2. Zenin A.A., "Structure of Temperature
emerging concern is that of the pollution Distribution in Steady-State Burning of a
caused by the large boosters of space Ballistite Powder", Combustion, Explosion and
launchers, using AP-inert binder-aluminum Shock Waves, Vol.2, n°3, pp.67-76, 1966.
propellants, witL production of HCl and A1203smoke. 3. Kubota N., Ohlemiller J.J., Caveny L.H.

and Summerfield M., "The Mechanism of Supe- -These considerations have led to Rate Burning of Catalyzed Double-Base
reconsidering ingredients suc as ammonium Propellants", 15th Symposium (International)
nitrate, NH4NO3, discarded previously as on Combustion, pp. 529-537, The Combustion
being insufficiently energetic, and to Institute, 1975.
introducing energetic binders such as GAP,
glycidil azide polymer (containing the N3 4. Kubota N. and Ishihara A., "Analysis of
group, inducing an exothermic decomposition), the Temperature Sensitivity of Double-Base
or oxidizers containing the NO2 group while Propellants", 20th Symposium (Internaitonal)
being less sensitive than HMX or RDX. on Combustion, pp. 2035-2041, The Combustion
It is hoped that the large amount of Institute, 1984.
information gathered and the understanding
acquired about the already used propellants 5. Lengell6 G., Bizot A., Duterque J. and
ingredients will allow an efficient approach Trubert J.F., "Steady-State Burning of
to the mastering of the behavior of the new Homogeneous Propellants", in Findamentals of
ingredients and the corresponding Solid-Propellant Combustion (Ed. K.K. Kuo and
propellants. M. Summerfield), Vol.90 of Progress in

Astronautics and Aeronautics, 1984.
6. Duterque J., Hommel J. and Lengell6 G.,
"Experimental Study of Double-Base
Propellants Combustion Mechanisms",
Propellants, Explosives, Pyrotechnics, Vol.
10, pp. 18-25, 1985.

m Im m I~ml m mmmmmm~ . M



3-24

7. Trube.t J.F., "Analysis of the Condensed 22. Godon J.C., "Model of Ammonium
Phase Degradation Gases of Energetic Perchlorate Self-Deflagration", La Recherche
Binders", La Recher2he A6rospatiale, 1989, A6rospatiale, 1982- 2, pp. 43-50.
n'2 (march-april), pp. 69-79; AGARD/PEP
Specialists' Meeting on Smokeless 23. Seleznev V.A., "An Optical Method of
Propellants, Fj'rence, September 1985, AGARD Measuring the Burning Surface Temperature of
C.P. n" 391. Condensed Systems", Combustion and Flame,

Vol. 13, n'2, 1969.

8. Lengeli6 G., "Thermal Degradation Kinetics

and Surface Pyrolysis of Polymers", AIAA HMX references
Journal, Vol.8, n' 11, pp. 1989-1996, 1970. 24. Rogers R.N., "DSC Determination of the
9. Bizot A. and Beckstead M.W., "A Model for Kinetics Constants of Systems that Melt with
Double-Base Propellant Combustion", 22nd Decomposition", Thermochemica Acts, Vol. 3,
Symposium (International) on Combustion, pp. pp. 437-447, 1972.
1827-1834, The Combusiton Institute, 1988.

25. Boggs T.L., "The Thermal Behavior of RDX
10. Cohen N.S. and Lo G.A., "Combustion and HMX", in Fundamentals of Solid-Propellant
Chemistry of Nitrate Ester-Based Combustion (Ed. K.R. Kuo and M. Summerfield),
Propellants", AIAA paper 83-1198, june 1983; Vol. 90 of Progress in Astronautics and
20th JANNAF Combustion Mee'lng, october 1983. Aeronautics, 1984.

11. Song Y.H., Beer J.M and Sarofim A.F. 26. Cohen N.S., Lo G.A. and Crowley J.C.,
"Reduction of Nitric Oxide by Coal Char at "Model and Chemistry of HMX Combustion", AIAA
Temperatures of 1250-1750 K, Combustion Journal, Vol. 23, n°2, p. 276, 1985.
Science and Technology, Vo2. 25, pp. 237-240,
1981. 27. Kubota N. and Sakamoto S., "Combustion

Mechanism of HMX", 19th International Annual
12. Youfang C., "Combuttion Mechanism of Conference of ICT, Karlsruhe, june 1988.
Double-Base Propellants with Lead Burning
Rate Catalysts", Propellants, EAplosives, 28. Mitani T. and Williams F.A., 'A Model for
Pyrotechnics, Vol. 12, pp. 209-2!4, 1987 the Deflagration of Nitramines", 21st

Symposium (International) on Combustion, pp.
1965-1974, The Combustion Institute, 1986.

Inert binders references Also, Sandia Report 86-8230, december 1986.

13. Madorsky S.L., Thermal Deqradation of 29. Lengell6 G. and Duterque J., "Combustion
Organic Polymers, Interscience Puh\ishers, of Propellants Based on HMX", AGARD/PEP
New York, 1964 Specialists' Meeting on smokeless

Propellants, AGARD CP n
° 

391, Florence,
14. Jellinek A H.G., Aspect of Der._ ation septembre 1985.
and Stabiliztlion of Polymers, Elsevier
Scientific Publishing Co, New YorL, 1978. 30. Bizot A. and Beckstead M.W., "A Model for

HMX Combustion", International Seminar on
15. Cohen N.S. Fleming R.W. anc Derr R.L., Flame Structure, Alma-Ata (USSR), september
"Role of Binders in Solid Propellant 1989.
Combustion", AIM Journal, Vol. 12, n" 2, pp.
212-218, 1974. 31. Shoemaker R.L. et al, "Thermophysical

PrL-erties of Propellants", Thermal
16. Blazowski W.S., Cole R.B. and Mc Alevy Conductivity, Vol. 18, pp. 199-211, 1985.
R.F., "An Investigation of the Combustion
Characteristics of Some Polymers Using the 32. Hatch R.L., "Chemical Kinetics of HMX
Diffusion Flame Technique", Stevens Institute Combustion", 24th JANNAF Combustion Meeting,
of Technology, TR ME-RT 71004, 1971. Monterey, Cal , october 1987.

17. Beck W.H., "Pyrolysis Studies of 33. Brill T.B., "Heat Flow / Chemistry
Polymeric Materials Used as Binders in Interface in the Condensed phase (HMX)", ONR
Composite Propellants : A Review", Combustion Worskshop on Energetic Material Initiation
and Flame, Vol. 70, pp. 171-190, 1987. Fundamentals, Livermore, Cal., december 1988.

Amm9onium perchlorate re~erences Composite propellants references

18. Levy J.B., and Friedman R., "Further
Studies of Pure Ammonium Perchlorate 34. Beckstead M.W., Derr R.L., and Price
Deflagration", 8th Symposium (International) C.F., "A Model o), C mposite Solid-Propellant
on Combustion, pp. 663-672, The Combuston Combustion Based on Multiple Flames", AIAA
Institute, 1962. Journal, Vol.8, r'12, pp 2200-2207, 1970.

19. Guirao C. and Williams F.A., "A Model for 35. Cohen N.S., "Review of Composite
Ammonium Perchlorate Deflagration between 20 Propellant Burn Rate Modeling", AIAAjiurnal
and 100 4tm", AIAA Journal, Vol. 9, n'7, pp. Vol.18, n*3, pp 277-293, 1980.
1345-1356, 1971. 36. Cohen N.S. and Strand L.D., "An Improved

20. Beckstead M.W., Derr R.L. and Price C.F., Model for the Conbustion of AP Composite
"The Combustion of Solid Monopropellants and Propellants", AIAA paper n*81-1553, 17th
Composite Propellants", 13th Symposium Propulsion Conference, 1981.
(International) on Combustion, pp. 1047-1056,The ombutio Insitue, 171.37. Ramohalli K.N.R., "Steady State Burn-ngThe Combustion Institute, 1971. of Composite Propellants", in Fundamentals of

21.Price C.F., Boggs T.L. and Derr R.L., "The Solid-Propellant Combustion (Ed.K.K. Kuo and
Steady State Combustion Behavior of Ammonium M. Summerfield), Vol.90 of Progress in
Perchlorate and HMX", AIAA paper n' 79-0164, Astronautics and Aeronautics, 1984.
17th Aerospace Sciences Meeting, 1979.



3-25

38. Cohen N.S., Crowley J.C. and Lo G.A., 42. Beckstead M.W., "A Model for Composite
"Effects of HMX Addition on the Combustion of Modified Double-Base Propellant Combustion",
Energetic Binders", 21st JANNAF Combustion 26th JANNAF Combustion Meeting, October 1989.
Meeting, october 1984.

43. Cohen N.S., "A Pocket Model for Aluminum
39. Beckstead M.W. and Mc Carty K.P., Agglomeration in Composite Propellants", AIAA
"Modeling Calculations for HMX Composite Journal, Vol.21, n*5, pp.720-725, 1983.
Propellants", AIAA Journal, Vol.20, n1l,
pp.106-115, 1982. 44. Price E.W., "Combustion of Metalized

Propellants", in Fund&aentals of Solid-
40. Duterque J. and Lengell6 G., "Combustion Propellants Combustion (Ed. K.K. Kuo and M.
Mechanisms of Nitramine Based Propellants Summerfield), Vol.90 of Progress in
with Additives", AIAA paper n*88-3253, 24th Astronautics and Aeronautics, 1984.
Propulsion Conference, 1988. Journal of
Propulsion and Power, Vol.6, n'6, pp. 718- 45. Renie J.P. and Osborn J.R., "Combustion
726, december 1990 Modeling of Aluminized Propellants", AIAA

paper n
° 
79-1131, 15th Propulsion Conference,

41. Blomshield F. and Osborn J., "Nitramine 1979.
Composite Solid Propellant Modeling", AIAA
paper n-90-2311, 26th Propulsion Conference,
1990.

- A..



4-1

Model!lng Aspects of Solid Propellant
Steady-State Combustion

by

Kennett, K. Kuo, Ph.D.
Director of the High Pressure Combustion Laboratory

Dept. of Mechanical Engineering
312 Mechanical Engineering Building

University Park
Pennsylvania 16802

United States

ABSTRACT

In the modelling of steady-state burning of composite propellants under zero cross-flow situations, a
comprehensive reviewwas made by Prof. K.N.R. Ramohalli of the University of Arizona, as Chapter 8 of a
recent AIAA Progress Series volume entitled, Fundamentals of Solid Propellant Combustion, edited by
Profs K.K.Kuo and M.Summerfield Also, an excellent chapter on "Steady-State Burning of
Homogeneous Propellants", was contmbuted by Dr G.Lengell and co-workers in the same book volume.
The contents of their chapters will be used as the key material for presentation in the first lecture topic. For
the combustion of composite propellants, certain basic aspects related to solids loading, particle size and
shape, binder type, processing influences, and the vapor phase mechanics will be briefly mentioned in an
effort to develop a feeling for the composite propellant system. Typical burn-rate influences of ingredient
and processing variations will be mentione6. The majority of the discussion focuses on the most widely
used type of composite propellant, Ammonium perchlorate (AP) as an oxidizer with inert hydrocarbon
binder systems. The thorough analysis of AP combustion by Giurao and Williams, the granular diffusion
flame model of Summerfield, the Hermance model, the Beckstead-Derr-Pnce model, and the petite
ensemble model will be descnbed. More recent statistical analyses of polydisperse heterogeneous systems
will also be presented

For homogeneous propellants, the key process which control the burning rate will be discussed. The
theoretical formulation, which includes governing equations for both solid and gas phases, the chemical
kinetic considerations, boundary conditions, etc., will be described. Some comparisons of calculated
results with experimental data will also be presented.

All of the presentation materials are available in the open literature.
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EROSIVE BURNING OF SOLID PROPELLANTS

Merrill K. King
4634 Tara Drive

Fairfax, Virginia 22032
USA

SUMMARY

This paper presents a review of experi- 2 4 ,
mental and modeling work concerning erosive ( STRANDBURNING(

burning of solid propellants (augmentation O EROSIVE BURNING GAS VELOCITY 149 s
1

of burning rate by flow of product gases VCROSIVEBURNING GASVELOCITY 103 .0

across a burning surface), with particular 20 EROSIVEBURNING-GASVELOCTY214,

emphasis on studies by this author. A
brief introduction describes motor design
problems caused by this phenomenon, parti-
cularly for low port/throat area ratio
motors and, in the limiL, nozzleless 01

motors. Various experimental techniques
for measuring crossflow sensitivity of
solid propellant burning rates are
described, with a conclusion that accurate M U 0

simulation of the flow, including upstream
flow development, in actual motors is
important since the degree of erosive
burning depends not only on local mean K
crossflow velocity and propellant nature,
but also on this upstream development. In -

the modeling area, a brief review of "simp-
lified" models and correlating equations is
presented, followed by description of more
complex numerical analysis models. Both 04
composite [ammonium perchlorate (AP)] and
double-base propellant models art. reviewed,
with emphasis on this author's models. A
"second generetion" composite model
developed by this author is shown to give o 0 2040 6o no 60 o
good agreement with data obtained in a PRESSURE. P(.,)
series of tests in which composite propel-
lant composition and heterogeneity Figure 1. Erosive Burning of an AP/Polyester
(particle size distribution) were systema- Propellant as a Function of Pressure
tically varied. Finally, use of the At Several Gas Velocities 0)
numerical models for development of erosive
burning correlations (of much more
practical use to the ballistician) is configurations with relatively low port-to-
described, and brief discussion of scaling throat ratios. As a result, during the
(particularly of minimum velocity required early portion of operation of such motors,
for initiation of erosive burning) is there are high velocities across burning
presented, propellant surfaces in the aft portion of

the grain, with these velocities rapidly
1.0 INTRODUCTION/BACKGROUND decreasing with time as the grain port

opens up. The erosive burning accompanying
The flow of combustion product gases at these high velocities, even though partly
high velocity across a burning solid pro- offset by burning rate decreases accom-
pellant surface is often found to lead to a panying resultant pressure decrease down
significant increase in burning rate over the bore (see Reference 2 for sample calcu-
that obtained at the same pressure in the lations) leads to an initial overpressure
absence of cross-flow - this phenomenon is relative to mean operating pressure during
referred to as erosive burning and the the early portion of the motor operation,
increase in burning rate is known as the in turn leading to requirement for a
erosive burning rate. An example of this heavier case for a given mean operating
effect is shown in Figure 1, ahere data of pressure (undesirable). In addition, if
Marklund and Lake (1) are presented in the the designer does not somehow compensate
form of burning rate versus pressure curves for the unequal initial burning rates along
for an AP/polyester propellant at several the grain (for instance by using a thicker
crossflow velocities. With most (but not web in the aft regions) the propellant will
all) propellants, there is a minimum cross- burn out unevenly, leading to a long pres-
flow velocity below which erosive burning sure and thrust tailoff (often also
is not observed - this is referred to as undesirable).
the threshold velocity and can be as high
as several hundreds of meters/second, par- Use of grain configurations with slots,
ticularly for high-burning-rate stars, or "wagon-wheels" at various loca-
formulations. tions along the port is common practice:

in many cases, velocities of gas flow in
In recent years, requirements for ever these regions can become quite high
higher propellant mass fractions in solid relative to mean flow through the central
propellant rocket motors and for higher port, again leading to local erosive
thrust-to-weight ratios have led to burning which must be compensated for in
development of centrally-perforated grain the motor design. Little attention has
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been given to this problem in published Table I. Simplified Ballistic Analysis of
literature - a recent effort by Ayris and a Nozzleless Motor With Uniform
Petrovic (3) does address erosive burning Port Area.
in a star-configuration centrally-
perforated motor. r/r0 - I k2M, r, - bpn

A series of studies has demonstrated that n k2 raft/rfore
the nozzleless motor concept (mass flow - -
choking at the end of a cylindrical bore) 0.4 0.0 0.72
offers significant economic anC operational 0.5 1.08
advantages over a more conventiunal rocket 1.0 1.45
system when considered for some tactical 1.5 1.80
weapon systems (notably air-launched 0.6 0.0 0.61
inte,.'al-roreet-ramjet systems where 0.5 0.92
ejection of a throat pack during transition 1.0 1.23
from boost ,ustain operation is highly 1.5 1.54
undesirable). This concept requires that 0.8 0.0 0.52
the flow within the bore or central 0.5 0.78
perforation of a grain accelerate to the 1.0 1.05
point tnat sonic conditions are achieved at 1.5 1.31
the aft end. In this situation, the high-
velocity environment results in substantial
erosive burning, with burning rates signi-
ficantly higher than those measured in a k2 increases, the rft/rfore ratio also
conventional strand bomb being encountered. increases, going through unity (generally

desirable) at a value of k2 which depends
Nozzleless rockets present a unique on the burning rate exponent. The results
challenge to analytical understanding of Table I give some indication of the
because the gas velocity reaches sonic and sensitivity of nozzleless motor design to
supersinic velocities on the grain the erosive burning characteristics of the
surfaces, leading to a realm of erosive propellant and thus further point out the
burning never before considered. The importance of information regarding the
effects are critical in that the erosive propellant's erosive burr ng charac-
burn rate contributions strongly influence teristics to the designer.
performance level, performance repeata-
bility and thrust misalignment. More than Since there is such a strong interaction
in any conventional motor, the exact between the local flow environment and the
erosive burn rate behavior must be held propellant burning rate, it is necessary to
constant from batch to batch if reproduci- be able to predict this interartion in
bility is not to be a problem. The perfor- order to design and calculate the per-
mance sensitivity of a nozzleless motor to formance of a low port/throat area ratio
erosion is due to the fact that the maximum rocket (particularly a nozzleless rocket
erosion occurs at the choke point in the with a port/throat area ratio of unity).
bore. Since this point is the effective With such a predictive capability, the
throat area, and the throat area versus motor designer can either design his grains
time is thus a function of regression rate, to compensate for mean erosive burning
the result is a chamber pressure history effects og grain burn pattern, or, knowing
which varies strongly with erosion, how propellant formulation parameters

affect erosion sensitivity, vary propellant
With nozzleless motors, the effects of parameters in such a way as to minimize
erosive burning are further magnified due these effects. Accordingly, considerable
to higher crossflow velocities (in the effort, experimental and analytical, has
Mach 1 rpnge) ano due to the fact that the been carried out over the past few decades
aft end port/throat area ratio does not with the goals of understanding, being able
decrease with time since the aft end is the to predict, and being able to control
throat (in most cases). Assuming that an erosive burning characteristics of solid
erosive burning rate correlation of the propellants. An excellent review of much
form r/ro - 1 k2M (M being the crossflow of this work is presented in Reference 4.
Mach Number) is applicable and allowing for
the fact that static pressure decrease down 2.0 EXPERIMENTAL STUDIES OF EROSIVE
the bore accompanying the velocity increase BURNING
tends to decrease burning rate for propel-
lants with a positive pressure exponent In the experimental characterization of
(usual), countering the erosive effects to erosive burning of solid propellants, the
some extent, it may be shown (Reference 2) investigator is faced with a conflict
that for a nozzleless motor with a uniform between a desire to perform inexoensive
bore radius tests with relatively easy direct measure-

ment of burning rate in the presence of
raft (k2  1 i) crossflow (as exemplified by tests in which

- (1) a hot product gas stream generatpd by a
'fore (y + 1 ) "driver* motor is passed over strips or

pellets of the propellant of interest, with
where r is the local burning rate (function relatively easy optical access for measure-
of pressure and crossflow velocity), y is ment of burning rate as a function if pres-
the product specific heat ratio, and n is sure and crossflow velocity) and a desire
the propellant burning rate-pressure to more accurately simulate the development
exponent. Values of (raft/rfore)inltial as of the flow field upstream of the point of
a function of the eroslv y constan f(2) interest seen in an actual motor (which in
and the burning rate exponent (n) are the limit can only be done by performing
preseited in Table I. As may be seen, for actual motor tests). This latter method
the case of no erosion (kg. 0) the aft end has the disadvantage that while the erosive
will recede more slowly t an the fo'e end, burning process is being studied under
due to lower pressure at the aft end. As actual motor conditions, these conditions _

I I • I i I I I I I IIII I II .... I_,.
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are difficult to determine accurately, time, but it seems highly unlikely that
Pressure and velocity vary through the they are totally negligible.
chamber and also change with time. Such
burn rate measurement techniques as inter- The measurement of erosive burning by use
rupted burning must use time-averaged of propellant specimens located outside of
values, and the time periods must be rela- a rocket chamber has been investigated by
tively long. Continuous measurement of Viles (15), Zucrow (16), Vilyunov, et al
burning rates within a rocket by x-ray (17), Saderholm (18), and Marklund and Lake
requires spec al elaborate equipment. The (1), the last authors using two experi-
use of probes to measure burning rates and mental configurations, one with tablets and
pressures is difficult because many probes the other with strips of solid propellant,
are required, and also runs the risk of both positioned inside a tube connected to
interfering with the chamber flow and dis- the exhaust stream of a test rocket. As
turbing normal burning, discussed above, there is considerable

question about the nature of the flow
The major drawback of'former method lies in across the specimen, but the parameters of
the fact that, as pointed out by several mean flow rate, pressure, regression rate,
authors (5-10), the level of burning rate and even temperature are relatively easily
augmentation depends not only on the mean measured quite accurately in such a
crossflow velocity at the point of device. Both Viles (15) and Saderholm (18)
interest, pressure, and the propellant tested the validity of their data as
itself, but also on the influence of the pertains to actual motor conditions by
upstream nature of the product gas flow on calculations of a number of pressure-time
the local turbulence structure. In actual curves for motor firings under erosive
cylindrically perforated motor grain ports, conditions using the data obtained from
the flow is highly two-dimensional in the their measurements with externally-located
forward part of the of the motor, where samples. Agreement between these calcu-
inertial terms in the momentum equations lations and measured pressure-time traces
describing the flow dominate the viscous were excellent, leading them to conclude
terms, leading to the classic "inviscid no- that their experimental procedures for
slip" velocity profiles, described by obtaining erosive burning rates were
Culick (11) and measured in cold-flow simu- valid.
lations of cylindrically-perforated motors
by Yamada and Goto (12) and Dunlap, et al As indicated above, the use of actual motor
(13). Beddini (8,9) has performed exten- tests to determine erosive burning charac-
sive analysis of the development of such teristics of propellants has the advantage
flows, obtaining good agreement with the that the erosion process is being studied
cold-flow experimental work - from his under the exact conditions that prevail in
studies, he concludes that turbulence first a rocket chamber. The disadvantage is that
develops in the center of the grain port these conditions are difficult to determine
and eventually works out to the walls accurately. Green (14), Kreidler (20), and
(propellant surface) with subsequent Peretz (21) have all utilized interrupted-
development of more nearly classical one- burning techniques in studying erosive
dimensional boundary layer profiles as the burning. Ayris and Petrovic (3) have
blowing ratio (ratio of radial velocity of utilized real-time X-ray techniques to
products leaving the propellant surface to study erosive burning in a star-configura-
crossflow velocity) decreases down the tion motor, with limited success to date.
motor port. Kutataladze and Leont'ev (14) Strand, et al (22,23) have utilized plasma
have developed empirical relationships for capacitance gages to measure erosive
the skin friction coefficient in such burning in CP grain motors, while Traineau
transpired flows in which, for blowing and Kuentzman (7) have used ultrasonic
ratios above a critical value (which burning-rate measurement techniques to
depends on several parameters) the boundary study erosive burning in nozzleless
layer is considered to be totally blown off motors. Finally, Waesche and O'Brien (24)
the surface (analogous to Beddini's conclu- have evaluated (on paper) various possible
sion that a turbulent boundary layer does techniques, including microwave-doppler
not exist in the high-blowing-ratio measurements, for continuous measurement of
upstream regions of the motor). In burning rates at various locations along a
Kutataladze's formulation, as in other cylind:rically-perforated-grain motor.
correlations of blowing effects, as the
blowing ratio decreases further below this In addition to experimental studies
critical value, the ratio of skin friction involving external flow of propellant
to zero-blowing skin friction (for a given exhaust gases across tablets or other small
crossflow Reynolds' Number) increabes con- propellant specimens (one extreme, yielding
tinuously until it approaches a value of relatively inexpensive tests and ease of
unity at very low blowing rates (classic data analysis, but with major doubts as
fully-developed boundary layer), regards direct relevance to motors as
Obviously, in experiments where product discussed above) and those involving actual
gases are blown across tablets or other use of motors (other extreme, expensive,
small specimens of propellant without the with difficulty in obtaining accurate
upstream boundary layer attachment and measurements) three additional experimental
development phenomena sEen in cylin- approaches for study of erosive burning,
drically-perforated motors (or, even worse, offering compromises between these limits
in slots or other complex central port have been employed by investigators at
configurations, which to this author's Princeton University (25), Pennsylvania
knowledge have received no attention to State University (26), and Atlantic
date as regards boundary layer development) Research Corporation (27): these are
the turbulence profiles will be different briefly described below.
at a given crossflow velocity than in such
CP grains. Whether the resultant effects The Princeton study employed a 50 cm long
on erosive burning race at a given pressure slab motor (depicted in Figure 2) which
and crossflow velocity are first or second could be quenched during the early stages
order is not clear to this author at this of motor operation. This slab motor had a

%I . .
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BLACKPOWDERIGNITER OSSLE CLOSURE DISK- propellant were utilized in a windowed test
/ ch&mber with hot combustion products from a

PROPELLANTTRAY "driving motor" flowing over the sample at

PRESSURE PORTS various velocities (subsonic and super-
I 2 sonic) and chamber pressures. (See

Figure 3.) The test chamber was 39 cm long
with a rectangular cross-section of 7 cm by

. " . 00 2.54 cm. This chamber was equipped with a
4 @[ transparent plexiglas window assembly

492 2CM composed of an inner sacrificial window, a

middle window, and a top window, with the
LOUNCH PORTS inner window being replaced after each

test. The test-propellant sample was
HIGH PRCSSU-F-E ICIMPINGIG AND clearly visible through this assembly. An

He BREAKING UP ON interchangeable wedge-shaped steel leading
PROPELLNT OPPOSITEWALL edge was used, with the test propellant

sample being glued to the top flat surface
of the leading edge, whose length (10.8 cm)
allowed development of a turbulent boundary

Figure 2. Princeton University Slab Motor Used layer over most of the propellant sample
To Obtain Erosive Burning Data (25) (though likely somewhat different in struc-

ture from the turbulent boundary layer
encountered in an actual motor). The spil-
lage channel depicted in Figure 3 was used

rectangular port with two opposing flat to enable the boundary layer to develop

propellant slabs cast into trays, each slab from the beginning of the leading edge. An

being 2.54 cm wide by 49.2 cm long with an interchangeable top plate was used to vary

initial gap between slabs of (typically) channel height and thus gas velocity across

0.7 cm. Rectangular nozzles were sized to the sample. (Pressure gradient could also

give initial port-to-throat area ratios of be varied by use of a tapered top plate.)

1.50, 1,20, and 1.06, corresponding to Mach An interchangeable exit nozzle was used to

Numbers at the end of the slabs of 0.4 to control pressure (and, in combination with

0.7. A liquid quench system was used to the top plate, velocity in the test

extinguish the propellant at 0.05 to chamber). The instantaneous regression

0.07 seconds after ignition. Static rate of the propellant was recorded by a

pressure versus time and total distance high-speed (1000-1500 frames per second)
burned were measured at five axial camera and deduced via a motion analyzer.
locations, A desired form of erosive Details of the experimental device, test
burning rate expression and one-dimensional procedures and data analysis procedures
compressible flow equations were integrated (notably used for calculation of burning
with various choices of adjustable para- rate and free-stream gas velocity in the
meters in the erosive burning rate test section, not directly measurable) are
expression until optimal agreement of given in Reference 26.
measured and calculated pressure-time
variation at all measurement locations was The experimental test apparatus and pro-
obtained. (Lack of instantaneous burning cedures employed in the Atlantic Research
rate data necessitated specification of an study of erosive burning are described in
erosive burning rate expression form, detail in Reference 27. A schematic of the
though the form is not restricted as to basic test apparatus is presented as
type) with the measured (post-test) erosion Figure 4. A cylipdrically-performated 6C4
data being used to evaluate unknown driver grain (15.2 cm outside diameter,

constants in the expression for a given 10.2 cm inside diameter) whose length was
propellant and operating pressure, chosen to give the desired operating pres-

sure for a given test, produced a high
In the experimental study at Pennsylvania velocity gas flow through a transition
State University, two-dimensional slabs of section into a rectangular test section

which contained the test grain (generally

Pressure the same formulation as the driver

-Transducers grain)., The contoured transition section

WINDOW E G3RAIN

40 1, LONG X I 10* OEEPX2 $MWEG

(I4*, - .ONG X 3/4.. oDEP X I I- WEB)

Plexiglass Windo w ....-.
/

Assembly - DRIVER GIRAINPO41 IRtoR I so - /BURNING 7~l~4LD
(13/4 X3/4 W I SURFACE OPINL2

Driving 
FLOWCHANN NOZLE

motor Test Propellamt Test Ch a r ~ EDURE MCASUeENEST

=AC 11LW 
LOCTION

6CI4O OTSRAE TEST GRAIN, 1 90 cmX 2 5 c. WE
HA 

RDWA 
RE

{15l.s NozzleR lll It Wl

Nozzle LB - 0 VIE
Igniter E lsr a 

X 2 c. LONO
Spillage Leading /4 M,' DRIVER

PLOWe CRACINEL GSPAN

Figure 3. Schematic Diagram of the Erosive-
Burning Teat Apparatus Employed At Fgr .Shmtco tatcRsac rsv
Pennsylvania State University (26) Figure .Burning Testf AtlantiCusReearch Erosive

II I H "lill • IiR Bun ing
l l

Teatl Appar...t.um (27)"
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was approximately 10 cm long. The test In general, studies of the erosive burning
grain extended from the test section back of solid propellants have involved use of
through the transition section to butt only one, or at most, two to four different
against the driver grain in order to elimi- propellants, without study of the effects
nate leading edge effects which would be of systematic variation of propellant
associated with a test grain standing compositional and heterogeneity charac-
alone. The test grain was approximately teristics on sensitivity of burning rate to
30 cm long (plus the 10 cm extending crossflow velocity. General observations
through the transition section) by from these studies (1,15-20,28-30) include:
1.90 x 2.50 cm web and burned only on the
1.90 cm face. The flow channel of the test 1. Plots of burning rate versus gas
section was initially 1.90 cm x 1.90 cm, velocity or mass flux at constant
opening up to 1.90 cm x 4.45 cm as the test pressure are usually not fitted best
propellant burned back through its 2.54 cm by a straight line.
web. For high Mach number tests, the 2, Threshold velocities are often (but
apparatus was operated in a nozzleless mode not always) observed.
with the gases choking at or near the end 3. Occasionally, "negative" erosion rates
of the test grain, while for lower Mach are observed, (There is some contro-
Number tests, a two-dimensional nozzle was versy as to the cause, with a
installed at the end of the test channel, preponderance of opinion learning

toward it being stifling of the pro-
During each test, pressure and crossflow pellant combustion by flow of melted
velocity varied with time and location binder across o dizer crystals.)
along the test grain. (For the nozzleless 4. Slower burning propellants are more
tests, pressure varied significantly with strongly affected by crossflows than
time ano location, while crossflow velocity higher burning-rate formulations.
varied considerably with location but not 5. At high pressure, the burning rate
significantly with time. For tests using a under erosive conditions tends to
nozzle with an initial port to throat area approach the same value for all pro-
ratio of 1.5 or higher, on the other hand, pellants (at the same flow velocity)
pressure did not vary strongly with loca- regardless of the burning rate of the
tion but did rise with time due to the propellants at zero crossflow.
progressivity of the driver grain, wnile 6. Erosive burning rates do not depend
crossflow velocity varied strongly with upon core gas temperature of the
time and slightly with location.) These crossflow (determined from tests in
variations permitted design of tests to which various "driver propellant 's"
yield considerable burning rate-pressure- products are flowed across a given
crossflow velocity data in relatively few test propellant).
tests, provided that these parameters could
be measured continuously at several loca- One exception to the statement that in most
tions along the test grain. These pare- studies to date, examination of the effects
meters were measured in the following of systematic variation of propellant para-
manner. meters (composition, oxidizer particle

distribution, etc.) on sensitivity of the
The burning rate was di,'ectly measured by propellant to crossflow was not carried out
photographing the ablating grain with a
high-speed motion picture camera through a Table II. Propellant Matrix (AP Composite
series of four quartz windows located along Propellants) Tested by King (31-33).
the length of the test section. Frame by
4'rame analysis of the films permitted Formulation Composition Rationale
determination of instantaneous burning rate 4525 73/27 AP/MTPO, ZO AP Baseline Formulation, flame
as a function of time at each of the four Temperature 16unKI
window locations.. 5051 73/27 AP/HTP8, 200p AP Compare with 4525 for AP Size

Effect coo Bse B ing pate
For nozzled cases, the measured location of Effect
the burning propell ant surface at each 4685 73127 At/HIPS, Sp AP are aith 4525 and 5051 torAP Size Effect and ease Burning

window as a function of time, together with Rate Effect
the known constant throat area, permitted 4869 72/26/2 AP/ITPBFe203, Compare with 4525 for ease
straightforward calculation of the cross- 20w &o Burning Rate Effect at Lonstant

AP Sizeflow velocity as a function of time ,5542 77/23 up/HTPS. 20p AP Compare with 4525 for mixture
However, the very sensitive dependence of Rto and Flame Teperiture
Mach Number on area ratio for M > 0.5 made Effect at Constant AP Slze.
calculation of crossflow velocity from area T . 2 osra iome su em nt qu te po r or no zl le s 5565 82/1 APlHTP$. 13.65% APSIzes~chosen to match eseratio measurement quite poor for nozzleless 9 AP, 68.35% 200p AP Aln 9 Rate of 4525. Compare
cases. Accordingly, for these tests, stag- Wth 4525 formixtureRatloand
nation pressure was determined at the aft Fl TeemperatureEffectT -257SK
end of the test section and used in ssss 82/t8a PEP 41% 1, AP, Co re .ltn tans for affect of
combination with the driver chamber pres- 41s 7p AP ase Bunlng Rate
sure for calculation of the stagna ion 7993 821A aP/OyPne 41!t7 A', .. 'other Study Or AF nze aId
presoure in the test section as a function 41% 9o AP es Burning Rat, Effects
of time and position. Static pressure wall 7996 $2/18 AP/ETP. i 41% o up, Fuather study of AP Size andsat each window location were used for 1 20V Ap Base ownlng Rate Effectstaps t f9 eacht w/ind. 21.3 So up. PFurter stuy of P size and
measurement of static pressure as a 27.3% 20o AP. 27.4 200p AP Ease Burning Rate Effects
function of time for both nozzled and 6626 74/21/s AP/HIPS/Al. Same Plane Temperature and Ease
nozzleless cases. From the static and 70% 9 AP, 4% 200 uP urning Rate as 5565. Compare
stagnation pressure values determined as a ait 5565 for Al Effect.
function of time and position down the test 1523 70128/2 AP/Polyester/pe

2 3  AIelloePolesteFSoalon,

section, crossflow Mach Number and velocity atch) -asBRof486Ce mae wth
were calculated as a function of time at t869 for inder Effecteach window location in the test section 760S 18121/2 AP/Polyester/Fe20 Sal i s empe'ature (280K)

Biandal up (23.4% 20V , 3 Polyester FarIulation. Comtare
for the nozzleless cases . 54.61 200u) with 7M2I. Also copare with

5542 for Binder Effect at Nearly
constant ease Swning Rate

, p +++,;+



5-6

is the work of King (31-33) who 3.0 EMPIRICAL EXPRESSIONS AND RELATIVELY

systematically varied parameters with a SIMPLE MODELS FOR CALCULATION OF

series of eleven AP composite propellant EROSIVE BURNING RATES

formulations, listed in Table II (along
with rationale for their selection). Several empirical expressions for calcu-

Detailed results of this test series lation of the ratio of total burning rate

(carried out in the Atlantic research test (expressed as the sum of zero-crossflow

apparatus described above) will be given in rate plus erosive contribution) of a pro-

a later section where measured erosive pellant to the zero-crossflow rate at the

burning rates are compared with predictions same pressure appear in the literature -

of a composite propellant erosive burning these generally take one of the following

model by King, A summary of the observed forms:

effects of various parameters on c (the
ratio of burning rate with crossflow to - r/ro - I + KI (V - Vt

)m
, m S 1 (2)

that without it) at constant pressure and
crussflow velocity is presented here as c r/ro - I + K2 (M - Mt)m, m 1 1 (3)

Tabla III. As ooserved by previous studies m
(summarized above), base (no-crossflow) c - r/r0 - 1 + K3 (G - Gt

) 
, m S 1 (4)

burning rate is seen to have a major effect
on crossflow sensitivity, erosive burning E . Erosion ratio

ratio increasing with decreasing base rate r . Total burning rate

at fixed pressure. ro  Normal burning rate (no
crossflow) at the same

Table III. Effects of Various Formulation pressure
Parameters on Sensitivity of KI, K2 , K3 - Empirical constants
AP-Composite Propellants to V . Crossflow velocity
Crossflow as Observed by M . Crossflow Mach number
King (31-33). G - Crossflow mass flux

m . Empirical constant
c om.p ino h pir~eter s st ied Eff tt or Ernaine 0-r n 9 where the subscr ipt "t" refers to thresho ld

425. '051. Var ed , r at Fixeu o * I
468 Binder o . oitF , crossflow conditions below which erosion

reperture does not occur. (Some propellants have
4525, 4869 Y"ei rot Fixed APsze. e €' been correlated with non-zero threshold

Biner 778. and F I ne
Tintrt t values, while others have been correlated

4665. 4869 Varied 4 .B Fielnd r d * . Sligtly with threshold values set equal to zero.)
Binderi Tnd Fn Effective implementation of such expres-
Tap t e sions to describe the response of solid

4SS 52 Varied 2iF Ratio (end Thn sro -
4525. 5542 rn.,. Rt.on andThe $ Te o propellant burning rates to crossflow of

at Fixed Binde Type end course requires a fairly extensive data
F5, 4 d aSize base for each propellant of interest over

la T4 t2) at Fixed the range of pressure and crossflow
BIher Typeand Fi ero velocity range of interest (extrapolation

5565. 5555, Varied 2 o4tFleed d2 . r b

7993. 7996. inder, T .e. Flae being quite risky).
8029 T xeretre
5565, 6626 Alwin. Yvsvs Nor- Al t C Unthalned

Aelinr at Fixedr Since characterization of a given formula-
" tr Type, ald Fl~e

Toeadadlre tion's burning rate dependency on crossflow

4869, 7523 olff~eret Binde, Typ r,. A' L. P. I ucKAged at various pressure levels tends to be
C~d Constn. At Nig

h 
P. Hier 

f
or lOl

ye
S
t e  fairly expensive, a model which permits the

f: Iln, Flane t"Witare(polyesterHotter) designer to predict this dependency without

5$42, 7605 0ifierent Binder Type. At2 .. U ,'Irl04n02d erosive burning testing of various candi-
ield Coastent. Sifferint At Nii F. i io, Foi,t date formulations for a given appl ication
,ltt,,eran,( t is highly desirable. In addition, an

accurate model which properly accounts for

Conclusions from Above Comparisons the mechanisms involved in erosive burning

can be used by a propellant formulator in

1. The augmentation factor is strongly developing a formulation which will have

dependent on base burning rate. desired ballistic properties in a given
motor design with a minimum of trial-and-

2. rhere is a small residual effect of error searching. As a minimum, a model
oxidizer particle size, at fixed which will permit prediction of erosive
burning rate. burning over a wide range of conditions for

3.. O/F (flame temperature) effects c for a given formulation, given only relatively

HTPB systems only through effect on inexpensive strand-burning data is highly
base burning rate. desirable. Even better would be the ulti-

mate development of a model which would
4. At fixed base burning rate, aluminum permit prediction of burning rate as a

has no effect on e. function of pressure and crossflow velocity

5. Polyester binder formulations are given only composition and ingredient size
slightly more sensitive to crossflow data. Such a model should provide explana-

than HTPB formulations at fixed base tion of the observed burning rate charac-

burning rate. teristics in the presence of crossflow in
terms of the hydrodynamic conditions

d - Oxidizer Particle Diameter induced near the propellant surface by the
crossflow coupled with the chemical and

0 Base (No Crossflow) Burning Rate physical processes which constitute the
Tf - Flame Temperature propellant deflagration mechanism. In the

latter area, it appears obvious that dif-

£ - r/r (Ratio of Burning Rate With ferent models are required for homogeneous
a Given Crossflow to the Base (double-base) and heterogeneous (composite)
Rate) propellants. [

O/F - Oxidizer/Fuel Ratio -x,
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Over the years, a large number of erosive derivation of a modified Lenoir and
burning models of varying degrees of Robillard expression allowing for the
sophistication have been developed; a list coupling of flame standoff distance with
of models examined by this author (with the burning rate. While Lenoir and Robillard
exception of several complex models assume r - ro + re, allowance for he
utilizing extensive numerical analysis coupling effect results in r - (r /r) +
procedures, which are described in the next re. In physical terms, Lenoir an

8

section) is presented as Table IV. These Robillard have failed to account for the
models mostly fall into one of three cate- fact that the increased burning rate caused
gories, as indicated, by erosive feedback at constant pressure

results in the propellant flame being
pushed further from the surface, decreasing

Table IV. General Categories of Models of its heat feedback rate and, thus,

Erosive Burning Briefly lecreasing the propellant burning rate part

Discussed in This Section )f the way back toward the base rate.
(Section 3.0). A more general weakness of models in the

1. Models Based on Augmented Heat Transfer first category is that these models predict
From the "Core Gas" in the Presence of substantial dependence of erosive burning
Crossflow. on the temperature of the core gas; suchdependence was found by Markland and Lake

e.g., Lenoir and Robillard (34) (1), in experiments with propellant tablets
Zucrow, Osborn, and Murphy (35) exposed to crossflow products from motors
Saderholm (18) operating at different flame temperature
Markland and Lake (1) (1700*K and 2400*K) and later by King (48),

in the Atlantic Research apparatus
2. Models Based on Alteration of Transport described earlier (with driver propellants

Properties in the Region Between Flame with flame temperatures of 1667'K and

Zone(s) and the Propellant Surface by 2425*K) to be completely absent. (The

Crossflow. Lenoir and Robillard model predicts that
the erosive contribution should be

e.g., Saderholm, Biddle, Caveny, and 50 percent higher with the higher
Summerfield (36) temperature driver in each case, as

Lengelle (37) discussed in detail in References 27 and
Corner (38) 48.) This observed lack of depenu nce of
Vandenkerchove (39) erosive burning rate on core gas
Zeldovich (40) temperature tends to indicate that all
Vilyunov (17) models in the first category in Table IV
Geckler (41) are on shaky grounds.
Parkinson, et. al., (5,6,42)

The model of Zucrow, Osborn, and Murphy
3. Models Based on Chemically Reacting (35) is worthy of particular attention,

Boundary Layer Theory since it is the only model known to this
writer which permits prediction of negative

e.g., Tsuji (43) erosion which has been observed in some
cases. However, it may be shown that this

4. Miscellaneous prediction results from a physically impos-
sible result of a mathematical extrapola-

e.g., Klimov (44) tion. The basic burning rate expression
Molnar (45) employed is:
Miller (46) h (TCombustion Tsurface avO.)

r - r 0 
+ TCmuto srae v.

OPprop (5)

where Q is basically the heat required to

iodels in the first category are based on preheat and vaporize unit mass of the pro-
the assumption that the erosive burning is pellant (with some corrective adjustments)
driven by increased heat transfer from the and h is the heat transfer coefficient from
mainstream gas flow resulting from the the core gas to the propellant surface.
increased mass flux parallel to the grain Ancillary expressions used include:
surface. The best-known and most widely
used model, that of Lenoir and Robillard h - h0 (Ch/Cho) (6)
(34), falls into this category. Since this
model is the one most widely used today by Ch/Cho - 1 - BTB (7)
motor designers (actually it is a data-
fitting" tool, requiring experimental data B - Ppropro/ChoG (8)
for eacAh new formulation, rather 

than a

true predictive model), it will be where 8 ih a constant transpiration para-
discussed in more detail than the others. meter ad Ch0 and ho are the Stanton Number
In this model, the authors state that the and the heat transfer ccefficient in the
total burning rate (r) is the sum of two absence of crossflow, all other parameters
effects:- a rate dependent on pressure (ro, being as defined earlier.
the normal burning rate), and a second
erosive rate (r ) dependent upon the The difficulty lies in the use of
combustion gas flow rate. This equation Equation 7 for the ratio of the Stanton
entails an assumption that the pressure- Number with crossflow to that without
dependent "base" rate, ro, is unaffected by crossflow. This expression should only be
an increase in total rate at a given pres- used for values ot 8 8 << 1. As it is, at
sure, an assumption which almost certainly sufficiently small vilues of G, 8
cannot be true. This problem has been exceeds 1/0 When this occurs, Equation 7
discussed in detail oy King (47), with yields a neiative value for the Stanton
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Number (violating the Second Law of Thermo- pocket. The driving mechanism by which the
crossflow is assumed to increase thedynamics), and thus the heat transfer burning rate is through increased turbu-

coefficient h becomes negatve,and the lence associated with increasing crossflow
second term of of Equation 5 also becomes raising the turbulent diffusivity in the
negative, yielding a predicted burning mixing region (thus increasing the rate of
rate, r, less than the burning rate in the mixing and decreasing the effective
absence of crossflow, ro . The correct distance of the diffusion flame from the
limit for Ch/Ch^ as G - 0 (B w) is unity, surface) and raising the effective
while Equat on 9 predicts It to go to minus turbulent thermal conductivity. Both the
infinity, decrease in distance from heat release zone

to surface and the increase in thermal
The models of Saderholm (18) and Marklund conductivity increase the heat flux to the
(1) are not vastly different from that of surface, thus causing the propellant to
Lenoir and Robillard, except that Saderholm ablate more quickly. There are several
totally ignores the "base" (no crossflow) notable weaknesses associated with the
burning rate in comparison to the erosive Lengelle model:, (1) the granular diffusion
contribution, a treatment that seems a bit flame model is not physically realistic;
drastic, particularly for fairly low cross- (2) the AP monopropellant flame is ignored;
flow velocities, and (3) the boundary layer treatment used

to calculate the dependence of the
The second category of models listed in effective turbulent diffusivity and conduc-
Table IV includes models based on the tivity on the crossflow is unrealistic in
alteration of transport properties in the its use o ne-seventh power velocity law
region between the gas flame and the pro- all the way from the freestream to the
pellant surface by the crossflow, generally surface ye
due to turbulence effects, Included in
this category are models in which the In the more recent studies of Parkinson,
thermal conductivity in this region is et. al. (5,6,42), only alteration of the
raised by turbulence and models in which effective thermal conductivity between the
the time for consumption cf fuel gas propellant gas flame zone and Lhe surface
pockets leaving the surface is reduced by
the effects of turbulence on diffusivity., by crossflow-induced turbulence is
Four of these models were developed for considered as a driving mechanism for

double-base propellants, In three of erosive burning. In their first work (42),
these, the models of Corner (38), Zeldovich the authors use blown-boundary layer theory
(40), and Vilytnov (17), the basic approach to calculate the Stanton Number
is to calculate, using various boundary (controlling heat feedback) as a function
layer hydrodynamic models, an effective of the skin friction coefficient in the
ratio of turbulent thermal conductivity (or presence of blowing, utilizing expressions
diffusivity) to laminar conductivity and based on the work of Kutataladze and
relate this to increased flux to the pro- Leont'ev (14) for calculation of this coef-
pellant surface from the gas flame and, ficient. They then use the calculated
thus, to increased rate of ablation of the Stanton Number for comparison of the heat
propellant surface. The Vanderkerchove feedback rate from the gas flame to the
(39) model, however, is somewhat surface with that based on pure conduction
different. In this model, he assumes that (no-crossflow case), allowing for the fact
the key heat transfer driving temperature that increased burning rate will push the
is achieved ot the inner edge of the fizz flame zone further away from the surface
zone. He then assumes that in cases where, (under their assumption that the "delay
in the absence of crossflow, this fizz zone time" of the reaction is not affected by
would begin at a distance from the surface the turbulence) in arriving at an expres-
greater than the distance from the surface sion for the total burning rate as a
to the edge of the laminar sublayer (calcu- function of the no-crossflow rate and the
lated from a universal u+, y+ correlation Stanton Number. In their two subsequent
approach) with crossflow, this edge of the papers (5,6), they expand their analysis to
fizz zone will be fixed by the edge of the include treatment of the laminar sublayer
laminar sublayer. Whenever this is the thickness relative to the flame standoff
case, the resultant "flame" position will distance and modify their blown-boundary-
be closer to the surface than without laye, analysis to allow the skin friction
crossflow, the resultant heat flux factor to only asymptotically approach zero

(calculated as the ratio of the thermal at high blowing rates, rather than being

conductivity to the "flame" offsct identical to zero at blowing ratios

distance) will be higher, the propellant (blowing rate/crossflow rate) greater than

surface temperature will increase, and the a critical value (Kutataladze approach).
propellant ablation rate will become
higher. Since the laminar sublayer Only one model, that of Tsuji (43), is

thickness decreases with increasing cross- listed in the third category of Table IV;

flow velocity, the burning rate will also however, further modeling efforts in this
increase with this parameter, category, of considerably greater

complexity, are discussed in the next

The models of Lengelle (37) &nd Saderholm, section. The Tsuji study, unfortunately,

Biddle, Caveny, and Summerfield (36) for is not particularly useful due to the

composite propellant erosive burning are assumption of a totally-laminar boundary
somewhat similar in principle, though the layer and limitation to a situation wnere

latter model Is applied to the special case the free-stream velocity is proportional to

of very fuel-rich propellants at quite low the distance from the head-end of the

crossflows. The basic propellant combus- grain. Other simplifications include
tion mechanism assumed is the granular assumption of premixed stoichiometric fuel

diffusion model in which pockets of fuel and oxidizer (rendering the model inappli-
vapor leave the surface and burn away in an cable to composite propellant systems) and

oxidizer continuum at a rate strongly use of one-step global kinetics.
dependent upon the rate of micromixing of .. -

the oxidizer vapor into the fuel vapor -V.1
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In the "Miscellaneous" category of port of a cylindrically-perforated motor,
Table IV, the Klimov model (44) is mainly employing second-order closure turbulence
aimed at calculation of threshold crossflow analysis procedures. With his approach, he
velocitiei (below which the propellant is has been able to predict flow development
unaffected by crossflow). Klimov claims structures consistent with those measured
that the threshold velocity is the main- by Yamada and Goto (12) in cold-flow
stream crossflow velocity above which the studies simulating blowing-wall rocket
"turbulence front" subsides onto the motors ports, structures considerably dif-
propellant surface (recall earlier mention ferent from those predicted using more
of Buddini's work (8,9) supporting this standard k-e developing turbulent boundary
hypothesis) and presents boundary-layer layer analyses, such as those employed by
analysis procedures for calculating this Kuo and coworkers (49-52), discussed
threshold velocity as a function of the later. However, his combustion model is
transpiration (blowing) velocity of gases highly idealized (not representative of
ablating from the propellant surface. In actual flame structures in either composite
addition, he postulates that negative or double-base propellant combustion) -
erosion is due to "stirring up" of cool consequently, it is concluded that his
streams of binder decompositon products results are mainly of use for trend
over the oxidizer surface, leading to analysis (e.g., scaling of threshold
intensification of their cooling effect and effects, an important area of interest in
to screening of heat feedback from itself) rather than for prediction of the
oxidizer/fuel diffusion flames, erosive burning characteristics of specific

p-opellants.
Molnar's model (45, developed for homo-
geneous propellants with a laminar 4.2 MODELING EFFORTS OF KUO AND COWORKERS
crossflow, is based on an assumption (which
does not appear to this author to be In Reference 49, Kuo and coworkers present
realistic) that the lateral velocily an analyis of ercsive burning of composite
gradient at the b*,rning surface governs propellants in the geometry of their test
erosive burning. Miller (46) assumes that apparatus (described earlier), a flat-plate
the time for a unit of propellant mass to with a fixed leading edge. In this work,
be consumed is a linear sum of a chemical they perform a parabolic turbulent
reaction time and "the time required for boundary-layer analysis using a k-e model
turbulent transport of heat to the propel- for closure of their turbulent equations.
lant surface"; such an additivity approach [In standard fashion, they begin with
seems quite unrealistic, general unsteady-state conservation equa-

tions for mass, momentum, fuel, oxidizer,
enthalpy, etc., replace the instantaneous

4.0 COMPLEX NUMERICAL ANALYSIS EROSIVE variables with mean plus fluctuating com-
BURNING MODELS ponents, and time-average the resulting

equations, leading to a number

Modeling efforts in this area include those of Tfo crossproducts which must be corre-
of Beddini (8-10), with major emphasis on lated for closure of the problem,) In the
fluid dynamic aspects but a very oversim- near-wall region, they utilize a modified
plified unrealistic treatment of solid Van Driest (60) turbulent viscosity formu-
propellant combustion itself; composite lation, with inclusion of a term based on
propellant (49-51) and double-base propel- the work of Cebeci and Chang (61) to
lant (52) models by Kuo, et. al., with account for wall roughness, for calculation
emphasis on flow dynamic aspects but also of turbulent kinetic energy and dissipa-
with inclusion of treatment of combustion tion. In their analysis, they assume that
processes; a "first-generation" composite the heat release at any point in the gas-
propellant model (27,48,53), "second- phase is controlled by eddy breakup, which

generation" composite propellant model is proportional to the square root of local
(31,32,54), and a double-base propellant turbulent kinetic energy level and to the
model,(5,5) and King double- e mpheass radial gradient of unburned fuel concentra-model (55,56) by King (with more emphasis ti.Amnohesmpfcais

on combustion mechanism details coupled tion. Among other simplifications
with a more empirical treatment of fluid regarding the combustion processes, they
dynamic aspects); and a composite propel- assume infinite kinetics for the oxidizer/
lant model by Renie, et. al. (57-59), which fuel flame, neglect molecular diffusion as

is similar to and derivative of the King regards mixing, and neglect the gas-phase

"second-generation" composite model and ammonium perchlorate monopropellant flame,
accordingly will not be discussed considered by most modelers of composite
further. The Beddini and Kuo models will propellant combustion to be an important
be briefly described below, while this factor. In solving their equations, the
writers models ,jill be des ribed in more authors employ a standard Patankar-Spalding
detail (author's perogative!). It should numerical approach, marching along the
be noted that even the models emphasizing grain from the leading edge (parabolic
fluid dynamic aspects of erosive burning problem).
are limited to simple configurations and do In Reference 50, the previous model is
not deal with slots, stars, or other extended to treatment of erosive burning In

irregular Ferforations (often used In prac- te o t of erosivecaurnirgrte
tical motors) which generally result in the port of a cylindrically-perforated
highly three-dimensional flows, propellant grain; in this study, both the

developing (inviscid core flow) and fully-
4.1 BEDDINI MODELING EFFORTS developed regions of the flow are con-

sidered. The marching analysis is
Beddini (8-10) has carried out what is initiated at the point where the boundaryBedn 81)hscridotwa s layer starts to develop (though it is not

probably the most realistic and thorough tt nt
clear how the authors decide where thisanalysis of the flow itructure (including Is) In general, the analysis is quite

turbulence) involved in the erosive burning similar to that used for the flat-plate
of solid propellants Ineitherto-analysis except for addition of treatmentdimensional slab configurations or In the of axial pressure gradients associated with
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flow acceleration down the bore, In particle size results from the importance
Reference 51, the analysis is further of the O/F flame.)
extended to formulations containing HMX and
aluminum as well as ammonium perchlorate Another area of major difficulty with the
and binder, with treatment of the species motor port grain model lies in the use of a

formed by reaction of ammonium perchlorate one-dimensional inviscid core flow plus
and binder as an "equivalent oxidizer" and boundary layer approach at and near the
these formed by HMX and aluminum as "equi- head end of the grain port. As has been
valent fuel" - this author has considerable shown experimentally by Yamada and Goto
difficulty with this concept. (12) and by Dunlap, et. al. (13), and

analytically by Beddini (8-10), among
Comparison of theoretical results predicted others (as discussed earlier), the entire
using the flat-plate analysis with experi- flow near the head end of a perforated
mental results obtained by the Penn State grain port must be highly two-dimensional,
investigators (26) shows close agreement. precluding use of such an analysis. Only
From the results of this study, the authors at a distance a considerable number of
conclude that the mechanism of erosive diameters downstream of the motor head end,
burning is increased turbulence activity where the ratio of blowing velocity to
near the regressing propellant surface with crossflow velocity has dropped below a
increased crossflow velocity. Both experi- critical value (as the crossflow velocity
mental and theoretical results indicate builds up) is such an analysis appli-
that erosive burning is more pronounced at cable. In the upstream regions, the highly
higher pressure; in addition, erosive two-dimensional nature of the flow results
burning rate in a rocket motor is predicted in near-wall turbulence intensities being
to decrease with increasing port diameter, quite small compared to those that would be
in agreement with observations of many predicted by the analysis of Kuo and
investigators in scale-up studies and motor coworkers. As a result, as discussed by
development programs. Beddini, erosive effects in the upstream

regions of perforated grains should be
This author has major disagreements with considerably less than predicted by t'is
the modeling approach described above. It analyses.
appears that the modelers are discarding
mechanisms which determine burning rate in In Reference 51, Kuo and coworkers present
the absence of strong crossflow. Now this a model of erosive burning of double-base
author can understand that at very high propellants; analysis of the flow is
turbulence levels associated with high similar to that for their composite propel-
crossflows, leading to erosive burning lant modeling. In this study, the authors
ratios far greater than unity, this neglect do treat multiple reaction zones, observed
might be acceptable. However, at lower in the combustion of double-base propel-
levels of crossflow, where the erosive lants. Again, however, in calculation of
burning ratio is not far from unity (say, heat release rates in these zones, the
less than 2), it seems obvious that both authors assume that these are controlled by
erosive and non-erosive mechanisms must eddy breakup, in this case involving the
contribute to the total burning rate in mixing of "lumps" of unburned and fully-
that nature in general does not permit burned gases. Accordingly, the heat
discontinuous changes from all one release rate again goes to zero as turbu-
mechanism to all another with small changes lent kinetic energy goes to zero since they
in the parameter affecting their relative have once more neglected molecular
significance. (That is, it is very diffi- diffusion mixing processes - thus, this
cult for this author to see how mechanisms model too is suspect for crossflows not
determining the zero-crossflow rate leading to high erosive burning ratios
disappear as soon as the total rate rises since it cannot give the correct zero-
several or even tens of percent above this crossflow burning rate limit, in this
zero-crossflow rate.) Basically, the model author's opinion a minimum requirement for
appears to have a major deficiency a realistic erosive burning model as
resulting from the assumption that the heat discussed above.
release from an oxidizer/fuel gas flame is
totally controlled by eddy breakup, with
the result that in the absence of cross-
flow-induced turbulence no contribution to 4.2 MODELING EFFORTS OF KING
the propellant ablation is made from O/F
gas flame heat feedback. (As turbulent 4.2.1 FIRST-GENERATION COMPOSITE
kinetic energy goes to zero in this model, PROPELLANT MODEL
eddy breakup goes to zero and, with neglect
of molecular diffusion mixing processes, The "first-generation" composite propellant
mixing and reaction also go to zero.) erosive burning model by King (27,48,53) is
Thus, in the absence of crossflow, this based on a hypothesiq that augmentation of
model requires that all heat necessary for burning rate by crossflow is caused solely
preheating and vaporizing the propellant by the bending of columnar diffusion flames
ingredients at the observed zero-crossflow (involving reaction of ammonium perchlorate
rate must be supplied by surface/subsurface and binder decomposition products) with
heat release and/or a collapsed ammonium resultant movement of this O/F flame closer
perchlorate monopropellant flame, a to the surface, causing increased heat
scenario considered unrealistic by all feedback flux; affects of crossflow-induced
modern rdelers known to this author, turbulence on transport properties is not
(That i,, the O/F flame in modern ammonium considered. Although this model does yield
perchlorate composite propellant models is good predictive capability for erosive
calculated to make an important contribu- burning rates, it requires physically
tion to the surface heat balance at zero unrealistic values of some of the para-
crossflow under all reasonable pressure meters grouped in three constants used to
conditions - in fact, the dependence of fit zero-crossflow burning rate data (an
zero-crossflow burning rate on oxidizer Integral part of the procedure).
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Accordingly, this model was eventually required per unit mass of propellant
discarded by the author in favor of a more consumed is independent of burning rate):
fundamental "second-generation" model
(presented in the next section) in which kl(TAP-Ts) k2 (Tf-Ts)
both zero-crossflow and erosive burning ro, q - L
rates are predicted from first principles KI Dlffln (9)
and in which both flame-bending and turbu-
lence-augmented transport property (The rationale leading to this type of
mechanisms are included. However, for sake sumning of flames from the two different
of completeness, a brief description of the flames is discussed in detail in
"firt-generation" model is included here. Reference 53.)

A schematic depicting the "first genera- The situation pictured as prevailing
tion" composite propellant erosive burning with a crossflow is shown in the second
model is presented in Figure 5. In the part of Figure 5. Since L5 and LKin are

both kinetically controlled and are, thus,
(FUEL LEANCASEPICTURED simply proportional to a characteristic

THEREFOREDIFFUSIONFLAMECLOSESOVERBINDER) reaction time (which is assumed to be

DISTANCE ASSOCIATED WITH REACTION unaffected by the crossflow) multiplied by
TIMESUBSEQUENTTOMIXING, LKI

n  
the propellant gas velocity normal to the

AVERAGELEVEL OFHEATRELEASE surface (which for a given formulation is
- */FOR SECONDARY FLAME fixed by burning rate and pressure alone),

f-- - -.AVERA3ELEVELOFENDOF these distances are fixed for a giveni-L I Ln /'\ FUEL-OXIOIZER MIXING ZONE formulation at a given burning rate and

-- LEVELOFAP MONOPROPELLANTFLAME pressure, independent of the cross-flow-k ! velocity. Of course, since crossflow velo-
AP AP kl(TApTS) k2(T-TS) city affects burning rate at a given

BINDER INDER - pressure through its influence on the dif-
L, LDI" LKi. ~ fusion process as discussed below, LI and

.) NOCROS-FLOWVELOCITY LKin are influenced through the change in
burning rate, but this is simply coupled

,f(CROSS-FLOwvELOCITYTRANSFIRATION vELOCITv) into a model by expressing L, and LKia as
LO Lino-LKL explicit functions of burning rate and

-/ AVERIAOELE.VELOF HEAT RELEASE pressure in that model. The important
L FORSEONDARYFLAME point is that they can be expressed as

AVERAGE LEVEL O END OF functions of these two parameters alone for
FUEL-OXIDIZERMIXINGNZONE a given prope1T --E,

PAP APLEVEL OF AP MONOIPROPELLANT FLAMEAP AP

BINDER BINDER . k1(TA.Ts kI2(Tf. TSI However, the distance of the effective
O _ mixing zone height from the propellant

L, LDRIn+LKin surface is directly affected by the cross-

b) CROSSFLOWoLKIn. LOI, L flow. To a first approximation, L i.
ff.% P) ALONE, INDEPENDENT OFCROFLOWANGLE measured along a vector coincident with the

resultant and crossflow velocities should

be the same as Lniff normal to the surface
Figure 5. Sketch of King First-Generation in the absence of a crossflow at the same

Model Postulated Erosive Burning burning rate and pressure. A simplified
Mechanism version of the reasoning leading to this

conclusion is presented in Figure 6, which
is essentially self-explanatory. Whli

. 
th'i

time required for a parcel leaving the
surface to travel the distance Lgiff in

first part of the figure, the flame the flow direction 0 at constant burn rate
processes occuring in the absence of cross- is inversely proportional to the sine of
flow are depicted. There are two flames the flow angle, the characteristic mixing
considered: an ammonium perchlorate time is also decreased since the average
deflagrat on monopropellant flame close to concentration gradient is increased by the
the surface; and a columnar diffusion flame
resulting from mixing and combustion of the
ammonium perchlorate deflagration products a) NO CROS&FLOW b) CROSS-FLOW, WITH NET RESULTANT FLOW
and fuel binder pyrolysis products at an dp -

average distance somewhat further from the ) TOPEw TOP vE1W
surface. Three important distance para- ,, I dpI* j
meters considered are the distance from the
propellant surface to the "average" I d d d -,0
location of the kinetically controlled I I ,,.
ammonium perchlorate monopropellant heat ..- "
release (LI), the distance associated with i -' -
mixing of the oxidizer and fuel for the BINDER] AP IGINNER BINDER- AP IBINDER
diffusion flame (iff). and the distance
associated with the fuel-oxidizer reaction FROMTALLFLAMETHEORY AAII"INIHLI.IIUNUIIWRESULTANT

time subsequent to mixing (LKi ). (An LDiI,. kS.,. doA' , hln*

alternate way of thinking about this last USINGGEOMETRIC MEAN DIAMETER AS

distance, which it is difficult to show in do,"'"I CFARACTERISTIC DIAMETER FOR ELIFOE,

the figure is to picture two stacked cones k
in the figure, separated by the distance LO,.- N ,.dp2. - --N - (dpdpi.i )

LKi .) A heat balance between heat feed-bac from these two flames and the energy
requirements for heating the propellant
from Its initial temperature to the burning Figure 6. Procedure For Calculatlon of Dependency
surface temperature and decomposing it of Diffusion Distance on Flow Angle
yields (assuming that the heat feedback

4 -~ - S
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circular cross-section (in the absence of and propellant burning rate) to permit
crossflow) being converted to an elliptical calculation of the angle 0 (Figure 5),
cross-section with major axis d (oxidizer LI, Loiff, LKin, and * for a given
particle diameterj and minor axqs d p

sin 0. Doing an exact calculation of the pressure and crossflow velocity.

effect on characteristic mixing time is In the derivation of burning rate for a
somewhat difficult:, however, replacement
of the circle diameter d by the geometrlc composite propellant in the absence of a
mean ellipse diameter / ac T sn in crossflow, an energy balance at the propel-

calculating concentratioR grRdients does lant surface was written as (see Figure 5):.
not seem unreasonable. When this is done, (TfTI A
the magnitude of Loif, measured in the A +Tf-Ts)
flow direction, is ca culated to be inde- - f ~ ) + B (L L
pendent of flow angle, 0, as shown in I
Figure 6. [A somewhat more rigorous (and [C T +
immensely more complex) analysis has been - Cp so 0 VAP-QRx
performed, indicating that the above
approximation is quite good for where the A's are thermal conductivities,

0 > 20 degrees, but that for smaller Tf is the final flame temperature , TAP is
angles (columns further pushed over), the the ammonium perchlorate monopropellant
magnitude of Lnlff actually begins to flame temperature, T is the surface
decrease relative to the no-crossflow temperature, To is te bulk propellant

value.] temperature, and QVAp and QR5 are heat sink
and source terms in he solid propellant.

At any rate, to a reasonably good approxi- The first term in this equation represents
aaprox heat flux from the final flame to the

mation, the magnitude of LDiff is
independent of the crossflow velocity (at surface, the second represents heat flux
fixed pressure and burning rate) although from the ammonium perchlorate monopropel-

its orientation i. not. Thus, the distance lant flame, and the third represents the

from the surface to the "average" mixed heat flux requirements for ablation of the

region is decreased to LDiff sin 0. (See propellant at the mass flux, m. (Several

Figure 5.) The heat balance at the propel- simplifying assumptions were utilized in
lant surface now yields:, writing of the equaticn in this form, as

discussed in detail in Reference 53.)

The monopropellant ammonium perchlorate
kl(TAP-Ts) k2(Tf-T s ) flame offset distance, LI, ma) be expressed

r + as the product of a characteristic reaction
qfeedback LI Loiffsin L Kin timA, TI, and the linear velocity of gases

0) leaving the propellant surface:.

This picture was used as the basis of L - m (12)
development of the first generation flame L gas
bending model for prediction of burning
rate versus pressure curves at various For a second-order gas-phase reaction
crossflow velocities, given only a curve of (gener~ally assumed), TI is inversely pro-burning rate versus pressure in the absence portional to pressure, and for a given

of crossflow. The general approach formulation, the gas density is directly
utilized in development of this model proportional to pressure, yielding:
fo llows: , LI  K rn/P

2  (13)

1. The expressions for LI, Loiff, and
LKa n as functions of burning rate (or A similar analysis for LKin yields:,
burning mass flux, m ), pressure, and
propellant properties are derived and L K r/P

2  
(14)

substituted into a propellant surface Kin 2
heat balance. For a columnar diffusion flame, it may

2. The resulting equation is worked into easily be shown that the diffusion cone
the form of Equation 16 (developed in height, LDiff , may be expressed as:
succeeding paragraphs) for burning in 

2

the absence of crossflow. A regres- LDiff - K3md (15)
sion analysis using no-crossflow
burning rate data is performed to
obtain best fit values for A3 , A4 , and Equations ii and 13-15 may be combined to
A5 , three constants appearing in this yield:
expression (d is the average
ammonium perchlgrate particle size. . A 1/2
For a given propellant, the burning r - m/Ps A3 P [1 + " 4 p- ] (16)
rate data may be Just as effectively I + A d2 2

regressed on A3 , A and A5d , elim-p
nating the necessity of ac u lly Burning rate versus pressure data for a
defining an effective average particle given propellant in the absence of a cross-
size.) flow may then be analyzed via a fairly

3. From these results, expressions are complicated regression analyisis procedure
obtained for LI, olf f, and LKin as to yield value of the constants A3, A4 ,
functions of burning rate or di and and A5 (or A d ) for that given propel-
pressure, lant. The c~ngtants K1 , K2 , and K3 are

4. These expressions are combined with an related to these constants in turn by:
analysis of the boundary layer flow
(which gives the crossflow velocity as (TAP - Ts) A(
a function of distance from the pro- K1 . (17) ..
pellant surface, mainstream velocity, 2 23 AA mI ii..,...

-~ I p
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(Tf - T ) distance from the propellant surface, andK2 (T. (18) will not be discussed further. A

A
2
A relatively brief description of the two-

dimensional model is presented below; for

further details, the reader is directed to
(Tf - Ts) A5  References 31, 32, 54, and 63,

K s 5(19)A2A A 4 The basic model centers around an energy
balance, the product of burning mass flux

where: and energy requirements to raise
ingredients from ambient to surface

p2 [ (T5- T0  . -temperature (related to burn rate by an
A sC p 

0  
VAP RX (20) Arrhenius function) and vaporize that frac-

2 ~A tion not consumed in subsurface reactions
being equated to the sum of heat release

Data of Mickley and Davis (62) were used to rate from subsur;ace reactions and heat
develop empirical expressions for the local feedback rates from two gas flame zones
crossflow velocity as a function of (Figure 7). Thus, burning rate is con-
distance from the propellant surface, main- trolled by three heat release zones: (1) a
stream crossflow velocity, and thin subsurface zone; (2) a gas-phase AP
transpiration rate (gas velocity normal to decomposition product monopropellant flame;
the propellant surface). In this analysis, and (3) a diffusion flame between AP pro-
it was decided that the transpiration velo- ducts and binder pyrolysis products.
city should be calculated as the gas
velocity normal to the surface at the final
flame temperature. (Mickley and Davis
correlations are based upon the ratio of FtMWTHEAT EEA

mainstream velocity to transpiration LA FLAR S EATAILEAU

velocity.)____
OVERM PR fLLAO , O AS*

The analyses described above were used in FM La....

derivation of eight equations in eight Zw I = a

unknowns for the burning of a given x LAX
composite propellant at a given crossflow ' . moo
velocity; a computer code was developed to OPSUAP'C _L'R

solve this equation set, yielding a ol , 8O 00 SOR

predicted burning rate for a given pres-
sure, crossflow velocity nd set of 6 C VL CAU

constants A3, A4 , and A0 d obtained from
regression of no-crossfIo data for that
propellant. Details appear in Figure 7. Schematic of Postulated Composite
Reference 53. As mentioned earlier, this Propellant Flame Structure, With and
model was used to successfully predict Without Crossflow

erosive burning rates for a number of com-
posite propellants over a wide range of
pressures and crossflow velocities;
however, examination of some of the inter- Subsurface heat release is calculated using
mediate parameters for calculation of the an estimated subsurface temperature profile
various distance parameters indicated substituted into a rate expression repre-
physically unrealistic values. senting subsurface heat release data
Accordingly, this model was abandoned in measured by Waesche and Wenograd (651.
favor of a more fundamental "second-genera- This expression is integrated from the
tion" model, described in the next section. surface to a depth wnere the temperature

equals the AP melting point to obtain total
4.2.2 SECOND-GENERATION COMPOSITE subsurface heat release. This procedure

PROPELLANT MODEL differs from the BDP approach, in which
subsurface heat release per unit mass of

King's "second-generation" erosive burning propellant is assumed constant, independent
model for composite propellants (31,32,54) of burning rate.
is built on a zero-crossflow composite
propellant burning model, also developed by For the gas phase, a two-flame approach was
King (63), which is, in turn, loosely based chosen (in contrast to the three-flame
on the classic Beckstead-Derr-Price (BDP) approach of BDP), the flames being an AP
model (64) (though with many major and monopropellant flame and a columnar diffu-
minor modifications as described in detail sion [Burke-Schumann (66)] flame. Three
in Reference 63). Both two-dimensional and distances (FH9O sin 8, LA" and L ) are
axisymmetric versions of this erosive important in determining heat fe§Aback from
burning model were developed; the version these flames (Figure 7). FH90 is a
described in the following paragraphs was distance associated with 90-percent mixing
dpevloped for the two-dimens onal slab of fuel and oxidizer gases, while LRx and
geometry employed in the previously- LAp are reaction distances (products of gas
described experimental program conducted by velocity normal to the surface and reaction
King in the Atlantic Research Corporation times) associated with diffusion and mono-
test apparatus. The version for treatment propellant flames, respectively. As
of cylindrically-perforated grain ports was discussed in the previous section,
developed via straightforward modifications describing King's "first-generation" model,
to the two-dimensional model version, with crossflow-induced flame bending is postu-
the main modifications involving a change lated to reduce the mixing region height by
in zero-blowing skin friction coefficient the factor sine, where e is determined by
expressions and modification of the the resultant of local transpiration and
momentum integral equation used in calcula- crossflow velocities. AP monopropellant
tion of local shear stress as a function of flame heat release is assumed to occur at

4 -IENE v " - I
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one plane, while the diffusion flame Surface agglomeration of aluminum is calcu-
releases heat in a distributed fashion lated using equations developed by
(defined by a Burke-Schumman (66) analysis] Beckstead (68). Particle ignition delays
between distances LRX and LRX + FH90 are calculated as times to heat particles
sin 8 from the surface. from surface temperature to an assigned

ignition temperature (2100DK), while
Details of equation development for the particle burning rates are calculated using
unimodal oxidizer non-metallized propellant an expression by Belyaev (69), The trans-
model appear in References 54 and 63. piration gas velocity profile is calculated
Included in this model are three "free" assuming a linear temperature profile from
constants (pre-exponentials associated with the surface to the end of the diffusion
the subsurface rate expression and two rate flame. A force balance on a particle is
expressions used to calculate gas-phase then integrated from the surface, utilizing
reaction times). Optimized values for a fitted drag coefficient equation assumed
these constants were chosen using no- (based on Marshall's study (70)] to
crossflow burning rate data for four increase by a factor of 2.5 after ignition,
unimodal oxidizer AP/HTPB (hydroxy- to yield a particle time-distance
terminated polybutadiene) formulations and history. Coupling of this analysis with
subsequently used in all other calcu- ignition time and burning rate expressions
lations, permits calculation of metal combustion

heat release distribution for each metal
The model was extended to multimodal particle size (agglomerated and unagglo-
oxidizer formulations using a variation of merated) and, finally, calculation (by
Glick's "petit ensemble" approach (67). superposition procedures) of the rate of
First, a multimodal oxidizer formulation is conductive feedback. Radiative feedback
divided into subpropellants, each was approximated using a cloud emissivity
constaining oxidizer of one size. These based on fractional area subtended by
subpropellants are assumed to burn non- particles within an assigned distance from
interactively, with the unimodal model the surface. (For the one metalized formu-
being used to calculate individual mass lation tested, radiative transfer had
fluxes. Oxidizer of one size is allowed to negligible effect on predicted burning
affect another subpropellant's burning rate rate.) Further details of the treatment of
only through possible influence on the t , effects of aluminum on composite pro-
assignment of fuel '.o that subpropellant. p ,.ant combustion are given in
Unequal oxidizer/fuel ratios for the Reference 32.
subpropellants are permitted via,

Two postulated erosive burning mechanisms
VXEXPOF (21) were utilized. The first, enhancement offdi e,) transport properties by crossflow-induced

where V is the fuel volume assigned to turbulence, decreases oxidizer/fuel gas
a partilgiof diameter 0 1, XEXPOF is an mixing distance and increases effective
arbitrary constant, and e is fixed by thermal conductivity between the heat
overall continuity. (XEXPOF - 3 results in release zones and the surface. In addi-
equal oxidizer/fuel ratios for each subpro- tion, as discussed earlier, columnar
pellant, while XEXPOF < 3 results in diffusion flame bending is postulated to
subpropellants with small oxidizer being decrease the mixing distance component
more fuel-rich than those with large normal to the surface through distortion of
oxidizer. XEXPOF - 3 was used in the fol- the mixing cone.
lowing calculations.) In averaging the
individual subpropellant fluxes, Glick Calculation of crossflow effects on burning
assumes that the average fractional surface rate via these mechanisms requires a fluid
area associated with subpropellant I is flow analysis for determination of velocity
equal to its overall volume fraction, and turbulence profiles. A summary of the
Critical analysis indicates, however, that procedures follows; details appear in
if the subpropellants burn at different Reference 54.
rates, slower burning ones will occupy a
disproportionately higher fraction of First, estimates of burning rate and flame
surface. Development of this concept for height are made. A non-blowing skin
XEXPOF - 3 leads to: friction coefficient is calculated from

empirical flat-plate equations as a
-/Z (xi/ri) (22) function of crossflow Reynolds' Number and

roughness height. It should be noted in
replacing Glick's expression: passing that there are typographical errors

in the equations presented in Reference
- Exir 1  (23) 54. Equation 29 in that reference should

read:
ri  - Burning rate of subpropellant i
Xi  - Mass fraction of overall - 0.125 Re-

0
.
32  

(24)
propellant in subpropellant i Cf 0.00140 +.

- Average burning rate and Equation 30 in that reference should
read:

The original model was also extended to
treat metalized propellants. The metal Cf0 - 0.95 84 og10 (Rfk) + 348]-2 (25)
(aluminum) is allowed to alter burning rate 0

through heat sink effects and by conductive
and radiative feedback from burning metal A blowing parameter, b:
particles. Phenomena treated included
agglomeration, particle velocity lags, b - 2p/(pUC (26)-
ignition delay, particle combustion, con- p f)(
ductive feedback from multiple heat release U . Mainstream crossflow velocity
zones, and radiative feedback. For multi-
modal oxidizer formulations, distribution Cf0  - Non-blowing skin friction

of metal among subpropellants is treated coefficient

identically to that of binder.

l l j' -l l l ...... lr
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is then calculated for determination ., the expression for OF employed was one based on
actual skin friction coefficient, Cf. Due a modified form of an empirical relation
to a lack of data, particularly at high developed by Kays and Moffat (71) which
blowing numbers of interest, several includes the effects of blowing and axial
optional expressions relating Cf/Cfo to b pressure gradient but does not include the
were initially considered. An expression, effects of wall (surface) roughness. The
based on the work of Kutataladze and modifications added by King were an attempt
Leont'ev (14), which agreed well with to include the effects of roughness using
limited data and gave reasonable results on approaches suggested by the works of Van
extrapolation was finally selected:. Driest 60) and Cebeci and Chang (61).
Cf/Cfo - (I - b/10)

2
/(1 + b/10)

0
.
4  

(27) As may be seen from Table 11 (presented in
the Experimental Studies section), there

As may be noted, this expression yields were ten uncatalyzed HTPB binder composite
negative skin fraction values for b > 10: propellant formulations studied in the
this is interpreted as indicating boundary Atlantic Research Corporation test
layer separation. For such cases, it is apparatus, permitting extensive checkout of
assumed that the velocity profile assumes the model described above. (Predictions
the cosine shape measured by Yamada and were not made for the catalyzed formulationGoto (12). since the model does not include the capa-

bility of treating catalysts; however, the
With Cf, wall shear stress is calculated data are included in the following discus-
straightforwardly and substituted into an sion of the effects of various parameters
expression (based on momentum integral on sensitivity of formulations to cross-
analysis) for local shear stress:. flow.) The polyester formulations were

also not checked against the model since
IT + mpu - Ky (28) the limited data base for these formula-

tions is inadequate for evaluation of the
y . Distance from propellant surface three "free" constants in the model, which
u - Local crossflow velocity would almost certainly be different for
K . Constant, function of mainstream different binder systems. (Recall, the

crossflow velocity, burning rate, values of the constants for the HTPB-AP
and channel dimensions formulations were chosen using zero-

crossflow data for Formulations 4525, 5051,
An eddy viscosity approach is used to 4685, and 5542,the four unimodal oxidizer
relate T to the local crossflow velocity formulations).
gradient:

Erosive burning test results are presented
r - (p + pe) du/dy (29) in Figures 8 - 18, in the form of burning

rate versus pressure at various crossflow
With specification of an expression velocities. In addition, theoretical
relating c to y and du/dy, (discussed predictions are presented for all but the
later) assumption of a linear temperature catalyzed formulation (4869) in these
profile, and use of expressions relating figures. As may be seen, the agreement
density and viscosity to temperature, between data and predictions for the no-
Equations 28 and 29 are then combined and crossflow conditions is excellent for all
numerically integrated from u - 0 at y - 0 formulations except 7996, where the theore-
(surface) to yield u(y), p(y), p(y), tically predicted bu-ninq rates are 10 to
and e(y). (Streamline shapes are also
calculated, permitting calculation of the
fiame bending angle, 8.) The eddy 5.O00LO
viscosity distributicn is then used, CROSSFLOW
assuming Reynolds' analogy, to calculate M/SEC
total effective conductivity and
diffusivity distributions. Total transport _5o0
property values averaged over appropriate 2.50 0 180±20
zones are then calculated and used in 2.00- C 180±20
mixing and heat feedback equations to C 260±20
calculate revised burn rates and flame w 15 0 335 ± 40
distances. This procedure is repeated to A 460±40 /
convergence. (It should be noted that the 6
averaging procedure has been modified from 100
that used for calculations presented in 0 880±70 0
Reference 54 to better allow for the fact c
that the effect of gas-phase heat release U)
on burning rate decreases exponentially Zz
with distance from the surface. In adi Z 5
tion, effects of flame curvature on the a 0 --
flame bending influence have been added.) 1

Several eddy viscosity models for closure
of the boundary layer analysis were 610 MIS
included: All entail use of a Prandtl 0.20
mixing-length expression: 025

c - .168 (y + yA)2 (DF)
2  

du/dy (30) 0.1'.6
.5 1.0 2.0 4.0 6.0 8010.0

where OF is a damping factor (function of PRESSURE(MPA)
such parameters as blowing ratio, axial
pressure gradient, and roughness height) Figure 8. Burning Rate Predictions (Solid Lines)
while y is an offset factor dependent on and Data (Points) For Formulation 4525
roughness. The most comprehensive form of (73/27 AP/HTPB, 20 Micron AP)
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Figure 9. Burning Rate Predictions (Solid tines) Fipurf, 1. Burning Rate Predictions '(Solid Lires)
and Data (Points) For Porrulation 5051 and Data (Points) For Formulation 5542
(73/271 AP/TP13, 200 Micron AP) (72 PHP,2 irn0
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5.0 ,- sensitivity to low crossflow velocities at
CROSSFLOW 8 MPa, with the catalyzed propellant being
VELOCITY only slightly more sensitive at higher
M/SEC velocities. Thus, it appears that it is

the base burning rate rather than the
2.W - 0 0 -oxidizer particle size which dominates the

S20± 20 - sensitivity of this series of four 73/27
2. 3 335±40 AP/HTPB formulations to crossflow, though

W1.50 V 610±70 oxidizer size itself does appear to have a
07±70 slight additional effect, crossflow sensi-

tivity decreasing with decreasing size at
. I ____constant base rate.

Formulation 5542 differs from 4525 in
9oxidizer/fuel ratio and consequently flame

Z temperature. Since oxidizer particle size
S was held constant, the higher O/F ratio
O results in higher base rate for 5542. The03 --- M/S

12CM/s data (Figure 8 and 11) indicate that the
21OM/s crossflow sensitivity of 5542 is
3C6MIS considerably lower over the entire range of

025 610M/S conditions studied. Comparison of results
for 5565 and 4525, which differ in 0/F

0.20 ratio, but have the same base burning
I behavior (due to compensating AP particle

0.15. 1 size differences), indicates that the0.5 1.0 2.0 4.0 6.0 8.0100 sensitivity of these two formulations to
PRESSURE(MPA) crossflow is nearly identical.

Accordingly, it may be concluded that 0/F
Figure 17. Burning Rate Predictions (Solid Lines) ratio (and consequently flame temperature)

and Data (Points) For Formulation 6626 changes do not directly effect the erosion
(74/21/5 AP/HTPB/Al, 70% 90 Micron A?, sensitivity of these formulations, but only
4% 200 Micron AP) affect it through their effect on base

burning rate.

5.0 Formulation 6626 (metalized) has nearly the
same base burning characteristics as 4525
and 5565 and approximately the same flame
temperature as 5565. The data of Figures

2.50 URVES C E 8, 12, and 17 reveal that all three formu-
2.0 0 lations have quite similar erosive burning

2 610 MSEC-0 characteristics. For example, at 760 m/sec
--0- and 2.8 MPa, the augmentation ratios for

1.52M/SEC- 4525, 5565, and 6626 are 2.1, 2.25, and
S1.0 2.1, while at 260 m/sec and 4.0 MPa, they

OM/SEC- are 1.6b, 1.55, and 1.60. These results
.00- support a conclusion that the dominant

CROSICC - factor affecting crossflow sensitivity ofCROSSFLOW composite propellants is base burning rate,
VELOCITY largely independent of the factors deter-

ZMSEC mining that base rate.
Ico.50 0o
n 0.500Formulations 5555, 5565, 7993, 7996, ando 180±20 8019 are identical in composition (87/18

O 260±20 AP/HTPB) differing only in oxidizer
o 335±40 particle size blends, which were adjusted

0.25 A 460±40 to give a range of base (zero-crossflow)
V610±70 burning rate versus pressure charac-

0.20 0 760±70 teristics. In Figure 19, data extracted

0.16 -- i ..- 24

0.5 1.0 2.0 4.0 6.0 8.0 10.0 L I I . 1PRESSURE (MPA) 0"

Figure 18. Burning Rate Data (Ho Predictions) For -

Formulation 4869 (72/26/2 AP/1iTP9/
Iron Oxide, 20 Micron AP) _ _ __

rate) again shows an increase in crossflow
sensitivity with decreasing base rate. At
5 MPa and 200 m/sec, their respective burn - 0
rate augmentation ratios are 1.60 and 1.10,
while at 600 m/sec, the r/ro values are 2.3
and 1.7. Thus, base burn rate is seen to
affect erosion sensitivity even at constant
oxidizer size.

Formulations 4685 and 4869 have approxi- ,. .C WWW MAT9. ,,e
mately the same base burning rate at 8 MPa,
although their oxidizer sizes are
different. bata comparison indicates that Figure 19. Summary of Results For 82/18 AP/HTPB
these formulations have nearly the same Formulations
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from Figures 12 - 16 are plotted in the However, due to the ges/liquid froth struc-
form of burning rate augmentation factor ture of this zone, it is not clear how
(r/r.) versus base burning rate for three effectively such turbulence will penetrate
combinations of pressure and crossflow through it, Accordingly, two limiting-case
velocity. As may be seen, the augmentation analyses were developed:, (1) no turbulence
factor decreases monotonicall) and fairly penetration into the fizz zone, with the
smoothly with increasing base burning rate, outer edge of this zone being considered to
again indicating the importance of that be an effective surface; and (2) treatment
parameter on crossflow sensitivity, of the fizz zone as a gas, with boundary

layer analysis beginning at the actual
A summary of the above comparisons, propellant surface. (As will be discussed
delineating the effects of various para- later, only the second model variant gave
meters on crossflow sensitivity of burning predictions in good agreement with data.)
rate was presented earlier as Table Ill.
As may be seen from Figures 8 - 18, the First, a model was developed for prediction
"second generation" composite propellant of burning rate as a function of pressure
model by King predicts these observed and heat of explosion in the absence of
tendencies quite well., crossflow. As indicated earlier, under no-

crossflow conditions, the final flame is
4.2.3 DOUBLE-BASE PROPELLANT MODEL decoupled and the temperature gradient at

the inner edge of the dark zone is zero,
In the modeling of erosive burning of The fizz reaction zone is assumed to be
double-base propellants by King (55,56), infinitesimally thin, its distance from the
effects of crossflow on a multiple heat- surface being the product of gas outflow
release zone combustion wdve, as described velocity and a characteristic reaction
by Rice and Ginell (72), were examined, time. Following Beckstead (73), mass flux
The proposed flame structure (Figure 20) and surface temperature are related by:.
consists of three separate reaction 2
zones. Heat feedback raises the propellant m - 5000 exp (-10000/RT s ) gm/cm sec (31)
from its bulk temperature to a temperature,
near the surface, at which reaction to Solution of the Fourier equation (with no
preliminary intermediates (gas and/or source term) between x-O and x-Lfz, appli-
spray) takes place. These fragments are cation of an energy balance at x-Lfz, with
further heated by the thermal wave until a the fact that the temperature gradient at
second set of reactions occurs in a fizz the inner side of the dark zone is zero,
reaction zone. Finally, there is a long and application of an overall energy
induction zone (dark zone) terminated by a balance (with no feedback from the final
final thin luminous flame zone (reasonably flame) yields:.
approximated as a flame sheet). Without C QL
crossflow, the extreme length of the dark Ts - Td - [(Tdz-Ts) + (Ts-T 0 ) - L_
zone and the low molecular conductivity z pfz
result in negligible heat feedback from the ecpL
final flame, decoupling it from the burn- (1 - fz/

1
) (32)

rate-controlling fizz zone and surface
reaction zone p"ocesses. However, with where Tdz is the dark zone temperature, QL
crossflow, induced turbulence can increase is the net surface/subsurface heat release,
the average effective thermal conductivity and To is the bulk propellant temperature.
across the dar' zone by one to two orders
of magnitude, resulting in appreciable heat Data of Aoki and Kubota (74) relating Tdz
flux back to the fizz zone and raising its to pressure (P) and heat of explosion ( ex)
temperature markedly. This, in turn, acce- may be expressed as:
lerates reactions in this zone, causing
increased heat feedback to the surface. Tdz - a(P) + b Hex (33)

Crossflow may also accelerate double-base where b - 0.425°Kgm/cal and a . 720 +
propellant burning rate by penetration of 1251n(P) for P < 20 atm and a - 855 +
crossflow-induced turbulence into the fizz 801n(P) for P > 20 atm. An empirical
zone, increasing heat feedback from the expression for QL based on a modification
fizz reaction zone to the surface., of Beckstead's expression to better allow

for observed burning rate trends at low
pressure was also utilized (P in atm):

SUBSURFACE REACTIVE ZONE. FIZZ REACTION ZONE. FINAL FLAW ZONE.
HEAT RELEASE' eL 'a HEAT RELEASE O. V#- HEAT RELEASE

, U FF ,uI/gOF

NEGLE TfI OL  (cal/gm ) RE(5 .7 + 0 .013 Hex (P/6 )
0 08

PREHEAT ZONE GIBLE c

REACTION)E REACT I -- EGLIGIBLE REACTIN-REAIONI ION (34)
SUBUR z O I PSTZO E I.ARKZONE FLAMiE Finally, Lfz was calculated as the product

URE .. of average gas velocity across the fizz
tTEMPERATURE ) I I zone and a charartpriqtlc reactinn tim:.II"

mRKfzrx(Tdz+Ts) exp (Efz/RTdz)
I~ L____f (36)
TLFz- _ LFF- 2P (MW) TdzT. II

SURFACE DISTANCE From Aoki and Kubota (74) and Beckstead

(73), Efz was set equal to 40000, and the
Figre 20. Postulated Double-Base Propellant lame reaction order, v, was chosen to be

Structure unity. The reaction rate constant Kfzrx
was determined by fitting one data point

77.



5-20

from an extensive burning rate versus pres- 20
sure and heat of explosion data base SOLID LINESTHEORY
generated by Miller (75). H. alj) .103 13l

Substitution of Equations 33 and 34 into H"e
Equations 32 and 35 results in three equa- . E3 1093t~ons (31, 32, and 35) in three unknowns U I

(m, Lf , and T ) , which are simply solved 0 0 706

to giv6 burnin) rate as a function of pres-
sure and heat of explosion in the absence -.

of crossflow. 0.4

The mechanism by which crossflow is assumed 0
to alter burning rate is by augmentation ot
the thermal conductivity from the surface o 0 H,,'l06 UD'1
of the propellant all the way through the

final flame zone. The procedure used for
calculation of the variation of this para-
meter with distance from the surface was 01
the same as that described earlier for the 0.206 O 0 1o 20 40 60 so 10"second generation" composite propellant PRESSURE(MPa)
erosive burning model of King. Details of
the equation development and solution pro- i
cedures for both scenarios mentioned Figure 22. Comparison of Predicted 1urning Rates
earlier as regards alteration of the fizz Usin7 a Flamesheet Model ,ith Data of
zone transport properties by turbulence are Ao-ki and Kubota (74)
presented in References 55 and 56,

measured ones, probably due to the fact
Miller (75) has generated a systematic that condensed-phase reactions (less well
database for burning rates of understood) begin to dominate at these low
Nitrocellulose (12.6 N)/Nitroglycerine/ mass fluxes and pressures,
Secondary Plasticizer formulations as a
function of pressure and heat of The two erosive burning model variants
explosion. One of his data points (with and without turbulence penetration
(P - 35 atm, Hex . 950 cal/gm) was used to into the fizz zone) have been tested
calculate Kfz x' the rate constant against data obtained for two NG/NC propel-
appearing in Equation 35, after which the lants studied by Burick and Osborn (76).
no-crossflow model was used to predict mass These formulatons, designated as BUU and

B1, have heats of explosion of approxi-values i fluxes databas other pressurdcted and 
He x  

mately 1050 and 920 cal/gm, respectively.
measured values are presented in Figure 21; Predicted and observed burning mass fluxes
as may be seen, excellent agreement is are presented in Figures 23 - 26. As may
observed between the data and predictions. be seen from Figure 23, the no-cressflow

predictions of burning rate versus pressure40 for BUU are excellent, In addition, the
SOLIOLINES-THEORY 0 erosive burning predictions made assuming

full turbulence penetration through the
H (caVgm) fizz zone are quite good, whilc the rigid
A 600 structure fizz zone model results in

VO drastic underprediction of crossflow
V goo effects.. This is more clearly shown in

t10 P.C

-, DATA

0 VELOCITY (m/s) V - 70S mt

06 0 a~00/
H,,Deo/,,,-40 o 143 .m

o0 ... .... ,o0 ,,O ,1 , ,° -
0 V240m/s

H,00 cal /gm ~ 290 V 290 rn/S

07 10 20 4.0 6000010 20 30 20- SSV - 146 rn/s

21* PRESSURE (IPs) 7Dies-

Figure 21. Comparison of Predicted Burning Rates V-765m/s - '
Using a Flanesheet Model with Data of 11t
Miller (75), 10 V"-30 m/s - 43NG/ NC/ A?

of H.* - 1060 cal/m

THEORY
In Figure 22, predictions made with the 0.6 tUOL
zero-crossflow version of this model are 0ME
compared with data obtained by Aoki and -- NOTURDULENCEIN FIZZZONE
Kubota (74) for two formulations with much 1.4
higher NC/NG ratios than those tested by 1 S 010 20
Miller. Agreement between data and predic- PRESSURE(M)
tions is again excellent, at lea~t down to
burning mass fluxes of 0.3 gmlcm sec, at FIgr-e 23. Predicted and Observed Burning Mass
which point predicted rates begin to exceed Fluxes For BUU Propellant
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In conclusion, a flame-sheet model of homo-
PRESSUE UWI geneous double-base propellant combustion
4 H.,- 1050 uom for prediction of burning rate as a

THEORY.TURBULENCE -0 function of pressure and heat of explosion
INFIZZZONE \.... in the absence of crossflow has been

- DATAFIT developed and found to yield excellent
agreement between predicted and measured

THEORY. NOTURBULENCE values. Two extensions of this model to
-INFIZZZONE treat crossflow have been developed, one

-allowing for turbulence effects in both thefizz and dark zones, the other allowing

1 0 100 200 300 400 500 oo00 700 1o ouch effects only in the dark zone. The

C AOSS F L OW VE LCITY ) former model variant yields predictions in
excellent agreement with measured data over
a wide range of crossflow velocities.

Figure 24.. Predicted and Observed Effects of
Crorsflow Velocity on Burning late of
RUU Propellant 5.0 CORRELATIONS BASED ON PREIICTED

RESULTS FROM COMPLEX MODELS

Figure 24, where the burning mass flux
(predicted and observed) is plotted against The comparatively long computer run times
crossflow velocity at constant pressure, associated with exercise of the more

Effects of crossflow predicted assuming comple models described above generally
turbulent boundary layer development preclude their direct incorporation in
starting at the interface of the unburned solid rocket motor interior ballistics
propellant and the fizz zone agree quite analyses, where they would have to be
well with data, while the alternate model called on thousands of times to calculate
fails badly. Similar results for the BDI burning rates at each spatial node at each

formulation appear in Figures 25 and 26. time increment utilized in such analyses.
Accordingly, both Kuo, et. al (77) and King

so (78) have used their models to develop
THEORY correlation procedures for much simpler

calculations of burning rate as a function
6.0--TURBULENCEINFIZZZONE of numerous parameters. (King's procedure

--- NOTURBULENCEINFIZZZONE V-705m/s has been incorporated in a code for
analysis of nozzleless rocket motors, as

40 indicated in Reference 78.) These

DATA .V 3Omls correl-tions are descrited briefly below.VELOCITY (mJ,) "

V -3The correlating expression developed by

V 320 0 0 V 
3 U265m/s Kuo, et. al., for erosive burning of

0-130 V 265composite propellants may be expressed as
V-17S ,,s (using slightly different nomenclature):.

V 0S /s V 130 m/sr
S f - 705 Ws i- . V 2r6b (1 + fM PfR hPGf e pp

o - 0 3o V -3v "-0
V.30f/s~. r bhL~pp

4S NG/39 NC (Tp PCTp1 ,r) 
]  

(35)
06 -, Hx"2 dg

where:

04Rh 1.0 + 0.50 tanh [0.063 (MP)
0 59

04 2 4 6 8 10 20 f h Rh-l]
PRESSURE (IMPs)

1.0 if bracketed term is less

Figure 25. Predictd and Observed Burning vass than 0 (36)
Fluxes For BDI Pronellant

fPG 1.0 - 0.019 P/OX (37)

PRE&'*URE - 5 4 MPa
4NOI39NC THEORY.TURBULENCE fo 1.0 + 0.1 exp (-2.80) (38)

s H.. 920 caf/lm IN FIZZ ZONE D

- 0.40 [(M-Mth) P]
0

.
6 4

- ATA fnp for M >Mth

- THEORY. NO TURBULENCE a p
INFIZZZONE\ (0.0 for M - Mth) (39)

100 200 300 400 600 600 700 (In this correlation, the four f's of
CROSSFLOW VELOCITY (m/%) Equations 36-39 represent corrections for

roughness height, pressure gradient, port

Figure 26. Predicted and Observed Effects of diameter, and a combination of crossflow
Crossflow Velocity on Burning Rate of Mach Number and pressure, respectively.)
BDI Propellant

A.
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rb Burning rate at roughness with Equation 40 becoming (0 in feet):

height, conditioning
temperature, pressure, crossflow r/r°]D - r/r°]D - 0.1 ft - I In (10 0)

Mach Number, axial pressure
gradient, and port diameter of (43)

interest Attention was next turned to development of

r Zero-crossflow burning rate at a correlation for r/ro at the 0.1 ft port
standard (baseline) conditioning diameter reference condition as a function

temperature of pressure, crossflow velocity, and
propellant parameters. A large number of

ap Burning-rate temperature calculations were performed with the full
sensitivity under crossflow model, covering a wide range of pressures,

conditions crossflow velocities and propellant
types. Fortunately, it was found that for

a0 Strand burning-rate temperature any given pressure and crossflow velocity,
sensitivity erosive burning ratio could be correlated

almost perfectly with just two propellant

T Propellant conditioning parameters, base (zero-crossflow) burning
pi temperature rate and effective flame temperature (with

the effect of the second parameter being0
T Standard (baseline) propellant much less than that of tne first). Careful
Pi conditioning temperature study revealed that r/ro could be fit quite

well by:-
M . Crossflow Mach Number A2

Mth . Threshold crossflow Mach Number r/ro], - 0.1 Ft " A1 ro (44)

P . Pressure
where Az is a function of crossflow

Rh . Roughness height velocity and effective flame temperature
and A, is a function of these two

OP/dX - Pressure gradient along grain parameters and velocity. Closed-form
port correlations of A, and A2 as functions of P

(in atmospheres) and V (in feet/second)
0 . Port diameter were developed for several flame
pn temperatures, where the constants in these

aPn . Base (zero-crossflow) burning expressions, ki - k6 are functions of flame
rate at the given pressure temperature (as tabulated in Table V).

In the development of correlations by King k4 (k5 + k6lnV]

(78) (using predictions of erosive burning A1 - k3 V P

made with his "second generation" model),
effects of scaling (port diameter) were -k
first examined. For any given propellant, A2 - I - k 2V (46)
pressure, and crossflow combination, it was
found that the predicted burning rate
ratio, r/ro (burning rate with crossflow (It should be noted that these expressions

divided by zero-crossflow rate) could be were inadvertantly reversed and the
related to port diameter by:. bracketed term was incorrectly not written

as a superscript to P in Reference 78; the
corrections were later noted in an Erratum

r/ro)D - r/ro]0  _ in JSR, 22, pp 394-5, 1985.)
reference

B In ,
0
/
0
reference) (40)

Table V. Values of k -k6 (Eqns 45 & 46 At
with B correlating as a function of the Various Temperatures
reference r/ra value and an effective flame
temperature. [For non-metalized
propellants, this is the actual flame
temperature, while for metalized
propellants T ff tiv - T* + 10 (weight TrdK) k, k2
percent metal?, Ti being the flame
temperature in the absence of burning of 1667 863 0929
the metal.] In this correlation, the 2017 1093 0577
reference diameter was arbitrarily selected 2534 707 Q29
ds u.1 tt; for this choice, the correlating 2974 0805 0.139
procedure led to-,

B - G/-effective /106 (41) T,1 (K) Vrange k, k, kj k6

where: 1667 >2000 000255 0.457 0913 -00217
<2000 0.258 -0.151 -00894 +0.1103

G -0.85 + 0.85 (r/ro)]D - 0.1 ft 2017 >1500 0.100 0.040 0.0124 0.0873
<1500 0363 -0,136 -0267 0.1255

for r/r 0  1.2 2534 All 0.0973 0.100 -0091 0.089

2974 >700 0.0131 0.378 0345 00287

-0.0332 + 0.1694 (r/ro)]D . 0.1 ft <700 1.122 -0.30 -0.622 0.176

for r/r0 - > 1.2 (42)
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With Equations 41-46, the following the critial crossflow mass flux being 7
procedure is used to calculate burning rate approximately proportional to port diameter
ratio (and thus total burning rate) for to the 0.25 power and to burning rate to
specified pressure, crossflow velocity, the 1.25 power. Accordingly, this rela-
channel (port) diameter, and propellant. tionship predicts the absence of erosive
First, logarithmic interpolation of a base burning for very large motors (such as
(zero-crossflow) burning rate versus space booster solid motors) as observed.
pressure table is used to obtain the base (As pointed out by Beddini, none of the
burning rate, ro. Next, A and A, are large (120-, 156-, 260-inch motors) fired
evaluated for tabular values of fiame up to the time of his publication had
temperature bracketing the actual value exhibited any erosive burning, consistent
using Equations 45 and 46, and the r/ro  with his predictions.) In addition, the
values for a port diameter of 0.1 ft are relationship developed by Beddini indicates
calculated for these bracketing values strongly increasing values of threshold
using Equation 44. Linear interpolation is crossflow mass flux with increased zero-
finally used to obtain the reference crossflow propellant burning rate, as
diameter r/ro value at the actual predicted and observed in the studies by
temperature and Equations 41-43 are then King discussed in Section 4 2.2.
used to correct to the actual port
diameter. If this procedure leads to a Recently, Strand and Cohen (22) have been
calculated r/r value of less than unity, conducting a series of tests with long
it is assumed hat this represents being in segmented motors to measure the transition
a boundary-layer blowoff regime, and the length threshold conditions (axial location
r/ro value is defaulted to unity. at which deviation from non-erosive burning

begins) while systematically varying para-
6.0 SCALING meters considered to influence the erosive

burning phenomenon. From these experi-
The detailed models of King and Kuo, et. mental studies, they have concluded that
al. (and the correlations based on them) the threshold conditions can be correlated
discussed earlier include capability for in terms of critical crossflow Reynolds'
prediction of effects of motor scale on Number, surface transpiration Reynolds'
erosive burning. Both of the correlation Number and motor local length-to-radius (or
procedures discussed in the previous diameter) ratio by a linear expression:
section can readily be shown to predict a I
decrease in erosive effects with increasing Rec - K (L/R) Res  (47)
port diameter. In addition, the "second-
generation" model of King and the corre- where Re is the critical crossflow
lation procedure based on it show an Reynolds Number.,
increase in threshold velocity (minimum
crossflow velocity below which erosive p U R
burning effects are not predicted) with Rec . g c'it port (48)
increased port diameter as demonstrated in Jg
calculation results presented in
Reference 32. Both of these predicted and Res is a reduced surface transpiration
trends are in at least qualitative agree-
ment with observations from motor scaleup (burning rate) Reynolds' Number:
studies. 

R s r Rport (49)
In Reference 10, Beddini presents an Res s
approximate analysis for scaling erosive
burning threshold conditions as a function
of the base (zero-crossflow) burning rate (with r being the propellant burning
and motor size. One goal of this analysis rate). This dffers from the Beddini cor-
which was met was prediction of the relation as regards the exponent on the
observed fact that the threshold value of transpiration Reynolds' Number (1.0 versus
crossflow mass flux increases with 1.25) and, more importantly, inclusion of
increased propellant burning rate and the length/radius ratio term. As a result,
increased motor size (port diameter). In in this correlation, the critical crossflow
this study, it was concluded that the mass flux for onset of erosive burning is

directly proportional to propellant burningthreshold conditions for erosive burning rate and to the local length to diameterare related to a critical value of the rati - t the L/at ath tanete
blowing parameter, b (defined by ratio - thus the L/R ratio rather than the
Equation 26); for values of this parameter port radius itself is the critical geome-
above the critical value, the mainstream trical scaling parameter and large motorturbulence does not penetrate (subside) diameter alone will not serve to avoid the
into the near-surface flame regions. (A erosive burning regime. The authors claim
note ear-ur ac flme regerstothisondi that this conclusion is corroborated by thenoted earlier, King refers to this condi- fact that erosive burning does indeed occur
tion of b > bcr tclas representing boon- in teerypae foeaino h

dary layer blowoff and al n cnnniides that the early phases of operation of the

erosive-burning effects are negligible in' very iarge space shuttle SRM.
this case; thus the King "second Accordingly, it appears that at this time
generation" model yields scaling predic- there is some controversy as regards motor
tions consistent with those of Beddini.) scale effects on threshold crossflow mass
Details of Beddini's application of this flux required for onset of erosive burning,
criterion to determination of threshold with Beddini claming that port diameter is
crossflow velocity for erosive burning are the critical scaling parameter, while
presented in Reference 10. His final Strand and Cohen claim that length-to-
scaling relationship indicates that the diameter ratio is the critical scaling
value of the crossflow Reynolds' Number at parameter; the first scenario leads to the
the threshold point scales mainly with the conclusion that large diameter motors are
surface-transpiration Reynolds' Number to not susceptible to erosive burning, while
the 1.25 Power; this in turn corresponds to the latter scenario contradicts this

I i m • Ii iI m t a nmam ~ o n amT
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EFFECTS OF WIRES ON SOLID PROPELLANT BALLISTICS

Merrill K. King
4634 Tara Drive

Fairfax, Virginia 22032
USA

SUMMARY

Metallic wires have been employed in wire radius
numerous end-burning solid propellant rocket wire
motors over the last thirty years to provide r' burning rate

desired burning rate amplifications needed , burning rate at 298K
for certain applications. These wires r2 9 8
provide such amplification by serving as a r' matrix (unwired
thermal "short-circuit" between the hot trix propellant) burning rate

final products of the propellant combustion r' burning rate of propellant

and the unburned solid material, with wire along wire
resultant development of cones penetrating t time
into the propellant adjacent to the wires T temperature

(creating an increase in burning surface T product gas temperature
area) which lead the propellant regression. T

g
as propellant atitoignition

A brief review of models developed by others auto temperature
and of a systematic data base as regards T local temperature in

burning of wired strands is presented. The prop propellant [f(t,z,r)]
major emphasis (, this lecture, however, is Trpinterface propellant temperature at

modeling activity carried out by the author wire Interface [f(t,z)]
during the last two years. First, a model Twre wire temperature (tz)
of the processes by which wires amplify the Tbulk propellant bulk (con
burning of strands (at fixed pressure) was b ditinning) temperature
developed and applied to analysis of the T temperature relative to

systematic data base referred to above, with propellant conditioning
excellent agreement being found between temperature (T-Tbulk)
predicted and measured effects of wire type, u

wire diameter, and pressure on quasi-steady- Tprop interface T opinteface- Tbulk
state burning rates. This model is also 

0
wire vesoiyo product gases

capable of treating unsteady-state phenomena immediately adjacent to
and the effects of local (sporadic) gaps wire

between wire and propellant, caused by u average axial velocity of
partial wire unbonds from the surrounding gases in cone

propellant (possibly resulting from extreme V, free volume of motor
temperature cycling). Accordingly, the chamber [f(t))

strand model was subsequently coupled wih a Vsurfac e  velocity of gases leaving

chamber ballistic analysis and a geometrical propellant surface (normal

analysis as regards cone shape evolution to to surface)
permit prediction of pressure-time histories z axial direction (Fig. I)

in wired motors with various dstributions Lprop propellant thermal dif-
along the wire of gaps between the wire and fusivity

the propellant. B constant in Eqn. 10
6 penetration thickness of

thermal wave associated
with heat transfer from
wire [f(t,z)]

LIST OF SYMBOLS Atj jth time increment
A tnon-dimensional thermal

As,total propellant surface penetration thickness
area (cone plus flat) [f(t,z)]

At  throat area e cone angle (Fig. 1)
CD  propellant product dis- viscosity of product gases

charge coefficient ga gas density

C wire specific heat P gas propellant density

Cpwire propellant product prop wire density
p,prod specific heat Owire

0 temperature sensitivity of
D wire diameter matrix propellant burning
hwire heat transfer coefficient
contact between wire and propel-

lant
k thermal conductivity of I. BACKGROUND

propellant
M product molecular weight Solid propellants are generally burned
in mass generation rate of in rocket motors in one of two basic con-

propellant products figurations, either in the form of an end-

out mass flow rate out of burning grain or as a centrally perforated
motor grain. In the end-burner (cigarette-burner)

P motor pressure [f(t)] mode, a solid cylinder of propellant is

R universal gas law constant ignited on one end face and burns back along

q" heat flux into wire from the cylinder parallel to the centerline. In
gas or propellant [f(t,z)] the centrally-perforated mode, the propel-

r radius (Fig. 1) lant cylinder contains a port along the
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centerline (which may be a simple circular Over the past thirty years, Atlantic
port or may have a much more complex shape Research Corporation has applied the
such as a star or a wagon wheel) with burn- approach of embedding metallic wLes in
ing being initiated on the inside of this end-burning propellant grains to enhance
port, followed by burnback through the burning rates to a number of tactical solid
cylinder radially to the motor wall. As rocket motors, the most notable of these
might be expected, for typical tactical being the Stinger Missile and its predeces-
motor length/diameter ratios, the end- sor, the Redeye Missile, both shoulder-fired
burning configuration tends to lead to surface-to-air weapons. Additional applica-
relatively high action times, while the tions include the MK30 (Terrier) Missile,
centrally-perforated configurations yield the AGM-130, and the Tiger II.
much shorter times. Due to limited vari-
ability of propellant burn rate via formu- Rumbel and coworkers at Atlantic
lation adjustment (particularly in the Research(

1
-
3
) pioneered the use of embedded

presence of other design constraints) the metallic wires to enhance solid propellant
motor designer sometimes finds himself in a burning rates in the mid-1950s, first
situation where the action times achievable applying this technology to extrudable poly-
with an end-burner are unacceptably long, vinyl-chloride-based composite propellants
while those achievable with a centrally- (designated Arcites). In the course of
pcrforated grain are unacceptably short these early studies, these investigetors
(within given constraints on motor geometry) developed an extensive data base for two
for his mission. (In addition, end-burning formulations, Arcite 155 and 322 (similar
configurationa lead to higher mass frac- formulations differing only in ammonium
tions, often of considerable importance, a perchlorate particle size and thus matrix
factor driving the designer to prefer their burn rate versus pressure characteristics),
use.) One way around the problem of exces- utilizing wired strands of propellant burned
sively long action times for endburners is in a pressurized bomb. This data base
to embed metallic wires in the propellant, encompassed a wide range of pressures, wire
parallel to the motor centerline, to diameters, and wire materials (silver,
increase effective burning rate. aluminum, copper, tungsten, platinum, molyb-

denum). It was found that the burning rate
These embedded metallic wires lead to enhancement was for the most part propor-

amplification of the mass burning rate by tional to the wire thermal diffusivity, with
providing augmented heat feedback from the wire melting temperature having a secondary
product gases to the propellant immediately influence (higher melting point leading to
adjacent to the wires, thus resulting in higher rate), For very small diameter
local burn rate increases in the direction wires, burn rate enhancement was found to
along the wire with consequent formation of increase with increasing wire diameter, up
cones in the propellant with half-angles to a diameter of about 5 ails (.0121 cm),
equal to the arcsine of the base propellant with subsequent decrease in enhancement for
burn rate divided by burn rate along the further increases in wire diameter.
wires. The propellant not immediately
adjacent to the wire of course burns at its Subsequently, considerable additional
normal rate perpendicular to the cone sur- (though not nearly as systematic) data on
face, but because of the increased surface the effects of wires on burning rates of
area associated with the cone, the mass other composite propellants, notably poly-
generation rate and "effective" burn rate butadlene-based systems, have been amassed
are increased. (See Figure 1.) An offshoot at Atlantic Research. In general, however,
of this approach to burn rate enhancement is these studies have been limited to one type
the use of chopped metallic fibers (oriented of wire and one (or at most, two) sizes,
or unoriented) in formulations. (In the with minor formulation adjustments being
oriented-fiber approach, advanced casting made in search of a specific wired rate for
technology is applied to cause the fibers to a specific application. In 1982, Kubota and
orient themselves preferentially parallel to coworkers(4) published a paper summarizing
the direction of burning.) an experimental study of effects of embedded

metal wires on the burning of a series of
double-base propellants; %ire materials used
in this study included silver, tungsten, and
nickel, with silver being studied most

O,,.nfBurningMongWas extensively. (Thit paer did not include
enough information regarding the propellant

CicularC,ross Swti characteristics to permit comparison of data

. irnedw byMCI described in detail below.) The wire si;:es
a From orrita utilized were all well in excess of 5-mil

s diameter;, augmentation ratios were found to
pip~elant /decrease with Increasing wire diameter,

Z 0 s consistent with the results of Rumbel, et al

ProelantCone in this regime. In addition, augmentation
r -ratio was seen to increase with increasing

wire thermal diffulvity, again consistent
with previous observations.

Muixae Hsing, Wa, and K in 1990,
oatel SubsudAsnWes published results of a limited study of theZone Burn Rate inuZone Pa atal effects of silver and copper wires on

WreO e SDoirScrtiontothe end-burnlng HTPB composite propellant grains
hAssn~dWNeRate Dnst M~os mPath in a motor, using an X-ray imaging system to

track the development of cones around the
wires. In their studies they found somewhat

Fe,., SchematifWiedPropsu5Combouin larger wire diameters for maximization of

ioi

•dp>

- - ; i .. .
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burn rate augmentation, approximately 0.6 mm 2. OUTLINE OF INTEGRATED STUDIES BY THIS

(25 mils) compared to the 5 mil optimum LECTURER

obse:ved in the extensive studies of Rumbel,
et al. As part of their work, Hsing and In the course of this lecturer's

coworkers developed an empirical expression studies of the effects of wires on solid

relating the burning rate augmentaion to the propellant burning rate, a model of the

wire thermal diffu.i\ity, wire size, base effeLts of wires on burning of strands with

(unwired) rate, and effective spacing wires embedded along their centerlines was

between wires (effective diameter influenced first developed.
( 9

) This model was then

by a single wire). checked/calibrated against the previously
mentioned extensive data base of Rumbel,

As part of the early studies by Rumbel et al. Finally, the model was extended to

and coworker , (2,3) a simplified heuristic treatment of motor ballistics in the

model was developed to qualitatively explain presence of wires, with particular attention

the observed trends regarding effects of being paid to the possible effects of local

wire diameter and type on burning rate gaps (along the length of the wire) between

enhancement. This description did qualita- tetwk jyl the surrounding propel-

tively describe the observations, but lant.'

required artificial adjustments of para-
meters not calculated from first principles 3. WIRED STRAND MODEL DEVELOPMENT

to actually fit the data. In addition, this
model was strictly a steady-state one, In this analysis, circular cross-

Incapable of treating transient effects, section wires were treated since these are
such as startup or encountering of contact by far the most commonly used in practice.

resistances associated with local wire A transient analysis, with an initially flat

unbonds from the surrounding propellant. surface (e - 90 degrees in Fig. 1) and an
arbitrarily specified initial projection

In 1967, Caveny and Glick(6) published distance of the wire above the propellant
a paper describing the effects of embedded surface was developed, utilizing the
metal fibers (actually flat ribbons with a following general strategy.
high ratio of one surface dimensicn to the
other, leading to treatment of conduction of F rst, the known product gas tem-
heat from the wire into the propellant as a perature and the iniLial temperature
one-dimensional process at each axial loca- distribution in the wire (to date, the

tion along the wire) on the burning rate of analysis Is performed assuming the initial

solid propellants. In this analysis, they temperature throughout the wire to be equal

assumed that the burn rate along the wire is to the propellant conditioning temperature)
simply the rate at which the point along the are used with a gas-phase heat transfer
wire at which the temperature is equal to analysis (described later) to calculate the
some arbitrarily assigned "ignition t2mpera- heat flux into the wire at each axial loca-
ture" propagates along the wire. (This is tion along the part of the wire extending
not to imply that the analysis is simple--it into the gas. This flux distribution is
is not.) In addition, no consideration was assumed to remain constant through one time
given to the possibility of a "co-tact step, which is calculated as the quotient of
resistance" between the wire and the propel- the user-irput axial node spacing divided by

lant, a likely result of wire/propellant the current burn rate along the wire (equal
unbonds which may well occur, for example, to the matrix rate for the first time step).
as a result of temperature cycling. This
model is capable of treating transient A transient analysis of the heat trans-
effects, being mainly aimed at analysis of fer along the wire and into the propellant

the effects of short chopped metallic fibers (again described later) is then carried out
on burning rate. for this first time step, yielding a result-

ant axial and radial distribution of temper-
Rybanin and Stesik

(  
also analyzed the ature in the propellant at the end of the

effects of flat heat-conducting elements on time step. The first axial increment of the
combustion of solid propellants, using an propellant (increment closest to the sur-
asymptotic solution approach; their analysis face) is dropped at this point, and the
is limited to steady-state behavior. More radial temperature distrlbutionat the next
recently, Gossant and coworkers (8) developed node is used to calculate a mean temperature
a simplified analysis of the effects of at the "new surface" across a radial thick-
circular metal wires on propellant burning ness equal to three characteristic matrix
rate. Unfortunately, this model encompasses thermal profile thicknesses (3 times propel-
several simplifications which are strongly lant diffusivity divided by matrix burn
at odds with experimental observations, the rate). This mean temperature is then used
most notable ol which are an assumption that with an expression relating burn rate to
the wire does not project above the propel- temperature (based on the matrix burn rate
lant surface into the gas and a second temperature sensitivity and autoignition
assumption that the temperature of the wire temperature as described later) to calculate

at the propellant surface is the melting a new regression rate value along the wire.
temperature of the wire. With respect to This rate is then used In rombination with
the tlirat assumption, movies of the burning the matrix rate to calculate a new cone
of wired strands have shown that there Is angle (0 - arcaine (Matrix Rate/Wire Rate)).
significant pr6trusion of the wires above The distribution of heat flux into the wire
the propellant surface; the second aasump- for the next time step is then calculated
tion comes to grief as regards the use of using the new temperature distribution in
wires with high melting temperatures (e.g., the exposed part of the wire and the new
tungsten) which would result in absurdly cone angle, a new time step Is calculated as
high propellant temperatures near the pro- the quotient of the axial node spacing and
pellant-wire-surface interface, the new burning rate along the wire, and the

- ! m | -- -" -r



6-4

transient heat transfer analysis in the wire (7) All wire nodes which reach the
and propellant is restarted and run for this melting temperature of the material
new time increment. A new surface tempera- are assumed to disappear (break
ture radial distribution is thus defined as off).
that at the next axial node at the end of
this time increment, a new mean surface (8) It is assumed that a unique
temperature and burning rate along the wire relationship exists between the
are calculated, and the next calculation burn rate along the wire and a mean
loop is started. For calculation of a temperature (calculated over three
steady-state wired rate in strands, the matrix thermal profile thicknesses
analysis is repeated until an asymptotic around the wire) for any given
limit rate is reached, formulation.
3.1 MAJOR ASSUMPTIONS/A,,PROXIMATIONS The last assumption requires further dis~us-

sion. It is considered that the heating of
At any given time step through the the propellant aljacent to the wire Is

analysis, the geometry In the vicinity of equivalent to local raising of the condi-
%he wire will have the generic shape of Fig. tioning temperature of the propellant.
I (with, as mentioned, time zero represent- Thus, for moderate values of "superheat," it
ing a limiting case where 0 - 90 degrees and is assumed that the matrix propellant burn
the cone walls are horizontal). This figure rate temperature sensitivity (a ) can be
is instructive in listing the major assump- used to calculate the augmented rate. How-
tions/approximations associated with the ever, available temperature sensitivity data
analysis: in general are only good up to about 50

degrees (Kelvin) of superheat. Accord
4
ngly,

(1) Heat conduction In the propellant it was decided to use the autoignttion
parallel t- the wire (axial conduc- temperature of the propellant as an addi-
tion) is neglected. tional data point, with burn rate set equal

to infinity at this temperature. It is
(2) The wire Itself is assumed to be assumed that the relationship between burn-

thermally thin (no radial tempera- Ing rate and "effective co.iditioning temper-
ture gradients in the wire). ature" can be expressed in the form:

(3) Gas-phase reaction con- butions to
the heat balance in thb ,sear-wire k + k 213
region are neglected. r 2 T + k3 T()

(4) Radiative heat traneport between
the wire and surrounding flow iF with the burn rate at 298K, the temperature
neglected. (Note that this is not sensitivity oer a 50'K range, and the auto-
the same as neglecting radiative ignition temperature being used to calculate
heat feedback to the propellant kI, k2 and k3 for a given formulation from:
surface In regions not directly
affected by the wire - any contri-
bution in th~s area is lumped into -- - k + 298 k + (298)

2 
k

the empirically input matrix burn- r298  1 2 + 3 (2a)
ing rate versus pressure character-
istics.) An order-of-magnitude 2p0r - k + 348 k + (348) k (
analysis InJicates that for a typi- r2 98  k) 1 2 3 (2b)
cal wire iameter of 5 mils (0.0125 0 k + T k T 2
cm) with a mass flux along the wire auto 2 + (Tts) k3  (2c)
of approximately 5 gm/cm /sec, the
conductive/convective heat ransfer
coefficient between the wire and h.ext, one is faceu with the question of
surrougding flow will be about 0.1 defining an approoriate temperature for use
al/cm /sec/K, which with a typical in Eqn. I for calculatir, the burning rate
temperature difference of approxi- along the wire. One might consider using
mately 2000K leads to a heat flux the surface temperature at the wire-propel-
into t~e wire of about 200 lant interface, but it seems apparent that
cal/cm /sec. With an emissivity- this is not really appropriate since it
absorpcivity product of unity, represents the temperature of only an
radiative transport, for a gas Infinitesimal amoun" of propellant. (In
temperature of 2500K, wil lead to adoition, ' can be shown that use of such a
a flux of about 50 cal/cm /sec, temperature will result in the predicted
only one-fourth of the condjctlve/ rate rising monotonicall with decreasing
convect!ve flux. Horeoever, for wire diameter all the way to a wire diameter
more realistic values of Ih -)is- of zero, a result !n conflict with observa-
si vty-absorptivity product . I tion (and with common sense).) It appears
or less(

12
,
1

) (Pvpn for higl, logical that a mean temperature over a
meralized propellants, which are thicktess of propellant proportional to the
not being treated in Lhis study to characteristic matrix thermal profile thick-
date) radiative transport contribu- ness Is more appropriate - a chickness equal
tions will be less than 3 percent to three times the propellant diffusivity
of the conductive/convective con- divided by the matri rate (equivalent to 95
tributiotib, percent of thc total matrix thermal profile)

was chosen as appropriate for the averaging
(S) All propellant thermal properties process, giving:

are constant (temperature indepen-
dent) and lsotro;,Ic.

(6) All wire thermal properties are
con.icant (temperature indepandent).
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rite 4 3- Wrop/riatrix 3.3 TRANSIENT THERMAL ANALYSIS OF WIRE AND
wre ro PROPELLANT

r Rigorous analysis of the transient heat
rwire + 3/prop rmatrix transfer in the propellant and wire would be

rwire w extremely difficult, even with the simplify-

r d r (3) ing assumptions listed earlier, Involving
simultaneous treatment of axial derivative

rwire terms in the wire, radial derivative terms
in the propellant, and time derivatives in

3.2 ANALYSIS OF HEAT TRANSFER INTO WIRE both media. Accordingly, following the lead
of Caveny(

6
), the author employed an inte -

An approximate analysis of the gas flow ral method based on the work of G od man
(
1

field in the cone surrounding the wire (Fig. and Lardner and Pohle
( 1 5

) to reduce the

1) indicates that the velocity component order of the problem by replacing the dif-

parallel to the wire immediately adjacent to ferential equations describing the radial

it is proportional to the bulk (average) heat transfer in the propellant with

axial velocity in the cone, with the pro- integral equations based on assumption of a

portionality constant depending on the cone fixed form for the shape of the radial temp-

angle, varying from unity for a flat surface erature distribution in that region. With

(0- 90 degrees) to approximrtely 2.0 for this approach, expressions relating the

cone angles less than or equal to 45 radial heat flux into the propellant at any

degrees, In addition, the average axial given axial location and time to the current

velocity in the cone is related to the gas propellant temperature adjacent to the wire

velocity leaving the cone surfaces by: at that axial location and the time-inte-
grated value of local flLx up to that time

V can be used to replace rigorous analysis of
surface (4) the propellant region in supplying needed
sinO boundary conditions for solution of the par-

tial differential equation (in time and
axial coordinate) governing heat transfer in

With substitution of sine r' /r' the wire. (It should be noted in passing
matrix wre that the integral analysis Is somewhat more

and Ppropellant e matrix ' Pgas Vsurface' the difficult to apply in the current cylindrl-

velocity adjacent to the wire can thus be cal geometry than in the one-dimensional

expressed as: geometry treated in Caveny's analysis due to
the transcendental nature of the integral
equations in the cylindrical geometry case.)

wre surface rwire roellnt r' (5) Application of an unsteady-state heat

wmatrix igas rwre balance to the wire results in the following

partial differential equation In temperature
(function of time and axial location) along

where K is a function oi the cone angle the wire:
ranging from 1.0 to 2.0. (An empirical fit 2T r
to the results of the flow analysis is 9Twire a'ire
utilized for calculation of K for any given Pwirecp,wire a kwire 

2

cone angle.) tz

4
The velocity adjacent to the wire is + q1, (7)

used In calculation of a friction factor D
and, using Reynolds' analogy, a heat t-ans- wire
fer coefficient for heat transport from the
product gases into the wi.e %aminar flow where the sign convention for q" is such
equations are employed for a Reyn'lds' 'hat it represents heat flux into the wire
Number (based on wire diameter and axial at rny axial location. (Recall the sump-
velocity adjacent to the wire) of less than ron of a thermally thin wire, which reduces
2000, while a constant friction factor of the wire analysis to a one-dimensional
0.008 is used for higher Reynolds' Number transient problem through neglect of radial
values, leading to: temperature gradients in the wire itself.)

The boundary ccnditlons for the part of the
[Laminar) wire projecting into the gas product stream

4 K Cp prod gas ( were discussed In the previous section. For
q" ir (Tgas Twire) (6a) the submerged part of the wire, the heat

Dwire flux into the wire at any axial location may

[Turbulent) be expressed as:

q* - .008 eprop rwire Cpprod (Tgas - Twire) (6b) q" . h Contact (T if" Ti)

ISI ght modification of this analysis to Tprop (rwiret)
allow for differences between the angle at kprop (8)
the tip of the cone and the "average" angle ar
over the entire cone was carried out during where q", T
extension of the model to treatmet of the prop,interface TwIre' hontac
effec's of wires on motor ballistics.) and aT / r are all functions of axial

location (z) and time. The integral method
outlined below is used to relate q" (z,t) to

m m | m • • t m
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Tprop interface (z,t) at each axiel location where
and time, and Eqn.: 8 is then used to elimin-
ate T prop,interfae to establish a relation- 2 - 96n + 36)lnn +36n

2 
-13n

4
_ 32n + 9

ship between q" (z,t) and Twire (z,t); Eqn. f(n) -

7 can then be solved numerically using an 144(r-l)(21nn + n- 1)'
implicit scheme involving solution of a tri- (15)
diagonal matrix at each time step. The heart of the integral analysis lies in

With neglect of axial temperature breaking the integral of Eqn. 14 down to:

graci'ents In the propellant (Assumption 1)
the governing equation for teaperature t t-at q'(t-At + q"(t)
distribution in the propellant at any axial fq'dt - fq"di + at (16)
location is: 0 0 2

3(rT) a TarT
-

t
prop - r (9) with the integral on the right-hand side of

at 3r \arl the equation being updated and stored at
each time step.

Following the method of Lardner and Pohle(
15

) A brief outline of the procedure for
for integral method analysis in cylindrical analyzing heat transport in the wire and
coordinates, it is assumed that tue propellant using the integral method for the
temperature profile shapi at any given time propellant follows. For any time step (At)
and axial location may be expressed as: new values of T ace calculated at each

j

a a l n d a l n l e w i r e u s i n g o n e t i m e

Irwir- r r step of numerical integration of Eqn. 7 with
T-Tb a n( the old (previous time step) flux values

Srwire + (lagging solution). New values of propel-
lant temperature at the wire-propellant
interface, n (dimensionless thermal wave
penetration), and flux are then calculated

where 6 (z,t) Is the thermal wave thickness at each axial location using Eqns 13-16
In the propellant and a is a constant deter- along with the first part of Eqn. 8 in a
mined by the boundary conditions. These trial-ane-error-loop calculation. (For
boundary conditions are: cases with very small or no gap between the

wire and propellant, the old flux values
rT could be used to calculate the temperatures

r -rwire + 6 : T = 0 , -- 0 via Eqn. 8, with subsequent solution of
ar Eqni. 13-16 for new flux values, but with

( l) gaps of more than a few microns, this
simpler procedure was found to break down.)

re q" k The new values of flux are then used to
wire pop ~r update the flux-time integrals at each node

and ae also used 3s boundary conditions in
Application ot these boindary conditions, treatment of the next time step in the
and substitution of n(z,t) - ((z,t) + integration of Equ. 7 with respect to tle.
rwlr)/rwe leads to:
wire wIre l.4 TREATMENT OF MELTING WIRE EFFECTS

- (q"rwre/ prop)(rl r/rwire
)2 

ln(r/rwiren) Some of the wire materials employed in
wired propellant grains have fairly 1,w

(n-I) (2lnn 1 - 1) (12) melting points (e.g., 930*K for aluminum,
1230*K for silver, 1355"K for copper); early
calculations with a computer code based on

which wLen evaluated at the propellant-wire the analysis described in the preceding
interface (r rwire) yields: sections showed that these temperatures

would be quickly exceeded at the outer
reaches of the exposed wires as the propel-

-(q"rwice/k )(f-1) Inn lant receded back around them. It is post-
p ulated that the shear forces associated with
propinterface + 1the product flow along the wires (out of the

21nn + q - 1 (13) coneq) will instantaneously remove any wire

nodea whose temperature riser above the

Integration of both sides of Eqn 9 over the melting point of the materIa) bseing used,
thermal wave thickness kr to r + ), Accordingly, the code was modified to drop
followed by &ubstitution o rhe flux gound- at each time step any wire nodes predicted
ary condition at the wire-propellant inter- to rise above the melting temperature during
face (second part of Eqn. 8) and consider- the preceding time increment. In this
able mathematical nanipulation leads to an analysis, the heat of melting Is straight-
expreas.on relating the therroal protile forwardly decremented from the heat balance
thickness at a given time, the flux at that on the wire via modification of the wire tip
tire, and tie time integral of the flux up boundary condition to include a heat of
to that time (all at a given axial loca- melting term for the mass associated with
tion): the dropped nodes.

2 3.5 COMPARISON OF MODEL PREDiCTIONS WITH
pr qdt f() (4) STRAND DATA

tAs indicated earlier, an extensive data
base o;, the effects of wires on propellant

i i -y.- _.r . .-'*--
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burning rates was developed by Rumbel, et al values of this parameter probably are
for two polyvinylchloride-ammonium perchlor- bounded by 450 and 600°K (350-620°F). A
ate solid propellant formulations in the rough optimization of choice of value for

1950's. In this investigation, in which this parameter was carried out by comparison
wired propellant strands were burned in a of model predictions with data obtained at
pressurized bomb, wire type, wire diameter, 1000 psia with various diameter tungsten
and pressure were systematically varied wires, resulting in a chosen value for auto-
independently; thus, this data base provides ignition temperature of 520*K (475*F) for
an excellent test vehicle for the model the Arcites. Sensitivity of predicted aug-
described above. In addition, data obtained mentation ratios (wired rate/matrix rate) to
more recently by Atlantic Research for a this parameter was examined; results of this
polybutadiene-based composite propellant are sensitivity study for 3 mil diameter tung-
examined. Compositions for the three sten wires In Arcite 155 are presented in
formulations studied qlong with propellant Fig 2. As may be seen, variation of the
properties needed for 'model inputs are given autoignition temperature value from 480 to
in Table I. As may be seen, the two poly- 560*K (+ 40*K around the selected 520*K
vinyl chloride formulations (Arcites 155 and value) leads to a variation in augmentation
322) are nearly identical, differing only in ratio from 4.8 to 2.9 (Q 30 percent around
ammonium perchlorate size distribution (and the 3.65 value). Thus it may be seen that
thus matrix burning rate). Data obtained the sensitivity of predicted wired rates to
with six differernt wire materials (silver, this parameter, while not overwhelming, is
copper, tungsten, platinum, aluminum, and certainly not negligible; further informa-

molybdenum) were compared to model predic- tion for fitting of the constants in Eqn. 1
tions in this study; prperties of these (for example, temperature sensitivity data
materials required as model inputs are out to much higher temperatures than norm-
tabulated in Table II. ally examined) would be highly desirable.

As mentioned in discussion of the model a
development, allowance was made in the model ' lft 3'oOq,
for a finite contact resistance (variable c Tnglunwnk
with axial distance along the wire via user
input) between the wire and propellant to &
permit simulation of the effects of gaps 0
resulting from wire unbonds (caused in motor .

situations, for example, by temperature
cycling resulting in different expansions/
contractions of the propellant and the 2
metallic wires which tend to have large dif-
ferences in coefficients of thermal expan-
sion). All calculations presented In this 4 70 4 0 . 490 35 It. 5W0 9 o 450 se 0
section were performed using a negligible AuWWWCM T..Spl aIo V~ku.LJs4(og )
contact resistance (very high value of

)ca 0under the logical assumption that F 5sofaSolato16od Poent awn Rato,cuntsfta p .l-Tpor

no suc unbonds were present with the wired
strands. In all cases, the model was run
until an asymptotically limiting value of
burn rate along the wire was achieved
(generally at 0.5 to 1.0 cm of total regree- In rates and age iotio ae
sion along the wire), Ing rates and augmentation ratios are

compared with data for Arcite 322 containing

The one needed propellant property 5 mil diameter wires of different materialswhich is not well documented (and, in fact (silver, copper, tungsten, platinum, and

not even very well defined) is the autoigni- altminum). In all model runs, the autoignt-

tion temperature, required for evaluation of tion temperature of the propellant is held
the constants appearing In the burning rat e at the 520'K value established from the
versus temperature equation (Eqn n 1). earlier analysis of the tungsten wire data

Discussions with various propellant deve- with Arcite 155. As may be seen, the model

lopers indicate that physically realistic does a reasonably good job of predicting the
effects of the various materials on wired

Table iS. PopeltPropertles of .,olsItion$ flxli burning rates, though it does overpredict
the augmentation ratio by about 17 percent

Arcite 16, 322 kcoid- 426 for silvex and 27 percent for aluminum,

Now _al"' I. 74.625 As.0A while underpredicting the effect of platinum
I2.44PC14 ISO . 2.15 114 by about 22 percent. It should be noted
0.0 Stafbllser that the conductivity value used for

Fl, Toop.t,70 ('A) 2,471 2.838 aluminum may well be roo high. It has been
Productspecifichot observcd that ,iectrical conductivity of

!,, Z) 00.4.44S aliminum is strrngly decreased in the
54,Ity (plcS.

2
) 3..46 241 presence of even low levels of impurities,

PropllantS¢PCflt het

(cal/go *) O.S. o.7 nd it Is generally found that thermal con-

Proptluont t65rol 5o04ctlv1ty

)c.1/c. ,S. K? 5.00252 0.000%~
P (t par -K) 0.22 0.21

5421, 2ates at .o00 PSI$ Table 3. f4eveIrfs of Predicted and (lorl0 tal 5en Pete, for 4,c1t. 322
2Cs/ eC) .14. 1.2t .70 t llM 5 .11 Mler wires at 0 - I

0
0 poll

Table 2. 2t. PWRl1W, for re .2lls Used
B-, le2, ('F!Cj AM-~ W-4t~ 14,10

0i5t.7t ln fI5 Ulffbllt, TOW 1 In' Tye k- tW. -1 q, . 06o.
(J~L. itIn 110

Material (ca.110 W~ a) w (cat11w ) fu~ll 511r 4.2 I'Ml 1.20 4.AS (27n nigh)
C,3.'D, 1.52 4.40 4.42 4.2 0 LW)

115,. 0.95 1010 .094 1.33 1 .22 21 ':4.2 4.2 2" .44 3.44 % 12ls.)
cow4 ').W0 4.92 too0 c.gs I'M9 1 Mail2,- M.2 2.11 2.92 2.^? ~ 225 Iv)
Teatfre I.S 22.4 .C1 0.27 ,60 6
Afllf" 0.43 21.45 .0 O.X 21,030 24 Almlmi 2.95 L.7S 2.22 L.5 271N6

I=.,, 0.10 2.70 .209 0.2 020 51 ibd9f,,- csa 1s.20 .015 NO4 2.200 13

I
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In Fig. 3, predicted and experimental
Tto-520K wired burning rates for Arcite 155 at 1000

psia are plotted against wire diameter for
tungsten, molybdenum, copper, and silver

Md 3 wires. As may be seen, the model predicts
3 rcothe existence of a wire diameter for which

S2- the rate is maxi-sized, with the rate rolling
E off fairly quickly Zor smaller diameters and
a) emore gradually for larger diameters; for the

Mi Rfour wire materials studied, the rate-
maximizing diameters are predicted to be 3

c FI I to 4 mile. In general, the model predic-
1 2 S 4 5 6 7 a 9 10 tions agree reasonably well with the data

W,reDameter(mils) both in terms of general magnitude of the

(a) Arcte155 wihTungslenWtres, P - 1000ipsa wire effect and wire diameter dependency.
With tungsten wires, agreement between

I 4 ' 6 I I , , theory and data is exellent while with
t*o 520K molybdenum and copper the degree of agree-

ment is certainly respectable. Even with
silver wires the trends appear to be

I2., Predeilons correctly predicted though the magnitude of
M the wire effect is overpredicted for silver

-MatrixRat wires as with Arcite 322. On the whole, the
51 I model predictions appear to be quite accept-

0I able, particularly considering the lack of
0 2 3 4 5 6 71 a' 9 O adjustable parameters.

WreDsmeler(mrls) A predicted burning rate versus

(b) Arcate 155 with Molybdenum Wires P - 1.O00psa pressure curve for Arcite 155 with 3 mil
diameter tungsten wires is plotted along

6with five data points in Fig. 4; as may be
S * Tguto 520K seen, the degree of agreement is outstand-

" f ing. In Fig. 5, a similar burning rat,
versus pressure presentation of data and

4- predictions is made for Arcadene 426 with 10
ModelPrdlons mil diameter silver wires. Due to major

DataPoints differences in this formulation from the
Arcites (Table I), it is reasonable to
expect that the effective autoignition temp-

2 erature of this propellant might well differ
from the 520wK value used tor the Arcites.

I ---.MalrRt--- e Predicted burning rate versus pressure
curves calculated using autoignition temper-

_atures of 550, 600, and 620
0
K are presented,

'0 12 3 4 5 5 7 8 9 10 along with wired propellant and matrix data,
Wire Dsmeter(mls) ir Fig. 5. It is observed that reasonably

(c) Arcie 155 wth Copper Wires. P - 1.000 pia

71 0 0 ' ' ' ' ' ' '

80

Predictons 60
P6-n - Predicted

a 4.0 Wired Rates

Data Plnts

E Tauto 5 620K . 2.0

2--

a Matrix Rate "

C ____________________________0.8 _A

0 1 2 3 4 5 6 7 s 9 10 C
WIo Diameter (mils) 0.6 - Matrix Rate

(d) Arcte 155 with Sfw Wires. P 1. 00 pale
0.4

Fliure 3 Preicted iand tl rved EIie; e' Various Wires

on Bumig Rate * Experimental

0.2 Wired Rates
ductivity tracks well with electrical Tauto 520K
conductivity. Thus, if there were
Impurities in the aluminum wire used the
thermal conductivity may well have been 0.1
lower than the value used in the modeling 100 200 300 400 600 1000 2000
exercise; reduction of this value from 0.55 Pressure (psia)
to 0.45 cal/casec 'K would result in excel-
lent agreement between model predictions end Flgure 4.Arcite 155 with 3mil Diameter Tungsten Wires
data.
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10.0. , 5 ~
8.0- Calculated Using

6.0 [ Tauto 550K 4

4.0 Measured
W e initial wire Protrusion - 0.o cm

C/Icutated Using S. Initial Wire Protrusion - 005 cm

2.0 Taijto = 600K A1 E 2- initial Wire Protrusion 001 cm

.~ Calculated Using ,w m
E Tauto = 620K ,, Arois 155 wtth 3 mil

1. 6K I Tungsten Wire

ad2 1.0-, P - low0 Pals
a: 0.8 - " Measured
E Matrix Rates 2 1 I t 1 1

0. -0 2 4 6 ,8 10 12 14
=0.6

( Distance Burned (cm)

0.4 Figue a Examination 0t Effects of :niale Wire Protrusion
on Burn Rate vs Distance Burned

0.2-

01I 1 r prolru
s i

on length
200 300 400 600 1000 2001 -- h addlnghmt4

Pressure (psta)

Figure 5. Arcadene 426 w h 10 mit Diameter Siver Wire *~rta ieprotrusion - 0.5 cm

nuItisi Wire Protrusion - 005 cm

good agreement between theory and data is 2

S ndat re Prfson 005c

found with T - 600 or 620 degrees
Kelvin, eof T r 550 degrees
Kelvin leads to overpre8Ition of augments- WiArcdet5wrul0m

tion ratio by about 15-20 percent. It Siverwre

should be recalled, however, that the effect P-uiOOpsc

of silver wires was overpredicted for the

Arcite formulations. Thus it might be that O 2 4 s = t0 tl2 14

the 550 degree value would prove to be more DistnceBurnedlcrm)
reasonable in predictions of Arcadene 426
behavior with other wire materials; unfortu- Figure7 E iamlniootEffectsoilnialreProtruson

nately data for such a comparison have notonurRtev saceBnd
been found..

Figures 6 and 7 demonstrate ome of the

transient prediction capablty of the model 3.6 PREDICTED EFFECTS OF GAPS ON WIRED

described in this paper, as well as showing 15RN R

how the approach to the steady-state wired S RATES

rate in a strand is influenced by the Following copletion of the calibration

initial protrusion of the wire into the mo e f tD sinc ofr e w e b n
product stream above the initially flat nor- ate mo d w espc o the date base

face. In Figure 6, burning rate of Arcite described in the previous section, para-

155 at 000 psa along a 3 omil diameter metric studies of the eifects of gaps

tungsten wire is plotted against cumulative between the wire and surrounding propellant

distance burned for three different initialire son strand burning rate were carried out.

w r nsi e p r e dc t i o n ( .0 a b y . , a d . m) l A 6 PAr c a d e n e 4 2 6 b u r n i n g t 2 0 0 p s i w i t h a n

might be expected, the burn rate asymptotes STAND T ES

t o t h e s t e a d y -s t a t e v a l u e i n a s h o r t e r b u r n -e b e d d oil d io e er s i ve r i es A s

back distance for greater initial wire abtaiycoe o hs tde. A
protrusion, with the required burnback autogntion temperature for thi formula-
distance varying from about 0.4 cm for the tion of 560K, based on the rationale

0.50 cm initial protrusion to 0.6 cm for the presented in the last Cecion was used in

O . I n Fia g upr et 6 , bun. ing rae of p rese t s generation of the results preented here;

015 i ti a l ptsio n F iu e7 e sent trends observed were only slightly affected

tugsm r wres ts for a gmi n st e stive rby use of autoi gni o n temperatures over the

wire; since silver has a melting temperature raneweente in surroundin c ollat

of only 1230°K, well below the propellant of trsn be rin g .e Iee caie cadoti

flame temperature (unlike tungsten, whose gap (h in Eqn. 8, the quotient of the

melt temperature exceeds the fame tempera- t ont t y

to~hra cnutllyo the embdde 10mldamtrsleie wand

ture), it eventually attains a steady-state the gp width) a value of .0s01

projection distance into the gas (approxi- cal/c/sec/K was used for the thermal a-

mateiy 0.83 cm as i ndicate in the figure) conductivity of the gap gases (corresponding

with one wire node melting d dropping off

for each increment of propellant burned, t itren y . tbouelt 40, gi as d siehnt

geartilyn obvioreulsy presdeenthr;

Again, larger values of initial protrusion value is chosen the ereonlyslpesetl.ed can be

of the wirne in e product gases lead to easly adjusted by raoing gap idhs pro-

q(icker approach to a steady-state burning portionally to the conductivity values.

rate along the wire . the f t
tue) itJ evnual atan a staya Ji te the ga with a vau of 0.0170II I llII
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in Fig. 8, the effect of the gap size strand, suddenly increased to some non-zero
on strand burning rate versus distance value and held constant at that value for
burned (again assuming an initially flat the next 1.5 cm, and then suddenly returned
surface) is presented. Included for to zero, representing a small local unbond
reference are the matrix rate for Arcadene region. Three gap widths (1, 2, and 5
426 at 200 psi and the predicted burn rate microns) were examined. As the region with
versus distance burned for perfect contact the gap is approached, the model predicts an
between the wire and the propellant (no upturn in the burning rate (due to less heat
gap). As may be seen, the shapes of the loss along the wire downstream of the begin-
curves for the various gap widths are some- ning of the gap). As soon as the gap is
what similar, though the overshoot in burn reached, burning rate drops precipitously,
rate predicted at zero or small gap width wih a strong overshoot, before rebounding to
(resulting from the finite time required for the quasi-steady-state rate for the given
the quasi-steady temperature profile in the gap width (compare the intermediate flat
wire to be established) does disappear for region to figures 8 and 9). Toward the end
gap widths in excess of about 5-10 microns of the gap region the predicted rate de-
(0.2-0.4 mils). As also shcwn by this creases for a short period due to increased
figure and Figure 9, the asy ptotic strand losses in the downstream region where the
rate decreases monotonically wi.h increasing gap has returned to zero; a strong overshoot
gap width, as expected, with the augmenta- is then predicted just downstream of the end

tion ratio (wired rate divided by matrix of the gap with, finally, an asymptotic
rate) decreasing from about 7 in the case of return to the zero-gap burning rate. Thus,
no gap to 4 for a 5 micron (0.2 mil) gap to it may be seen that local gaps can have
2 for a 33 micron (1.3 sail) gap. dramatic effects on predicted burn-rate

versus distance burned along a strand, par-
ticularly for step changes in gap width,

Arcadene 426 Strands at 200 psi
10 md SWve We"

5 Gap Thermal Conductiity - 10
4 

caVcafsec/ A e 4t M 20
With 10 ml Siee Wie 

5 n
k

o
- 2 rrcn

r h 2 2ct.Jum 8aepo oSo,4at on 2nJ

/ I mIIn Gap 
2 , ,

4 Zero Gap4 eraed (NoGap)

cc In s G 2-

10 miro Ga 2 5 m

2~~ - misnr

p(Noa First 2 cm.Jsrreto sslarrated Gap

FlgueB.EttetosGap~etweenW,reandrPopeoantonBumflas It is recognized, however, that such
Versth at 2urnedstep changes are somewhat idealized limiting
cases; aMcordingly a second scenario as
regards gap width distribution along a wire

' '''" ,, ,,,, ,, r,,,l , ,I,,,, was studied. In this scenario (for which
)Gaph~rsalardrtvt~sl()results are presented in Fig. 11), the gapis again held at zero fo: the first two

Wan .tmPws.1Or SdnseW centimeters along the wire, with a ramp up

' ~ ~ ~~~sac Burned (cm)4¢. O t ~o n

tFigure a d e vl oirrs ropea n matto t

Ve rs us DistanceB urned s te p c h a ng e s a r e s o m e whap sd alze l i mi ti ng"

5 --- T---r a .stude d Inw thi sceari Gfor which1

-rsnt are s ane n ig.ap)u theoga

Ga th e e s t ud ies , t 4 G a i s ag ai n h d ad z o t

nro F rire 0results mieameteri atonW ofentimeterlong the pwie °ihrmp tip

ero f o thesfirst two cent ime te alot two ii
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centimeters, followed by a hold at the using Eqns. 17-20.
designated value for the next two centi-
meters, and finally a ramp back to zero gap
width over the next two centimeters., Desig- .n i= Poprmatrix AsTotal (17)
nated gap width values examined in this part
of the study were 2, 5, 10, 15, and 20
microns. As may be seen, overshoots are
somewhat reduced (though not eliminated) by
the more realistic use of ramp changes in out 

= 
CDAtP (18)

gap width. The flat portions of the burning
rate versus distance burned curves, appear-
ing over most of the period of constant gap M dP • (19)
width, again agree well with the quasi- VcR -t -E -in out

steady-state values for the corresponding gas

gap widths presented in Figures 8 and 9.

4. EXTENSION OF MODEL TO CALCULATION OF d(20
MOTOR BALLISTICS d in prop (20)

Extension of the model described above,
developed for calculation of the effects of
wires on propellant strand rates (fixed 4.2 PREDICTION OF MOTOR PRESSURE BEHAVIOR
pressure) with and without gaps between the
wire and the propellant, to treatment of Next, the compl1te model, including
motor ballistics (with time-dependent pres- treatment of cone shape development and
sure and matrix rate) involves addition of motor chamber ballistics coupled with the
geometric (cone development) and ballistic analysis of wire heating effects on propaga-
analysis steps (along with the slight modi- tion of the cone tip along the wire was
fication of the analysis of heat transfer utilized in a limited study of the effects
from product gases into the wire, alluded to of wires on motor ballistic behavior, with

earlier). For simplicity (at least at ard without the presence of gaps between
present) the motor analysis is currently wire and propellant. The Arcadene 426
limited to treatment of a cylindrical end- propellant (Table I) with a single :O mil
burning grain with a single wire down its diameter silve: wire embedded along the
center. (Gap width between the wire and motor axis was used for this study; motor
surrounding propellant ls allowed to vary parameters chosen are summarized in Table
with distance along the wire for parametric IV. A fairly small motor was used in this
study of the influence of non-constant gaps study since larg.,r motors generally use more
on ballistics.) than one wire, a scenario not yet treatable

with this model. An initially flat surface
4.1 MODEL DEVELOPMENT (no preconing) was assumed; the chosen motor

parameters yield sn in-tial motor pressure
As the propellant burns back along the (stesdy-stre pressure without the wire) of

wire, successive segments of propellant about three atmospheres. It should be noted
surface with orientations determined by the that the pressuze exponent of the chosen
angle at the tip of the cone at the Lime of propellant is fairly high (0.577) leading to
their generation are added to the developing strong magnification of wire effects on
cone. These segments subsequently burn back motor operating pressure.
normal to their orientations at the pres-
sure-dependent matrix burning rate (function
of time through dependence of pressure on
time). At each successive time point, each Table 4. Motor Parameters For Motor Pressure-Time
segment is moved back normal to its orienta- HistoryCasesStudied.
tion by a distance equal to the product of
the instantaneous matrix rate and the time
increment, and new intersections of adjacent
segments are calculated for definition of a
new cone surface profile. (As part of this Arcadene 426 Propellant
procedure, segments can of course disappear lOmilDiameterSilver Wire
upon convergence of their normal bisectors -
this is treated in the geom..:ical 3R (Cm/SeC) - 0 149 p0 .577 (P in atmospht-es)
analysis.) As the intersection of the first ProductMW-24.65
segment generated with the remaining initial C-Star-490ltsec
flat surface (which ii of course also

receding) moves outward, the motor wall is Throat Area -O.041cm
2

eventually reached (no more surface normal MotorlD -1,5cm
to the motor axis) and treatment of succes- Initial Free Volume .1ocm3

civ: intersections of the cone with the wall
is brought into the geometrical analysis. EquilPressurew/oWire=2.938atm

Initially, Flat Surface (No Precone)
Definition of the full shape of the Onie Wire

cone and the amount of flat surface not yet
engulfed (up to the point at which the cone
intersects the wall) permits straightforward
calculation oi total propellant Gurface area
at any given time. This value is then used First, the effects of various constant
in a simplified chamber ballistics analysis gap widths between wire and propellant were
(in which product temperature variations due examined; results are presented in Fig. 12
to pressurization/depressurization are (pressure versus distance burned) and Fig.
neglected) to calculate the evolution of 13 (asymptotic :ressure levels attained
motor pressure and free volume with time versus gap width). AS may be seen from Fig.
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12, the model predicts considerable (order
of 20 percent) overshoot in pressure above (Athe asymptotic value due to interactions (A)
between wire heatup processes and cone 6odevelopment processes. The asymptotic pres-
sure level is predicted to decrease stronglylwith increasing gap width, due to a combine- 40-
tion of the strong sensitivity of propaga-

tion rate along the wire to gap width (shown 20 0
earlier) and the relatively high burning GapWk h() 0s
rate-pressure exponent. L 0 L 0
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; Fieure 13. Asympttc Equirn Pressure Versus Gap Wdth
Pof Bs e Moto Tet Cae. portion of the run, leading to identical

results). In all cases examined, the maxi-Finally, the effects of several mum gap width was 10 microns (0.4 mile).
scenarios as regards gap width distribution
along the wire were examined; results of As may be seen from Panel A, a 2 cmthese studies are presented In the five-part ramp up to 10 micron gap width, followed by
Fig. 14. In each part of this figure, the 2 cm at this gap width, followed by a 2 cmgap width versus distance burned profile is ramp back to zero gap results in a slightly
pr.se ted at the bottom of the panel, with distorted pressure versus time pattern, withthe resulting predicted pressure being pre- a modest undershoot in pressure relativw tosented at the top of the panel. (The first the 10 micron gap asymptotic value. With aI 8 cm of each case are omitted since the gap 2 cm ramp-up followed by an Immediate 2 cmwidth in all cases was zero over this ramp back to zero gap (Panel B) a fai:ly

• , , . '. -
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INSTABILITES DR COMBUSTION

Paul KUENTZMANN

Office National d'tudes et de Recherches A~rospatiales
29, Avenue de la Division Leclerc

92320 CH-ATILLON (FRANCE)

RESUME1 iropliquent la transformation de l'nergie stockie dlans les
liaisons des moldcules en Energie m~canique pour crier

L'apparition d'une instabilitd de combustion l'effet propulsif direct. Cette transformation se produit
lors de i'essai d'un moteur A propergol solide constitue pour des d~bits 6lev~s de propergol, dans de trts faibles
toujours un iv~nement majeur par ses possibles volumes, elle correspond A une puissance 6norme ;il nWest
r~percussions sur le d~lai et le coilt do ddveloppement du pas surprenant qu'une tras faiblo fraction de cette
systeme. Depuis plus de quarante ans, de nombreuses puissance puisse atre utilisde asu cours du procossus de
observations sur moteurs ont EtC accumullos, des transformation pour d~clencher et ea'retenir des
m~thodes d'analyse ont 6t6 d~velopp~es pour comprendre ph~nom~nes oscillatoires. Le r~le actif des m~canismos de
et d~criro los observations ot des outils de privision en combustion dans l'instabilith a Wt tres t~t reconnu, tant
ont Wt d~riv~s. Malgrd des progras significatifs, il arrive dans les moteurs A ergols liquides que dans les moteurs A
encore que des moteurs con~us -tables se rdv~lent propergol solide. Toutefois if est manifesto qu'un mode
instables lors des premiers essais. Les outils de conception d'instabilit6 est toujours d~pondant de son environnement
ne prisentent donc pas encore le niveau de fiabilit6 requis et sp~cialement do la gdom6trie du moteur. Aussi serait-
par les indlustriels et des progrts restent n~cessaires tant ii plus justifl6 de parlor d'instabilit6 de fonictionnement, de
dans la comprdhension des plidnom~nes quo clans ]a mise syst~me ou de motour que d'instabilit6 de combustion. Le
au point d'outils amdlior~s de conception. terme d'instabilith de combustion sera toutefois conservE

Cotte conf~rence vise un bilan objectif de iie asnd alredfuin
1'6tat des connaissances et des moyens, ainsi quo la mise L'apparition d'instabiliths de combustion au cours
en Evidence des ph~nomanes les plus critiques et des a> es de ]a phase do d~veloppement d'un moteur A proporgol
de recherche prioritaires. La premi~re partie rap , les solide constitue toujours un problme sdrieux par ses
notions g~ndrales sur les instabilitds de combusti is consdquences directes et indirectes. Los cons~quences
moteurs A propergol solide et tente de d~gager les lik, es directos sont soit intemois, soit externos. Du point de vue
des approches los plus utilisdes. La seconde partie met en du fonctionnemont propre du moteur, une instabilit6 de
relief les progr~s intervenus dans les derni~res arndes sur combustion pout accroitre la consommation des
les phdnom~nes 6l6mentairos mis en jou en cours protections thermniques internes et dans los cas los plus
d'instabilit6. La troisiame partie illustre, en cintinuitt s6v0res (mode acoustique tangentiel) induiro une ddrive
avec ce qui prdcade, los travaux de I'ONERA sur trois des grandeurs stationnaires. Une instabilit6 se traduit
types d':nstabilitd do complexitt croissante : instabi!it en 6galement par uno oscillation do la poussde, l'ensemble du
volume, instabilith longitudinale d'un moteur sans tuyare "notour rontro en vibration et les niveaux vibratoires
en description snonodimensionnelle somi-analytique, peuvent d~passer le scuil do tol~rance do cortainis
instabilit6 longitudinale radiale d'un motour on description 6quipements ou memo do ]a charge utile. Les
bidimensionnello num~rique. cons~quences indirectes so mosuront en tormes do temps

et d'argont car, pour Eliminor ou attdnuer los instabilit~s,
1. INRODUCTIO~fAN ii faut modifier gdn~ralemont l'arcliitecturo du chargement

ot/ou son propergol puis roprendro los essas. 11 ost donc
La plupart des systames propulsits prdsentent une justifiE do consid~rer quo los instabilit~s do combustion

tondlanco A des comportomonts instationnaires imprdvus constituent une maladie end~mique des moteurs A
lors do leur conception. Un point do fonctionnement proporgol solide qu'il conviont do prdvoir ot
stationnaire, caracthrisE par une consommation du dventuollement do gudrir. Chaque industriel poss~de une
combustible (ou du propergol) et par uno poussde, ou exp~rience et des r~gles do l'art qui le guident dans ]a
1'6volution lente des grandeurs propulsivos dans Ie cas conception d un nouveau motour. Toutefois cette
dWon moteur A proporgol solide, ost gfn~ra!ement visO ors cornaissanceompiriques'av~rolimitdelorsqu'apparaissent
do la conception, alors qu'un fonctionnement organisE do do nouvolles architectures ; Ia recherche conjointe d'uno
fa~on oscillatoire se manifesto parfois lors des essais. Le fiabilit6 accrue et d'une diminution des coOts do
nom g~ndrique d'"instabilith do combustion" ost donnE A d~veloppement rend en outre n~cessaire uno d~marche
cc type do fonctionnement oscillatoire. plus th~orique et plus quantifide. Cette d~marche

scientifique passe ndcessairement par la compr~hension
Ulne revue tras complate des initabilit6s dans los d~taill~e des m~canismes mis en jeu au cours d'une

syst~mes A combustible ou propergol liquide -chambros do instabilit6 et d~bouchr sur la misc au point d'outils
post-combustion do turbor~acteur, statoriacteurs, motours analytiques ou numiriques do conception.
fusies A ergols liquides-. a rEcemment Wt rialisde par
FE.C Culick lots d'une conf~rence AGARD (rif. 1). Malgrl lampleur des efforts men~s sur lo
Cette revue d~gage tras clairement la d~marche suivie au problame des instabiliths do combustion dopuis plus do
cours des ann~es pour parvenir A comprendre la physique quarante ans, 1'Etat actuel des connaissances et des outils
qui contr~le los instabilitts do combustion et Ic formidable nWest pas A Ia mesure des ambitions indlustrielles et desI
d~fi scientifique quo repr~sente leur complate maltrise. enjeux Economniques et la maltrise des instabilit~s continueCes m~mes caracttros sont retrouvds dans los ouvrages do A etre consid~rde comme un point-clef do Ia technologie
r~f~rence qui jalonnent l'histoire des motours A propergol des moteurs-fustes A propergol solide des ann~es 90
solide et qui font une place importante aux instabilit~s do (rif. 5). 11 n'est gutre possible de prdsenTer une liste
combustion (rif. 2 A 4). Tous les moteurs-fusieq chiiiies xm~t docs motcurs qui ant wzimu deb iiustabiiit~s do
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combustion darts Ies diffdrents pays. On peut toutefois la combustion instationnaire.
signaler que certains moteurs de grandes dimensions,
affect6s par des instabilit6s longitudinales do niveau Les considdrations gin~rales qui prfcadent visaient
mod~rd, sont parvenus sans modification au stade A resituer le probl~me des instabilitds de combustion dans
opdrationnel ;c'est en particulier It cas pour plusieurs un contexte general. Le elsoix volontairement fait pour la
moteurs segmentis pour lanceurs spatiaux, prddits stables suite de I'expos6 a did de privil~gier Ia description
bora de leur conception et observes instables lors des physique, au detriment des d~veloppements
essais. math~matiques, et d'assurer la liaison entre les

considerations th~oriques et los observations. On trc uvera
Ldtat do 'art de l'analyso des instabilitds de donc successivement

combustion doit beaucoup aux Etats-Unis. C'est en
particulier dans ce pays que sont apparus, peu apr~s Ia -dans It chapitre 2, un rappel des bases de l'anf I, se des
deuxiame guerre mondiale, Ies premiers travaux instabilitds de combustion,
fondamnentaux et qu'ont &t6 mis au point Ies outils -dans It chapitre 3, une synth~se des progr~s rtalis~s sur
pridictifs, tels que It bilan acoustique et ses variantes, la comprdhensaon des phfnomenes t'imentaires,
aujourd'hui universellement utilis~s. L'avance des Etata- darts It chapitti 4, l'illustration de quelques travaux
Unis doit certainement beaucoup au dialogue organisE r~cents de I'ONIZRA.
entre lts Equipes scientifiques de haut niveau des
Universit~s et cellos des Centres des Forces Arides (Air La combustion instationnaire do propergol solide,
Force, Navy) et des Industriels. La France, qul possade faisant l'objet d'une autre conference, ne sera trait~e que
une longue tradition darts Ia propulsion par propergol succintoment.
solide, a dtd confrontde A des problemes d'instabilitE darts
It cadre de sea programmes de missiles. Les premiers 2. NOTIONS GENEIIALES SUR LES INSTABILITES F,
travaux: de I'ONERA ont &t6 initids vers los ann~es 1960 COMBUSTION DES MOTEURS A PROPERGOL
par M. Barrare et se poursuivent actuellement ; en 198, SO,
de nouvelles tudes ont d~marrd pour It CNES, dans It
cadre du d~veloppement du Moteur A Propergol Solide du L'examen des r~cents; d~veloppements de l'analyse
lanceur europten Ariane 5. On trouvera en reference 6 des instabilit~s de combustion (chapitre 3) n~cesaite Ie
une synthase des travaux de I'ONERA realists juaqu'en rappel d'un certain nombre de connaissances et
1979 et en reference 7 Ic poinit de vue de Ia SNPE. La d'observations dlimentaires. Ce rappel synthitique
compdtence des autres pays ne peut etre apprfci~e qu'A s'efforcera de d~gager Ies problmires lea plus importants,
partir de Ia litt~rature ouverte et des 6changea bilatdraux, dana une logique chronologique. Un parallele sera fait en
elle eat tras lide aux programmes militaires et civils particulier entre lea diffdrents objectifs de l'analyse des
nationaux. La rapide synth~se qui suit sera limit~e aux instabilit~s de combustion et Ies diff~rentes appruches
pays participant A I'AGARD ; l'impression qui s'en d~gage thdoriques qui leur correspondent, ainsi qu'entre les
eat l'existence de centres de competence orient~s vera Ia observations et lea previsiona th~oriques.
resolution de probl~mes spicitiques soit au niveau
applique, soit au niveau fondamental. L~a Grande 2.1. D~arh
Bretagne, dont les travaux sur lea instabilitis tangentielles
faisaient autorit6 dana Ie paasse (r~f. 8), parait avoir Telle que pergue par l'exp~rimentateur, toute
concentr6 sea efforts dana Ia formulation des propergola instabilit6 de combustion poss~de sea caract~ristiques
solides. LU Canada semble maintenir une grande propres leaIt phdrinmnes sont organists sur une
experience pratique sur le , instabilit~s longitudinales fr6E,uence fonidamentale, avec une amplitude pouvant
pr~sentant un caract~re non lin~aire, c'est-a-dire associ~es 6ventuellement lentement varier dana It temps, un
A des amplitudes Elevtes de pression ou A des fronts contenu frdquentiel lid A la fornme des signaux observds,
raides (rdf. 9). Ul'talie poursuit des travaux fondamentaux etc.. Certaines instabilit~a do combustion possidant des
sur lea mecanismes instationnaires de combustion (r~f.10) caractdristiques similaires sont rdputdes appartenir A une
et eat tr~s pr~sente par Ia firme BPD darts lea meme famille de modes d'instabilit6.
programmes spatiaux: europ~ena. Les Pays Baa ont
particulirement publiC aur lea instabilitds en volume La determination des modes d'inatabilit6 suit une
(rdf. 11). logique qui rappelle lea observations et qui proctide selon

lea dtapea suivantos
Si lea recherches sur lea instabilitis de combustion

gardent une certaine vigucur, notamnient aux Etata Unia, -recherche des frdquences des modes d'instabilit~s
on peut s'interroger sur l'adquation des moyens engages ausceptiblea do se manifester naturellement au cours du
A Ia complexit6 du probl~me. Plusicurs remarques peuvent fonctionnement ou modes potentiela,
etre propoa~es sur ce point. La premitre eat que Ie
probl~me des instabilitts ne redevient souvent prioritaire -recherche de Ia stabilit de chaque mode potentiel c'est-
pour lea d~cideurs qu'en p~riode de crise, ce qui nWest paa A-dire de sa faculte A apparaltre rdellement ou non,
forcdment choquant mass reatretot l'arpleur des travaux
qui permettraient justement de faire face A one situation recherche, pour lea modes identifids commo instables,
d'urgence. La seconde rcmarquc cat lie au fat quc be d'unc 6vcntuclle stabilisation do l'amplitude (cycle
progr~s ne pout r~aulter que d'investissements asaez lourds limite) et d'une evolution des grandoura moyennes,
sur lea plans thkorique, nuni~rique et experimental et que
ce progris eat lent, cc qui conduit A Ctaler lea programmes recherche de Ia stabilite du moteur apr~s one
de recherches. Un bon Equilibre doit etre trouv6 entre porturbation do grande amplitude et en cas d'instabilitt
une description d~taill~e des ph~nomntnes physiques, suivi d~clenchide, recherche du o'cle limite.
de leur traitement sans biais, et I'acquisition des donn~ea
d'entrie indiapensables. On notera dgalement qu'il exiate On peut done diatinguer deux types de atabilit6 que
un couplage itroit entre les moyens d'esaaia charges do noua nommerona, en reference A l'usage pour lea moteurs
fournir lea donndes d'entrie et lea outila do simulation A A ergols liquides, stabilit6 atatique et stabilitt dynamique
caractare prddictif puiaque lea mes descriptions (fig-').
thioriques sant utilisees soit on mode direct (prevision)
soit en mode inverse (exploitation des essais) ; ce
couptage o-st particulierement net pour touitvc qui toucho
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PressionLa lin~arisation autorise de nombreux
Pressiond~veloppements math~matiques et en particulier

elle permet de consid~rer tout phrnomane comme la
superposition d'un phdnomane stationnaire et d'un
ph~nomane instationnaire ; le phdnornane stationnaire

-~ - - -peut etre traitt inidpendammeiit du ph~nom~ne
instationnaire mais le phfnom~ne instationnaire d~pend
en principe du phdnom~ne stationnaire,

dans le phdnom~ne instationnaire global peuvent etre
raises en Evidence les contributions additives de
phdnom~nes instationnaires Eifmentaires.

La naissance proprement dite de l'instabilitd Wecst
pas dans cc cadre un probleme important car un moteur
A propergol solide comporte de multiples possibilitts de
destabilisation de tras faible amplitude obruits de la

- combustion et de I'Ecoulement, d~tm.chement accidentel
Temps d'un petit morceau de propergol ou de protection

thermique, obstruction partielle et momentantle de la
InstabdOt statique tuy~re due au passage d'un El6ment de I'allumeur.

A Une perturbation initiale va donner naissance A
APression des ondes propagatives dans U'coulement qui vont se

I r~fl~chir sur la surface de combustion, les parois du
I propulseur et ]a tuy~re, se composer pour finalement

... s'organiser sous forme d'onde stationnaire. A cc rdgime
stationnaire, au sens de l'acoustique, correspond la
possibilitA de s~parer les variables spatiales et temporelle

Isous la forme complexe

12 M*"t (2.3)

= Pest l'amplitude complexe qui d~pend de la position
consid~r~e, zo. = 2Tr- est la pulsation et c. est
lamplification temporelle.

Le problme mathdmatique se r~duit donc de ]a
recherche de la solution d'un syst~me d'dquations
diff~ientielles sur F' et 1-, A la r~solution d'un syst~me

__________-d'dqt ations diff~rentielles sur Fet A Ia d~termination de
d~stabilisation Temps va'e is propres complexes w- etc.

StabifiM dyriamique L'analyse lin~aire ne permet donc pas de pr~voir
I'amplitude absolue de l'instabilitt mais sa tendance A

Fqure 1 - Types de stabiht6 / instablit diverger ou au contraire A s'amortir, par l'interm~diaire de
K'., sa frdquence et la r~partition relative des amplitudes.

2.1.1. Stblt saiu Un mode lin~aira sera dit stable si a<< 0, instable
si ce> 0. Le mode sera considdr6 comme marginalement

La stabilit6 statique s'intdresse A la naissance stable si oc est autour de zdro ; Ia SNPE utilise plut6t ]a
spontan~e et au d~veloppement initial de l'instabilitd, elle terminologie "mode A risque" si
est donc caract~ris~e par de tr~s faib!,. amplitudes des
oscillations autour du r~gime permanent initial. L.e fait de <( )(~.7
considdrer de tras faibles amplitudes a une r~percussion 01f . ~ p ( )(~.7
imm~diate sur l'analyse th~orique de la stabilitE Lorsque I'amplitude d'un mode Iindaire atteint un
puisqu'elle condLwt A ddcomposer toute grandeur 4 ' en certain niveau, l'anallyse Iintaire devient insuffisante et ce
une composante stationnaire ou moyenne, f, qui est celle sont les m~thodes signal~es pour la stabilitt dynamique
d~finie par le r~gime permanent, et une perturbation f"' qu'il convient d'utiliser. La transition entre lin~aire et non-
caractdristique de linstabilitE et donc instationnaire :. indaire ne peut etre rigoureusement d~finie ; expirimen-

talement elle se manifeste par un changernent de l'amplifi-
f(~r) + t- ,(2.1) cation dans le temps et une divergence de la forme des

0 ' signaux oscillatoires par rapport A Ia sinusoide pure.

2.1.2. Stabilit dvmnigue
A cette hypoth~se de base correspond Ia possibiirA

de lin~ariser les Equations dicrivant le probl~me qui sont La stabilitE dynamnique vise le comportement
principalement de nature a~rothermochimique et donc asymptotique du mcdeur A la suite d'une d~stabilisation
fortement non-Iin~aires. Cette linEarisation conduit A ne provoquit mettant en jeu des amplitudes dlevdes. Le
retenir dans Ies produits de grandeur que les termes du comportement du moteur au cours du temps no peut plus
premier ordre pour Ies perturbations, c'est-A-dire A Ecrire : se risumer A une fr~quence complexe et ccci pour deux

raisons;

=S +F~j o (2.2)

-

- '-. '~ 'V
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- la d6stabilisation est rarement harmonique et la constante et qui correspond a un cycle limite accessible
fri6qucnce fonidamnentale pout varier au fur et A mesure soit par instabilitt spontanie, lindaire puis non-linlaire,
de l'organisation de l'instabilit6 non-lineaire, soit par une destabilisation importante suivie d'un amortis-

sement non-lin~aire. Lc point C ne reproduit aucune
- les signaux de fortes amplitudes pr~sentent generalement situation stabilisde puisqu'on tend toujours A s'en ecarter.

un fort contenu fr6quentiel et peuvent m~me digenerer II est bien entendu possible d'envisager, scion la menie
en fronts raides ou en ondes de choc. approche, des formes de courbe qui traduiraient un

amortissement linesire joint A un comportement non-
A cette complexit6 s'ajoute la possibilitt des lineaire conduisant ou non A un cycle limite.

grandeurs stationnaires de s'Carter notablement des
valeurs du r~gime, permanent, ]a notion de stationnaire 2.1.3. Remarqiie sur les 6&helles de temps
rec-ouvrant alors celle de moyenne temporelle sur un
nombre entier de p6riodes. Les moteurs A propergol solide poss~dent la

particularit6 d'6tre des moteurs A g~om6trie variable
Les methodes lindaires sont en defaut dans Ie cas puisquc le volume occupd par les produits de combustion

de l'instabilit6 dynamique mais on peut leur donner un croit avec la regression de la surface de combustion. On
prolongement par des developpements depassant le pourrait donc supposer que Ie fonictiontnement est toujours
premier ordre des perturbations. On pout aussi recourir A instationnaire. En rdalitd, quelques consid~ratioru, d'ordres
l'intiEgration numtrique des 6quations aux d6rivdes de grandeur permettent de simplifier le probleme -

partilles.- Ic temps de fonictionnement est generalement supericur
II nWest pas possible d'opposer stabilit6 statiquc et de trois ordres de grandeur A Ia p~riode de l'instabilit6,

stabilite dynamiquc qui representent au contraire deux
aspects dSun meme phenom~ne general. Un moteur peut - ]a vitess de regression de Ia surface (vitesse de
saverer stable statiquement et instable dynamiquement en combustion du propergol) est generalement inferieure de

pratique. La figure 2 est classique et illustre un tel type de trois ordres de grandeur A la vitesse des produits de
situation conduisant A un cycle imiite c'est-A.dire A Ia combustion einis de la surface.
stabilisation des amplitudes par des effets non-lintaires.
Dc maniare sch~matique, la d6rivde temporelle d'une II est donc legitime, pour l'analyse des instabilites,
amplitude caracteristiqueC d'un mode simple est port&e de considerer fixe Ia geometrie du chargement, debitante
en foniction de E. La portion AA de Ia c'murbe tracee peut ]a surface de combustion et constantes les grandeurs
etre decrite par siationnaircs (en regime lineaire). L'analyse des insta-

bilit~s doit 8tre en consequence repetee pour differents
l<(2.5) temps de fonictionnement ou ditferentes e~paiss~urs br~les

jF de propergol, cc qui pose des contraintes pratiques
ou d Cczxp (ks1 (2.6) limitant la sophistication des mayens de prevision d'usage

courant.
elle decrit donc bien une instabilite .:ndaire.

2.1.4. Remargue sur les dchelles d'espace

Le syst~me de flammes au-dessus de la surface de
dtj combustion d'un propergol solide poss~de, dans les

conditions normales de fonctiosuzement, une hauteur
amplification lin~aire inferieure au 1 mm et donc: generalement tras inf~rieure

A une dimension caract~ristique du moteur. Vis-A-vis de
I ~i'nstabilite qui interesse tout le volume de ]a cavit6, Ia

anllrfcasn aortsseenttentation est grande de considerer cquele phnom~ne

Jtof_. ineir ~ fl~ _____- 1lenient aerodynamique soumnis A des conditions limites
/ pilotees par la combustion. Cette vision amane A repr6-
/ senter, en premiare approximation, une instabilitd par une

boucle ferm~e, au sens des automaticiens (fig. 3). L'appa-
/ rition de phenomenes instationnaires dans l'dcoulenient de

/ / cavitt modifie la vitesse de combustion du propergol, le
I / changement de vitesse de combustion r~agit A son tour sur4

/ 'ecoulement instationnaire et, pourvu que les gains et les
/ dephasages soient adaptes, Ia boucle est instable.

A X B \\ C C
cycle Combustion du
limie r-propergol

(condition ile)

Figure 2 - Comnportement schematique (run mode simple

en tonction de ramplilude _
Mrodynamique

En raison des non-lintarit6s dans les micanismes instationnaire
d'entretien ou d'amortissement de l'instabilitit, la courbe (champ)
est supposde prendre une courbure negative de A' A B
puis positive de 0 A C. Toute situation de d~part comprise
entre A et C conduit au point B o4i l'amplitudc restera Figure 3 - Boucle drinstablit



Cette decomposition poss~de I'avantage de la sujettes & caution puisque la visualisation favorise l'obser-
simplicit6 et de la separation des disciplines scientifiques. vation des phidnom~nes se produisant pras du hublot.
Eie se trouve cependant en d~faut sur au momns deux
points ________________

si le propergol posstde une charge mndtallique, la[
combustion de cette charge se produit plut~t en volume
qu'en surface. Pour Pl'auminiumn par exemple et certains
moteurs, le probltme est souvent 6voqut de savoir, dans
les premiers instants du fonctionnement, si tout l'alu*
minium a br~le avant son Ejection par Ia tuyare. La
question de linfluence de Ia combustion distribule de
l'aluniinium se pose Egalement pour la stabilitE,__________________

*certains phenomenes de couplage entre dcoulement ct
combustion ne permettent pas une separation aussi
tranchide. Coest le cas de Ia combustion erosive en
stationnaire et du couplage-vitesse en instationnaire.

2.2. Description th~orique des instabilitf& de combustion

La description thhorique des instabilitts de Figure 4 - Visualisation sur chamrbre A voyants
combustion nWest pas ind~pendante de Ia nature des
mesures qui peuvent etre rtalis~es sur moteur. Le milieu
A itudier est particulitrement hostile o pression 4levde, 2.2.1. Classement des modes d'instabilitis
temperature des produits de combustion d~passant

Icouramment 3000 K, phases condenshes (propergols A une fr~quence d'instabilit6 correspond direc-
mdtallisds), g6ometrie 6voluant au cours du temps, tement une longueur d'onde donn~e par
experimentation requirant des installations spicialis~es
pour des raisons de sicurite, etc.. L'nstrumentation A. S (2.7)
classique est done limit~e A Ia mesure de pressions;f
statiques sur la paroi du propulseur, elle permet d'acc~der ot) = est Ia c~l~rith du son dans les produits de
aux frquences, aux amplitudes et aux diphasages de combustion. La comparaison de A et d'une dimension

j pression. 11 n'est pas par contre possible de mesurer caractdristique L du moteur permet de faire apparaltre
simplement d'autres grandeurs de champ telles que Ia deux types de mode d'nstabilit6:
vitesse. Cette limitation de l'instnumentation sur moteur
A deux consequences si5 A est tr~s supdrieur A L et si l'Eoulement station-

naire das la. cavitit est A faible nombre de Mach, le
elle tend a privilegier le r6le de la pression dans Ia mode d'instabilitE est un mode en volume,
comparaison thtorie-exp~rience bien que cette grandeur
n'apparaisse pas a posteriori la plus significative ; l'tude - Si A est de i'ordre de Lou inf~rieur, Ie mode est repute
des phinom~nes d'interaction entre champs stationnaire acoustique c'est-A-dire organisit, conformihment aux
et instationnaire montre en particulier qu'un champ de mesures de pression, au voisinage d'un mode acoustique
pression instatior.naire proche du champ acoustique de cavite.
Wlmentaire peut etre associe A un champ de vitesse

instationnaire tr~s 6loigne du champ acoustique associ6 Un mode de volume se manifeste par des oscil-
(paragraphe 3.1.1), lations de pression qui ont meme amplitude et meme

phase en chaque point de la cavitt alors qu'un mode
- dle contraint A une d~marche intellectuelle speculative acoustique fait apparaltre une structure de mode caract6-
pour la comprehension fine des phtnom~nes de champ. rishe par une ripartitin des amplitudes et des phases.

11 existe, pour les objectifs de recherche, des La classification des modes acoustiques d'instabilit6
possibilitds en nombre limit6 d'acces A d'autres grandeurs suit celle des modes acoustiques de cavith. Au champ de
physiques. La premiere voie est celle de la simulation pression acoustique de cavitt est associE un champ de
gazeuse et intiresse uniquement les phdnomines d'origine vitesse acoustique et suivant les composantes de vitesse,
atrodynamique ; elle consiste A reproduire I'Ecoulement acoustique on distingue des modes:
dams Ia cavit6 dui moteur par l'injection au travers 'i'une
liaroi poreuse. Cette technique, utiliste par de nombrewi longitudinaux: si Ia vitesse acoustique ne possede qu'une

21chercheurs pour l'itude de l'Ecoulement stationnaire, a composante suivant I'axe du moteur,
161 6galement donne lieu A quelques travaux visant les

phenom~nes a~rodynamniques instationnaires (rif. 12 et -radiaux : si Ia vitesse acoustique est dans un plan
13). Ues r~sultats ubtenus sont pr~cieux d'un point de viie perpendiculare A l'axe dui moteur et intercepte cot axe.
qualitatif, peut etre un peu plus limtds d'un point de vue
quantitatif en raison de certaines limitations de similitude -tangentiels , si Ia vitesse acoustique est dans un plan
entre icoulements reel et simult, de mesure et do repri- perpendiculaire A l'axe du moteur sans composante
sentativit6 de Ia surface poreuse par rapport A Ia surface radiale,

dcombustion du propergol. Une autre voie de recherche,
assez pei suivie, est Ia visualisation de l'Ecoulement sur -couples , si la vitesse acoustique possede phusieurs
inc chambre A parois transparentes. La figure 4 iflustre in composantes.
r~sultat dEjA ancien obtenmi & IONERA sur tin petit
motntage AEquip6 d'un chargement A encoches (W~. 14). Le L'exdstence de modes acoustiques purs, eirst-A-dire
film montre 1'existence de lignes sombires, et instables imis A nc seule composate de vitesse acoustique, W'est
des angles du chargement, laissant supposer lcxistence possible que dam une cavite cylindrique. Pour des
d'instabilit&s hydrodynamniques. Les Infiormations; recueil- geometries. de cavit6 plus complexes et plus rialistes, les
lies par cette technique sont uniquement qualitatives et modes adoustiques sont toujours des modes couples.
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Bemarwie sur la classification des modes acoustiue

La classification traditionnelle des modes acous- /I
tiques d'instabilite est une double-source de confusion. ----------------

La premiere confusion consiste A assimiler mode
acoustique d'instabilitd et mode acoustique de cavitt alors
que la. denomination acustique ne traduit qu'une proxi-
mite. En fait darn une cavit6 cylindrique, ii peut exister
des modes longitudinaux de cavitEt mais Its modes d'insta- Cavil# cylindrique mode longitudinal
bilite correspondants impliqueront des mouvements A la
fois longitudinaux et radiaux (paragraphe 3.1.1.).

L'autre confusion porte sur la description du mode
d'un point de vue physique et la fagon dont sont traittes
les equations, de mani~re plus ou momns simplifl~e, et bien
qu'il existe certaines correspondances. L'espacc physique
comporte trois dimensions et Ies equations locales de base--------- ---- --
sont d~crites suivant une dimension de temps et les trois/
dimensions d'espace. Les reductions des equations
g~ndrales peuvent etre Etablies .......

-par integration sur It volume complet de ]a cavit6 des ardclnqumoetgnif
equations diff~rentielles ordinaires sur le temps, dites Cvt yidiu oelnehe
z~rouimensionnelles (OD), sont obtenues ; ce sont
typiquement celles utilis~es pour d~crire les modes de
volume,

*par integration sur Ia section perpendiculaire A l'axe de
la cavit6 des equations d~pendant du temps et de
l'abscisse, pour des granldeurs moyennes sur une section
sont obtenues. On parle alors d'6coulement par tranches - - - -- - - - - - - - - - - - -- - .--

oti de resolution par equations monodimensionnelles
(ID). Cette approche est souvent utilisie pour la
description des instabilitts darn un moteur dont It canal
est cylindrique. De nombreux problemes thioriques
trouvent leur origine darn It traitement 1D des insta-........
biltes car Ia moyeone r~alis~e sur une section gomine
tous Ies ph~nomitnes se d~veloppant radialement. Cvttaiyiliu oelniui~-,da

Caviilaisymtriue ode ongtudial dia
II faut donc en definitive qualifier lts modes

d'instabilit&s par Its adjectifs acoustiques A partir de Ia
predominance du mouvement instationnaire dans une ou
plusicurs directions, predominance par ailleurs pr~sup- Figure 5 -Ouelques modes d'instabilt acoustique simples
pos~e ou Etablie A partir de Ia friquence observ~e. Las
denominations Etablies darn cet esprit se retrourvent sur la
figure 5 qui donnent quciques modes d'instabilitE
fr~quemnment rencontr~s.

2.2.2. Anal=s tinaire de la stabilit6 A. 0'' darn la cavitE
~a (2.8)

L'analyse lindaire de la stabilt6 contience par Ia sur la surface
determination des modes potentiels d'instabilitt. Celte oil a) apparalt comme valeur propre.
determination W'est pas possible pour Its modes de
volume ind~pendamment de Ia r~ponse inslationnaire du Des solutions analytiques peuvent etre obtenues
propergol (paragraphe 4.1.1.). On envisagera done ici le pour des cavitis de geometries tres simples (cylindre
seul cas des modes acoustiques d'inslabilitd ; pour ceux- circulaire, parall~ldpipbde) ; pour des cavit~s plus
ci il s'avere realiste de calculer une premiere appro. complexes, i1 faut recourir au calcul numdrique, par
ximation des fr~quences par lts modes acoustiques de la exemple aux elements finis (fig.6). On notera que It
cavit6 constitu~e par Ia surface de combustion, Ies parois problame math~matique potit etre posiS sous formeM
du propulseur et une surface de fernieture darn la tuyare. adimensionnie et que des pulsations r~duites son: alors
La calcul s'effectue classiquement avec Ies hypotheses calculites:
suivantes JZ = e3,L (2.9)

= aosrigides, Cette propriMt est utilisde pour determiner
*vtsedu son uniforme, expdrimentalement Ies friquences de cavite par l'interinE-

-propagation darn un milieu au repos. diaire d'une maquette rigide reproduisant Ie moteur A tin
instant de son fonictionnement et soumise A tne excitation

Las equations ddrivent directement par linhari- forcie, par exemple par l'intermndiaire d'un haut-parleur.
sation des equations plus generates de la m~canique des Un mode de cavitiE est mis en evidence par un maximum
fluides. La probltme acoustique se ram~no A l'quation de l'amplitude du signal d'un microphone oti d'un capteur
d'Helmoltz; de pression lorsque Ia fr~quence vanet. Calcul num~rique

et mithode expdrimentale donnent des irdsultats en bon
accord, c'cst-i-dire tine suite discrete thhoriquement
iici de fr~quences et do modes acoustiques de cavitEt.
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consid~rant un chargement elastiquc. Cependant le
couplage acoustico-tlastique ne se produit que dans des

plut6t on comportement visco-6lastique qu'dlastique. On
peut donc penser qu'un couplage reste, Jans les
conditions normales d'utilisation, peu probable et
compte-tenu de la dissipation visco-Elastique du
propergol, peu propice A l'entretien des instabilit~s. Des

-- -- -- -- -- -- -- -- -- -- -- -- --- --- -experiences comparatives rtalis~es sur maquettes rigides
et souples, en matdriau polym~re, nWont pas en outre mis
en evidence d'ecarts significatifs de fr~quence,

-vitesse du son uniforme ,cette hypoth~se peut etre
remise en question si la charge 'n~tallique du propergol
brflle dans une fraction notable du volume de la cavit6.
Par chance, ]a cEI~rntt du son dans les produits de
combustion de la matrice du propergol (composants du
propergol A I'exception de la charge mdtaltique) reste,
par Ie jeu des masses molaires, voisine de la c~l~rit6
do son dana les produits de combustion du propergol
complet. L'influence des h~tirog~nits; de la cel~ritd do
son sor les fr~quences nWest donc pas importante pour Ia
majorit6 des moteurs. Le seul contre-exemple A signaler
est celui d'un montage d'dtude posshdant on volume
mort au fond avant dont la temperature ne s'dquilibrait

-pas avec celle des produits de combustion,

milieu au repos :cette hypothese est raisonnable pour
les moteors classiques, notamment apras le debut du

- fonictionnement. Elle est par contre en d6faut dana le cas
du moteur sans tuy~re puisque I'tcoulement dans le
canal do chargement atteint le supersonique
(paragraphe 4.2).

Lea modes potentiets d'instabilit6 Etant determines
- par leurs fr~quences, il s'agit maintenant d'dtudier la

stabilit6 lin~aire de chacun d'entre eux. La methode la
- plus utilis~cest celle do bilan acoustique, misc sous une

forme achev~e par F.E.C. Culiclc, d'abord pour one
description monodimensionnelle de l'Ecoulement (ref. 15)
pois pour une description multidimensionnelle (rtf. 16).
Comme cetti: m~thode est maintenant bien connue, seule

Equation d'Hetmholtz Ia d~marche sera rappelee t comment~e.
Lea equations de continuit6, do quantitd de

mouvement et d'6nergie sont d'abard dcrites pour la phase
Soluionnum~quegazeuse et Ia phase condena~e, asaimilte A on milieu4 continu en interaction avec la phase gazeuse et

R64unce, rpartlios darrilitde changeant quantit6 de mouvement et dnergie (trainee des
FrE~uencs, parttion d rr~hudeparticoles et tranafert thermique entre gaz et particules).

Apr~s queiques transformations, il vient

Figure 6 - W~erminaiion des modes de CavitE + (2' ) VaIQ

oii p cat Ia pression,
L'approximation des frquences d'instabilitd r. et Cv. aont Ia conatante do gaz equivalent et sa

potentielle par les frequencies acoustiques de cavitd est chaleur massiqoe A volume constant,
souvent excellente. Elle pose toutefois quelques problmes VI est Ia vitesse do gaz,
sp~cifiques aotvent passes sous silence et qui sont direc- p.etI asse vlmqudomlge
lenient lids aux hypotheses de depart I' ea la force de train e exercie prle gaz sot

le articolca par unitE de volume ,
-choix de la surface de fermeture dana la tuyare I, a Z'Q eat Ia puissance thermique tranamise do gaz
th~orie impose de choisir cette surface dana one zone oh aux particoles par unite de volume.
le nombre de Mach moyen reate trts inferieur A 1. Si la
toyare est int~gr~c, le nombre de Mach A l'entr~e de la La lin~arisation des equations W'est possible qo'en
toy~re eat proche de 0,3 et il eat conseillE de choisir le utilisant deux param~tres de prturbations .-- pour
plan de fermeture dana Ia section d'entre-e de Ia toy~re l'amplitude des oscillations et M nombire de Mach de
(vol'- Plissi paragraphe 3.1.3.1.), l'Ecoulement atationnaire do gaz equivalent. Le champ

atationnaire nWest dicrit qu'ao premier ordre de ?1. Une
-parois rigides lea ondes m~caniques se traitsmettent equation d onde eat Etablie pour la perturbation p' deL

_ - galenient dana Ie chargemert et ii faut envisager ]a preasion, pots sopposant on phtnomene stationnaire
possibilit6 de vibrations acousto-Elastiques. Cette possi- organisE sot la friquence complexe w. 2lf- 4&5 on
bilitE a Ete proovee thdoriquement dana diffirents cas en parvient a

V5

It -';4'
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A-+- dans la cavitt, (
P Z1(2.11) 1'~ 5,~ (2.19) (rif. 16)

1P sur la surface, '

Zn oa-.. est 116 Ii~ en 6coulement rionophasique.

~ + Ia rLat~ m~thode du bilan :coustique conduit A utiliser
P (2.12) oa apparalt le carrt du gradient de pression acoustique et

f' ew l correspondant A une perte acoustique.

Cette Equation et sa condition limite peuvent 6tre L'extension au tridimensionnel propobEe par
rapprochides de celles d~crivant le ph6nom~ne acoustique F.E.C. Culik (rW. 16) est fond6e sur la prise en compte de
de cavit6 (2.8). Une combinaison des tiquations (2.8) et l'incidence des ondes acoustiques vis-A-vis de la surface de
(2.11) suivie d'une integration sur le volume V de la combustion, cc qui W'est pas sans poser sin problme de
cavit6 de surface S, conduit aprts quelques simplifica- difinition dans le cas d'un mode acoustique stationnaire.
tions r~sultant des ordres; de grandeur, A I'expression Le prabI~me du "Flow Turning" a Egalement EW examin6
directe de e. par en d~tail par WXK Van Moorhem (r~f. 17) qui aboutit A

4)'Q. ~8 eO~4(A4p.~i des interrogations d'ordres physique et math~matique.

Les remarques suivantes peuvent etre avanctes
(2.13)

-'v ~ J v Ia notion de "Flow Turning" tente de d~crire globalement
oii: E,* J ( et de manitre approch~e I'adaptation du champ insta-

A ~ ~ -stionnaire pr~s de la surface de combustion au champ
AetI'admittance de surface A~~- acoustique de cavit6, que cc soit en description monodi-

M est le Mach d'injection oi Te sssccion en mensionnelle osi tridimensionnelle,
surface.

la d~marche math~matique contraint ii utiliser sine
11 est important de signaler la simplification relation acoustique qui suppose le champ instationnaire

irrotationnel.

= (2.14)Tout Ie problame du "Flow Turning" tient donc au
Cette simplification annule les produits paradoxe qui est illustr6 par la figure 7 et qui est
),A f ) et ((l, ff. IT ). i7 p,, , issus du d~veloppe- intimement lid A la repr~sentation du mode d'instabilit6

ment et de la lin~arisation du terme rI.Va des Equations par un mode acoustique prts de la surface de combustion.
(2.10) et (2.12), et fait donc: disparaltre toute trace de Le mode acoustique est par nature irrotationnel et
vorticit6 des Ecoulements Icorrespond donc A sine condition de glissement sur la

surface. La physique de Ia combustion impose quant A elle
La siparation des parties r~elle et imaginaire de que les produits de combustion soient Emis perpen-

(2.13) conduit A l'expression de I'aniplification o sous diculairement A la surface de combustion, par simple
forme additive, pourvu que a~<< 4 application du th~or~me des quantitds de mouvement. II

C<-m'.4.. a,~ -4-0< (2.15) doit donc: exister une zone d'adaptation poss~dant un
oii(2.6) caractre iotationnel oil la vitesse acoustique subit sine
oil: ~ .... 2) ~ , (216) transition et qui fait passer Ie mouvement instationnaire

B. de normal A parallkle A Ia surface.
terme liE A la r~ponse du propergol aui couplage
pression,

O - (Ae'.A) 46 (2.17)

terme correspondant aui rayonnement et A Ia
convection des ondes acoustiques dans Ia tuytre,

Te,2 pJ,~ , 2.8 Mode de cavtE Irrotationnel
terme d~pendant des 6changes entre phases.

D'autres termes sont souvent introduits en suppliment.
LUs plus classiques sont Ic terme liE asi couplage-vitesse et
le terme de "Flow Turning" qui repr~sente I'nergie
acoustique dissip~e par I'dcoulement dmis de la surface de
combustion pour acqudrir Ia vitesse acoustique locale.

Remauue sur le terme de "Rlow Turning"

Le ternie de "Flow Turning" du bilan acoustique
est ddgagE rationnellement des Equations monodimension-
nelles et est directement liE au choix de la composante Mode dinstabiltE . rotationnel
longitudinale u~de vitesse des produits Emis par Ia surface
de combustion ;il s'exprime proportionnellement A

repx6eNation du mode crinstaNift6 Prbs do la surface
doecombustion?

RA
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Ce paradoxe est igalement liE A la definition La solution de cette equation Cs! exprimee par une
precise de la position de la surface de contr6le delimitant somme des modes acoustiques de cavItE ponddr~s par des
le volume oik est rialisE le bilan acoustique et sa rEso- fonctions du temps
lution donne lieu A deux approches (paragraphe 3.1.1.) -, (2.22)63N^ W
-soit cette surface est d~finie A ]a frontiare extdrieure de (2-22).i w,~)

la zone d'adaptation, ce qui suppose implicitement cette V ".. wj
zone suffisamment fine, et des conditions limites Les fonctions %(t) sont exprim~es par
modifides son! introduites sur cette surface c'eest la
thdorie de la couche limite acoustique, (t AN( (I.,) A. Q-)-(a,t-) (2.23)

-soit cette surface est d~finie inmediatement aprts la et l'intigration est r~alisde sur une p~riode du mode
zone de combustion et sur la fronti~re interieure de la fondamental, en supposant des variations Ientes" de A,, et
zone d'adaptation, ce qui* impose une description B,, darn le temps, pour donner des equations dMfe-
rotationnelle du champ instationnaire. rentielles ordinaires du type -

2.2.3. Analyse non-Iinfaire de la stabilitt d u Aw+Nl%+ (termes quadratiques en A,, B,,
(2.24)

L'analyse non-lin~aire de la stabilitE a donnE lieu + (termes quadratiques en A,,, B,,)
depuis dix ans A de nombreux travaux qu'iI est possible de Idt-
classer en deux categories Les solutions des equations diffdrentielles non-

lintaires sont recherch~es analytiquement ou num~ri-
les travaux se situant darn Ie prolongement direct du quement.
bilan acoustique, utilisant une formulation analytique du
problme et Ie recours ultime au calcul num~rique, Les d~veloppements peuvent Wte poussds au

troisitme ordre des d~veloppements (r~f. 21 et 22) niais
les t~avaux reposant sur Ie traitement numerique des le troisi~me ordre ne semble affecter que I'amplitude du
equations de la m~canique des fluides. cycle limite et Ie domaine de stabilitE (rW. 21).

Ces travaux peuvent aussi etre decomposes suivant Cette m~thode est Intdressante parce .1u'elle
les objectifs. Certains d'entre eux visent plutdt A dtgager permet de pousser assez loin les calculs analytiques et
les phinoni~nes fondamentaux importants qui contr6lent d'en dominer parfaitement Ia signification. Las obser-
l'instabilite non-lin~aire c'est par exemple le cas de Ia vations suivantes doivent cependant 6tre faites:
m~thode de l"Averaging" qui cxplique Ia saturation du
niveau d'une instabilitd d'abord lin~aire par un couplage -*reprisentativitE des modes d'instabilitE lindaire par des
de modes. D'autres travaux s'intressent en prioritE A Ia modes de cavitE cc point a dejA Wt dvoqu6 pr~cE-
stabilitE dynaniique, par exemple ceux portant sur Ie demment, Ia representation W'est que partielle.
traitement numirique monodimensionnel. D'autres enfin
cherchent A concilier I'aspect fondamental et l'aspect -developpernent aux ordres sup~rieurs des param~tres de
applique et sont illustris par les exemples du paragraplie perturbation ,une hypothtse doit etre faite sur les
4.3. ordres de grandeur compares deu. et E pour conduire

rationnellement le calcul, ce qui conduit A restreindre Ia
2.2.3.1. Prolongement du bilan acoustique port~e des solutions obtenues.

La principe conceptuel des approcbes non-lin~aires -nombre de modes de cavit6 les applications ne
ddrivies du bWan acoustique peut 6tre resume comme suit retiennent en general qu'un nombre lintitd de modes
(rE 18) Ic le iplage de modt est Ie plitnom~ne par dont certains doivent etre lintairement stables pour
lequel des modes d't'mplitudes finies interagissent pour qu'un cycle limite puisse Wte atteint.
produire un changemen, d'amplitude des modes isol~s.
Lorsqu'un mode initialement lindaire crolt en amplitude, -diveloppement des phtnomanes El6mentaires :tous les
les effets non-lindaires von! amener un transfert partiel de phinomenes; intervenant darn Ia stabilitE lindaire,
son Energie vets d'autres modes, I'autorisant ainsi A dissipation biphasique, riponse du propergol, doivent
Evoluer vers une amplitude stabilisde (cycle limite). recevoir une description aux ordres Elevds des develop-

pemnents. Ceci est rialisE par exemple par
L~a dimarche matlidmatique a fait l'objet de G.M.HJ.C Gadiot et A. Gany (rdf 24 et 25) sur une

nombreuscs publications, notamment des chercheurs du base entitrement thdorique nma-s nialheureusement sans
Caltecli et do Penn State University (ref. 19 A 23). Elie ne possibilitt de verification expirimentale autre que par
sera que rappel~e ici. les consequences globales.

Las grandeurs soot diveloppees par une mithode -evolution de la friquence du mode preeminent ,les
de perturbation du type: modes de cavitt ne sont en progression aritlitique que

P=-.E~(.: t) dans Ie cas des modes longitudinaux purs ce qui pose
irx I. e 17 (2.20) probl~me pour la moyenne darn le temps permettant

* , d'Etablir les equations difftrentielles (2.24) et read
~s~(l)+t ~inipricis le transitoire d'itablissement du cycle limite,

oD~ est un paramatre caractiristique de l'Ecoulement sans doute un peu momns Ie cycle lirnite proprement Mt.
stationnaire otS un paramatre mesurant l'amplitude des 22..Clu ueiuoscillations. Par dEveloppernent des equations de base, 2232
une equation d'onde est formie comxne pour l'analyse
lineaire : Lintigration des equations de Ia micanique des

fluides permet en principe d'Ivitor toute hypoth~se
A~P' h~~ (2.21) s~apliflcatrice et devrait conduire A ternie A des moyetns

ze:4 d'analyse et de prevision performants. La simulation
ob Ii' est maintenant ddlvelopp6 rau second ordre. mnmrique des syst~mes est une activitd en evolution trbs

rapide et le traltement numErique des instabilitis de
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combustio se heurte i des difficult6s de nature g6ndrale cylindrique de section constante) simplific Ie malillage du
et A des difficultis specifiques: champ et sent aux objectifs de recherche, la gdomndtrie

axisymdtrique se rapprochant plus des applications. Le
-difficult6s g6ndrales : les ph6nomanes de type convectif fluide peut etre d6crit soit compressible non visqueux
et de type propagatif d.aivent etre pris en conipte avec (6quations d'Euler), soit compressible visqucux laminaire
un 6gal soin, cc qui implque l'utilisation de sch6ruas (6quations de Navier-Stokes), soit turbulent par l'inter-
num6riques adaptds et de maillage relativement raffinds. mddiaire d'un modale classique (algebrique ou k -P-).
Lcs caract6ristiques instationnaires du sch6ma
num6rique utilis6 doivent Wte parfaitement maltrisdes .i.D. Baum (rif. 32) s'est intdress6 A un canal
pour que l'amortissement des ph~nom~nes oscillatoires cylindrique et a dtudi6 de fagon extr~mement ditaillie
donn6 par le calcul corresponde bien au probltme l'interaction des champs stationnaire et instationnaire ; ses
physique traitt et non pas aux propri~t~s dissipatives et r~sultats sont repris au paragraphe 3.1.1.
dispersives du sch~ma. Les maillages raffin~s conduisent
A des temps de calcul Elev~s, metme sur lei ordinateurs RA Beddini (rA-f. 33) a, dans la meme situation,
Ies plus puissants, et A des cotlts Elev6s. r~alisE un couplage, entre I'6coulement instationnaire

turbulent et une flaxnme simplifite en vue d'expliquer la
difficult~s sp~cifiques l, 'exp~rience et ia physique transition A la turbulence darts Ie cw d'une instabilit6 et
sugg~rent de resserrer It maillage dans certaines zones d'approfondir Ic couplage-vitesse.
sensibles telles que It proche voisinage de la surface de
combustion et les angles vifs du chargement. Deux types 1'ONERA s'e',. int~ressd A des g~om~tries axisy-
de conditions Ifinites font l'objet d'une attention m~triques. Dans un premier temps, une tentU.tive a Wt
sp~ciale :le raccordement de la chambre et de la tuy~re faite pour Etendre au bidimensionnel It calcul monodi-
et la surface do combustion. Pour It raccordement mensionnel tenant conipte du couplage pressiou non-
chambre-tuyare, on peut, pour les objectifs de lin~aire. Plus r~cemment, leb, !ravaux ont 6t6 r~orient~s
recherches, imposer une pression statiue os.ilante ou vers la description fine des ph~nomanes a~rodynamiques
des conditions reproduisant de mani~re approch~e Ie de champ ;quclques r~sultats sont pr~sent~s au
fonictionnement instationnaire de la tuyare ;pour des paragraphe 4.3.
applications, Hl stimble plus sain de traiter simultaniment
chambre et tuy~re (paragraphe 3.1.3). La surface d~e 2.3. Qliserations exp~rimentales et imperfections de
combustion pose Ic probltme de la maise au point d'un Panaiy= des i abilit~s de combu,;tion
modtle permettant de calculer Ia. vitesse instantan~e de
combustion pour toute variation temporelle des Les diffdrentes recherches sur Ia stabilitE non-
grandeurs a~rodynamiques locales, ce qui implique lin~aire statique ou dynamique nWont pas encore donnE
l'utilisation de m~tliodes numdriques ; les modtles de naissance A des out utilisables pour Ia conception des
couplage pression non-lin~aires, comme ceux rappel~s moteurs, misc A part Ia m~thode de l"'Averaging". Lc bilan
dans Ia r~f~rence 26, imposent au momns, en chaque acoustiqxe et I'"Averaging' ne donne des r~sultats r~alistes
point de Ia surface de combustion, l'int~gration que si ]a base des modes lin~aires est elle-meme rdaliste.
numirique d'une equation instationnaire de conduction Ce chapitre sera consacr6 A la comparaison d'observations
thermique. exp~rimentales et des pr~visions lintaires correspondantes,

en mettant en relief quelques exemples significatifs otk la
Les difficultds mentionn~es limitent actuellement prevision a Wt contredite par l'exp~rience.

Ies ambitions A deux classes de probitmes : a simulation
des instabilit~s non-lin~aires darts Ies gdom6tries 2.3.1. Ohservations gEndrales
simplifi~es A I'aide d'une desciption monodimensionnelle
et Ia simulation monophasique des instabilit~s non- Le(s instabilitds de combustion se manifestent dans
lindaires e' des g~omfties axisym6triques. Lec un domaine de fr~quence de 10 Hz a plus de 10000 Hz
traitemen, fi jureux de g~omnt~ies tridimensioninelles suivant la taille et l'architecture du propulseur. Wine ?.i -

rdalistes i 1 iulement diphasique ne semble pas encore Ies ph~nomitnes physiques mis en jeu A ces diverses
avoir Wt aboidE. frequences pr~sentent une unitE certaine, la maltrise de

toutes les instabilit~s susceptibles d'etre rencontr~es, avec
2.2.3.2.1. Siuainmndmninel des outils communs, constitue un v6ritable d~fi, ne serait-

cc qu'au niveau des donn~es d'ent~e. Cependant les
La simulation monodimensionnelle ne permet pas moteurs pr6sentent des spA-cificitds scion Its missions

de distinguer Ies niveaux de description du fluide (non vises et il leur correspond gin~ralement des modes
visqueux, visqucux lanminaire, turbulent) et a donn6 lieu ii particuliers d'instabilitE:
de nombreux travaux parmi lesquels il faut citer 'reux de
J.D. Baum, J.N. Levine et ILL Lovine (W~. 27 A 31) pour -moteurs de premier Etage de lanceur : Ie diarnatre
deux raisons le Itoin apportE au contr~le dut sch~ma atteint 4 in, la longucur pr~s de 30 mn, le propergol
numdrique et la comparaison entre calculs et essais. Les aujourd'hui universellement retenu est un composite
essais ont profMt Egalement de la mise au point de perchlorate d'ammonium/alutinium/polybutaditne, Ia
dispositifs de distatbilisation dynamique aux caractE- fabrication utilise fr6quenunent la segmentation ; Ies
ristiques bien contrdles. segments sont A gdometric cylindro-conique sauf pourf

l'un d'entre cux At motif EtoilE ou A ailettes. U~s
La qualit6 des comparaisons entre calcul et premilres frequences raises en jeu sont falbles, 15 A

experience, pour des moteurs simplifies d~stabilis~s, est 25 Hz, et Its mateurs operationnels ltgirement instables
plut6t satisfaisante compte-tenu des incertitudes sur It naturellement, avec des niveaux stabilis~s moddr~s.
mod~le de combustion (r~f. 30) et des limites de L'opinion est r~pandue que la segmentation peut
l'approche ID. favoriser linstabifit6 sur Its premiers modes

longitudinaux.
2.2.3.2.2. Simulation idimeniomnelle

I-e trvau r~ent rali~s n smultio -moteurs pour missiles strategiques , le diamiltre-peut
Les ravux ~cens raliis e siulaion depasser 2am, la longucur varie suivant l'tage, Itc

bidimensionnelle sont peu nombreux et so distinguent par propergol est un composite m~talIse A liant inerte ou
Ies geomedtries traltdes et Ic niveau de description flu Energdtique, Itc largement est monobloc. La geometrie
fluide. La geomeitric bidimensionnelle (canal plan oup Finocyl a tendanoe & s'imposer aujourd'hui. La Prance
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fait 6galement usage de chargements axisym6tniques
usints ; des instabilits ont Wt observ6es dans la gamme _

des mayennes fr6quences, A partir d'environ 100 Hz,c'est-h-dire sur des modes longitudinaux-radiauc, avec 7_____desnieax tails~ tl~abes 10000[ -
des iveux sabiist tolrabes.f (Hz)

mesur6e
-moteurs pour missiles tactdques ,ii existe une grande F
diversitd de taille, de propergol et de chargement, quiF
tend difficile toute g6ndralit6. On note toutefois que la 90001
tendance A utiliser des propergots "sans famte" ou A
"fumte-rdduite" conduit A supprimer ou A r6duire la
charge mttallique qui joue un r6le important dans
I'amortissene.nt des instabilitds A mayenne et haute 80
fr~quence ; ausi doit-on quciquefois r6introduire un 10
faible pourcentage de particules d'oxyde rifractaire dans
le propergol pour stabiliser le fonctionnement. Les
modes tangendels, gentralement toumants, entrainent
souvent une d6rive de la pression stationnaire et sont 7000
particuli~rement redoutts.I

2.3.2. Reproductibilitt des iustahjilts

La reproductibilit6 des instabilit6s ne peut e
rigoureusemet d6terminie que dans des conditions tr~s
strictes ,mime gtomitrie du propulseur, meme lot de
propergol, memes conditions d'essais. Ces conditions sont f (Hz) calcule
rarement r6uries. 5000 -----

La reproductibilit6 est gendralev'nent bonne sur les 5000 6000 7000 8000 9000 10000
fr6quences, moinr satisfaisante sur les niveaux d'instabilitd.
Las instabilit6s tangentielles conduisent A plus de Figure 8- Frdquences calcuIdes et mesurdes our unmroteur
dispersion. On peut signaler des essais de moteurs A d'dtude ONERA
char,-ement usind dont les instabilitis pouvaient appartenir
A de) a classes ; aucune explication satisfaisante n'a jamais
6t6 trouv6e A cette ambivalence. La figure 9 relative au Titan 34D est extraite de

Ia r~ference 35 et reproduit ('analyse de la composante
2.3.3. Relproductibilit6 des fr~quences et de la instationnaire de pression enregistrde sur un capteur

stabliti5t~tqueKistler. Las fr~quences observ~es se situent au voisinage
des frdquenccs acoustiques mais (cur dvolution W'est pas

2.3.3.1. Moteur d'iu continue :un phdrinmne en cascade est observ6, carzctd-
ris6 par une suite de d6croissances de Ia friquence

L'exemple choisi porte sur un petit moteur d'6tude entrecouptes de brutales remont6es et sugg6rant des
de I'ONERA utilis6 pour d6terminer la r6ponse d'un transitions entre des r~gimes d'instabilit6. L'amplitude de
propergol solide au couplage pression A haute frequence ('oscillation de pression n'a pas d6passe 2 % de Ia
(rdf. 34 et 77) ; le moteur, stable naturellement, est pression moyenne. Un ph~nom~ne tout A fait comparable
destabilist p~riodiquement sur son premier mode longi- a Wt observ6 sur le Space Shuttle Booster (r6f. 36),tudinal et l'amortissement mesur6 donne la r6ponse par ('amplitude de pression atteinte n'a pas d6pass6 3 % de,
l'intermddiaire d'un bilan acoustique. Ce moteur sert Ia pression moyenne.
6galement de cas d'dcole pour la misc au point de Ia
simulation num6rique bidimensionnelle et ('analyse
th6orique des phdnomanes a~rodynamiques. Temps (a)

120 -

La frequence crolt naturellement au cours du
ionctionncment. La figure 8 donne une comparaison des 110
frdquences calcultes par ('analyse lindaire 1D et mesurecs. 10
L'accord est satisfaisant, les icarts pouvant 6tre imputis 0- :1

Ades ph~nom~nes, mal contr6l6s (ablation de g0o-
l'inhibiteur ... ) ou au calcul de la friquence acoustique 0
(paragraphe 3.1.3.1.). La reproductibilit6 des friquences 80 2
est excellente, celle des amortissements acceptable pour 70 - RL 4L4
ce type d'essai. L'observation est assez gendrale, des ---

moteurs de gfom~tries simples, conduisant A des 6vo- 0
lutions r~gulitres de frdquence et stables statiquement, c
pr~sentent une bonne reproductibilit6. s

2.3.3.2. Moteurs samntsi
30

Las moteurs segmentis les mieux document~s sont
ceux Equipant les systimes de lancement am~ricains 20
Titan Il et Navette, Spatiale. La MPS d'Ariane doit faire 1
('objet d'un premier essi prochainement, ii a &tI prfctdE
d'un essai sur une maquette segment~e qui a d~montr6 0

uelgrintilt.0 10 20 30 40 00 00 70 80 90 1001
Fraquence (Hz)

Figureg9 Frdquences otser,@s surTtan 340 (r0.35)

ell n,

-Il-

-A ~ - A
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L'instabilite naturelle des moteurs segmenths a did La similitude des comportements observes A
one mauvaise surprise puisque les previsions donnaient un 6chelle 1 et A dchelle r6duite a surpris les chercheurs de
comportement stable. Les tableaux 2.1 et 2.2 donnent une I'ONERA et les experts 6trangers en raison de la forte
synthese des calculs de bilem n z-ustique pour le premider non-lin6arit6 des phtnomenes avec la fr6quence. Ce point

moelongitudinal (rtf. 35 et 37, %4, et oc, sont les doit 8tre reexamine A la lumitre de l'hypoth~se d'un
contributions linkaires des couplageh wression et vitesse, entretien de l'instabilith par 1'Emission tourbillonnaire,
tc.4 'amortissement dO A la toyere, of, celui dA aux laquelle obdit A one similitude de Strouhal:
particules d'alumine et o,,est le terme de "Flow Turning".
Quelle que soit t'opinion qu'on puisse avoir sur le terme Ch (2.25)
de *Flow Tumning", on remarque que sa suppression ne-
change pas le signe de ; l'amortissement est dans les ob Li es', one vitesse de reference.
deux cas prtesque exclusivement dO A la tuyare. Le
d6saccord entre prevision et observation a dtE A l'origine 2.3.3.-;.Moteurs A chargement tridimensionr'el
d'une remise en cause du bilan acoustique s0u5 sa forme Enoz1
classique et a ament A incriminer on possible couplage
entre l'acoustique et INmission de structure tourbillon- La denomination Finocyl r~sulte de la contraction
naire ;cc ph~nom~ne fera I'objet do paragraphe 3.1.2. de Fin (ailette) et cyl (cylindre), elle d~crit un chargement

Tableau 2.1 - Pr~vston de [a stabilit6 do SRM du Titan 340 (W. 35)

Epaisseur brOIe Fr~quence (PC c ve acc a PD at FTr
N% (Hz) (S-1) (5-') (s-I) (S) (s-I) (s-I)

0 22,2 2.66 0,46 -15,78 -2.22 - 5,53 -2041

21,5 20,31 1.08 -0,17 -7,73 -2,03 -4.13 -12,98

45 21,81 0,60 -0.22 -5,07 -2,18 -3,43 - 10,30

73,9 23,74 0.44 -0,18 -3,88 -2,37 - 2,43 -8.42

Tableau 2.2.- Pr~vision dle la stabilit6 du SAB dle la Navotte Spatiale (rW. 36)

Epaisseur brOl~e Fr~quence ac PC at VC aC N a PD a( FT a
(ON ~ (Hz) (s ') (5'') (5 I) (S ) (S-1) (S-I)

0 15,25 2,87 0,05 -15.14 -0,62 -3.92 .16,76

45 13,17 0.46 -. 001 -8.38 -0.57 -2.29 .10,79

80 16,18 0,31 - 8,06 -0.66 -1,49 -9,'90

2.3.3.3. M~.eurs A chargement axisymAtritue usin6 constitude d'un canal cylindrique circulaire raccord6 A on
motif A ailettes ; Ia denomination Conocyl est parfois

Sp~cialith frangaise, cc type de moteur a donne rencontr~e, le chargement peut dgalement presenter des
lieu A de nombreuses observations dont one synthtse peut gorges circonfdrentielles sopplementaires. Ces
ete trouvee dans les references 6 et 38. La figure 10 chargements utilisks sur les moteur. modernes conduisent
rappelle la g~omdtric do chargement ;il s'agit ici de ]a A des Ecoulements fortement tridimensionnels.
maqoette A I'chelle 1/6 essayde en structure lourde. La
figure 11 donne one synth~se des fraquences ubserv~es Un mode en cascade a Et6 observ6 sor le premier
tant sur moteor reel que sur maquette ainsi que la 6tage do iksile Poseidon, il y a prts de 20 ans (rW. 39,
frquence acoustique calcul~e poor le premier mode (les figure 1). LA frequence mesurde 6tait au voisinage de
temps et les frequences sont ramnenks a 1'6chelle 1). 80 Hz, entre 8 et 12s de fonictionnement. Des amplitudes

de vibration supdricure & 20g cr~te sur ]a tuy~re ont dth
On retroove on ph~nomane d'6volution de Ia reljvdes.

frdquence en cascade. La d~croissance des inodes
sup~rieurs en fonction do temps nWest pas retrouvee par le La moteor do troisitme 6tage do missile
calcul acoustique ; il faut toutefois remarquer qu'il est Minuteman 111 a 6gralement eximbe, dans sa premi~re
difficile de s~parer les composantes harmoniques do mode version. on mode ci' cascade (rdf. 32 et 40). Comme
le plus bas des modes suorieurs (certains essais A 6chelle visible sor la figure 12, les frdquences varient fortement
riduite ant conduit A one amplitude maximale d'oscfl- et selloignent de la Nrquence calculde pour Ie premier
lation de pression crate i cr~te de pr~s de 10 % de Ia mode longitudinal de cavitE. 5
pression moyenne). L'essai rlisE avec on propergol non
mitallisd est parti en instabilit6 tangentielle apr~s deux A contrario, certains moteurs poor 6tages
secondeq de fonctionnement :- frquence voisine de sup~rieurs de lanceurs, caract~rish par on faible allon-
7000 Hz, amplitude crate A crate sup~rieure A 80b, gement ant manifeste one stablite statique en essais alors
pression moyenne augmentde de plus de 80b I que le bilan acoustique pr~voyait 1 imtabilit6 (r~f. 41). Les

Ro~ I
' < < ~ KVJ ~X -~ - - 4:
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chercheurs ont incrimin6 la faible reprisentativitt du
terme de "Flow Turning" pour la prediction de
l'interaction entre le champ stationnaire ct "acoustique 2
ainsi qu'une forte surestimation du couplage-vitesse.

Temps _ __

FrJunc (Hz)

6000

505

Figur 10-Mqet emturAcagmn xsmtrqePei eso

000 12A 0 0 4 6 2 t 0

I I
asisy~triqe usi4 du inutean II

Temps

4 

*
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2.3.3.5.Sensibilit6 des instabilit6s A des modIficatiop5 3.1. Ph~nomenes adrodynamigues -
g omdtritgues dui chargement

L'a6rodynamique interne des motcurs i piopergol
Deux exemples m6ritent d'Ctre signalds. Le solide est tr~s particuui6re car 11coulement nalt sur la

premier porte sur le moleur A chargement axisymdtrique surface de combustion. Cette particularitit conf~re A
reprdsent6 sur la figure 10, Ia g6om6trie modifide est I'dcoulement stationnaire un caracttre rotationnel qui
donn6e sur la figure 13. Le rdle moteur de 'dirission devrait trouver un prolongement en instationnaire. Les
tourbillonnaire sur les instabi~it fin'tait pas connu A connaissances sur les icoulements acquises dans d'autres
l'6poque des essais ;par contre un essai avail 6W inter- secteurs d'activit6 requitrent un travail d'adaptation qui
rompu par d6tente et il avail 6t6 observiS une combustion commencent g6neralement par une rechcrche dans des
anormalement 6lev~e sur la partie aval des gorges, au conditions simplifi6es facilitant l'interpr6tation physique
raccordement avec le canal central, ce qui laissait craindre des r6sultats. Quatre problames seront successivement
in couplage-vitesse Important. Les angles du chargement exanns , 'interaction entre les champs stationnaire et
ont en consdquence Wt abattifs dans cette zone. Le mode oscillatoire au voisinage de la surface de combustion, les
le plus bas est appanu exceptionnel!Jment lard et les instabilit6s hydrodynamniques de I'6coulement, le compor-
niveaux des modes sup6rieurs 001 W1 att6nu6s. tement instalionnaire de la tuy~re et l'aspect diphasique

de 1'6coulement. Les deux premiers probltmes restent
encore ouverts et ont donn6 lieu A diff6rentes; approches
qui seront conunent6es en vuo.- de d6gager les acquis et

- leurs cons~quences pratiques.

W-, 3.1.1. Interaction entre champs stationnaire et
oscillatoire en surface de combustion

Cette interaction recouvre phusieurs phdnom~nes
compldmentaires pour lesquels il existe encore plusieurs
approches. Pour Ia clart6 de la pr~sentation, nous distin-

-~ guerons sccessivement les approches Iindaires des

Figureapprochess non-lin~aires.

Uas thiories lindaires trailent par le calcul analy-
tique Ia couche d'adaptation dui champ acoustique aux

Fiue11 - Modification de la g6om6trie dui chargerment de conditions de surface et deux niveaux peuvent Wle
la figure 10 distingu6s suivant que I'dcoulement stationnaire est d~crit

de faqon plus ou momns simplifte. Le terme de couche
limite acoustique sera utilisd mais prele quelque peu A

L'autre exemple, beaucoup plus net, eat lid au confusien I a prise en compte de la viscosit6 laminaire eat
troisi~me 6tage du Minuteman 111. L'explication dui indispensable A l'analyse mais dans certains cas, lea
comportement instable avail 606 recherch~e dans r~sultats finaux soot ind6pendants de la viscosit6.
I'6Emission tourbillonnaire susceptible de prendre naissance
au raccordement dii motif A ailettes avec le canal central, 3.1.1.1.1. Th6ories de )a couche limite
en raison d'un fort 6tranglement. La diminution de acousiauJ
l'dtranglement aurait permis de diminuer sensiblement le
niveau d'instabililE (r~f. 40) ; on ne sail pas si Ia version La couche limite repr~sente en adrodynamnique
modifide dont les r~sultats sont report~s sur Ia figure 11 clasaique Ia zone midnce adjacent e A Ia paroi oi sont
correspond A cc seul changement concentrits les effets visqucux de I'6coulement. Si l'6cou-

lemeot est oscillatoire A faible amplitude, une couche
2.3.4. RBcpiuhlaion limite acoustique peut etre mnise en Evidence sur une paroi

inerte, sa description est ais~e en lamninaire. L~e probl6me
L'application dui bilan acoustique pour Ia pr6vision peut etre r~examinde pour une paroi d~hitante. L~es

de Ia stabilit:6 ln6aire a donn6 lieu A quclques d~boires, premiers travaux 001 6W conduits par G.A. Flandro
surtoul pour des g~om~tries de chargement mettant enjeu (r~f. 42) qui a en particulier d~montrE que, vue de
des structures bidimensionnelles ou tridimensionnelles l'intdrieur de Ia cavitit, la. surface de combustion pr~sente
d'Ecoulement. L'apparition de modes en cascade pour des une admittance qui W'est pas l'adilitance li~e au couplage
moleurs dont le diamritre s'6chelonne de 250mm A 4m et pression mais cettc demitre corrig~e d'un terme
pour des fr~quences de 15 A plus de 1000 Hz conduit A traduisant Ia prdsence de Ia couche acoustique. Les
a'interroger sur Ia validitd du d6nombrement classique des hypothases utilisies ainsi que la d~marche suivie sont
phdrinmnes 6l6mentaires. Certains phidnomanes comme rappeldes, en suivant les notations de Ia r~f~rence 43
Ie "Flow Turning" et le couplage-vitesse demandent
dgalement un r~examen. . 'dcoulement stationnaire est uniforme et normal a Ia

paroi, ce qui liii confare in caract~re irrotalionnel.
3. PROGRES RECENTS DANS LA PHYSIQUE DES

PHENOMENES ~ ~ IcMNTIESl rapport de l'Epaisseur 15. de Ia couche limite
La hlanacoutiqe mt enEvienc desconri- acoustique sans injection A Ia longucur d'onde est de
Le blanacoutiqe me enIvidncedes onti l ordre dui nombre de Mach d'injection, soil

bilious Ii~es au champ airodynamique instationnaire et
des contributions li~es A la combustion du propergol. Bien F. XLtz 04 31
qu'obligatoirement simplifie, cette distinction entre V
ph~nom~nes a~rodynmmiques et phtnom~nes de -le probl~me est bidimensionnel enic et.y, l'axe des.Jr
combustion est retenue pour Ia pr6sentation. L'accent sera 6lant parall~ie A la surface et l'axe des~j perpendiculaire
mis sur les ph~nom6nes a~rodynamiques, dont Ia maltrise (figure 14).
semble aujourd'hui conslituer un prialable indispensable

A I'approfondissement des ph~nomrines de combustion. -Ytb
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-les Equations aux ddrivites partietles lindaircs sont Ecrites l a correction d'admittance, ou la correction de r~ponse
pour les perturbations des composantes de vitesse, de Equivalente, peut etre calculde ;cete s'exprime en
pression et do temp~rature ;les conditions limites sur la fonction du Mach d'njection Pr et du nombre de
surface se traduisent par u& 0 et tr'/p' proportionnel Reynolds acoustique
A I admittance A,.; les conditions lisnites i l'infini
suivant .8 correspondant au raccordement avec: le 2,= (3.4)
champ acoustique. eaV

*les solutions analytiques sont recherchtes sous la forme eaq srlco otmn iiedssluos

(3.2) k Les r~sultats se simplifient lorsque F >> 1,cc qui
C 0 .... 32 correspond bien A Ia plupart des applications mais

F int~gration donne directement les solutions uVrP! otei fyohs edpr ()

Le premier r~sultat conceine U'paisseur de Ia
Les consiquences principales oe cette anal)se sont couclie limite acoustique -

les suivantes - V .F 35
- extension de Ia couche limite acoustique: une exp.-ession 4 V- J

approchide peut 6tre obtenue (r~f. 43, 44 et 45) sous la Pour des moteurs homoth~tiques sujets A des
forme -,modes d'instabilit~s semblables, w. sera inversement

-S 5 proportionnel & l'chelle et it en va de meme du rapport
~ a.]' 4  (3.3) de S' a une dimension caracteristique de ]a cavitd. La

S a thdorie de la couche limite acoustique, qui ne prisente
L"Epaisseur de la couche limite acoustique en d'intdret que si l'Epaisseur de cette derni~re est

pr~se nee d'un soufflage de paroi est toujours supdrieure n~gligeable vis-A-vis des dimensions de Ia cavitd, semble
A cedle sur paroi inerte, l'amplification Etant lide au micux adaptec aux petits moteurs qu'aux gros moteurs.
paramtatre F qui combine le nombre de Mach de Pour ces derniers, Ia couche limnite acoustique des modes
soufflage, Ia viscosite laminaire et Ia fr~quence. de basso frdquence peut occuper une fraction notable de

Ia cvitd.
l a consposante longitudinale de vitesse prdsente, comme
indiqu6 sur la figure 14, un comportement oscillatoire La correction d'admittance tend, dans les memes
qui s'amortit au fur et A mesure de V'Eloignement de Ia conditions vers une valeur indipendante de ]a viscosit6
surface. Un maximum d'amplitude prts de la surface() fainsi qu'un d~phasage vis-A-vis de la vitesse acoustique AAC- (3.6)
sont mis en Evidence ; cet effet peut etre essentiel pour Le bilan acoustique peut etre alors facilement
la comprdhension du couplage-vitesse. La champ de corrigE soit dans l'expression du terme de couplage-
pression est qjsant A lui insensible A la couche limite pression, suit en introduisant un terme correctif propor.
acotistique. tionnel A l'int~grale S? d"

11 est interessant de remarquer que pour un canal
cylindrique, le terme correctif issu de la couche limite
acoustique est strictement Equivalent au terme de "Flow

I ornd Turning" ,lIapproche globale du "Flow Turning" et
0 U'cussu IJ' 0 l. l approche plus ildtaillke de la couche limite acoustique se

0o rejoignent dans ce cas particulier et confirment l'intuition
de F.E.C Wuick. Toutefois cet accord n'existe plus pour
des geom~tr'es complexes. L'objet du travail pr~sentE dans
la r~f~renco, 43 Etait justement de comparer les deux
approches, sur Ia base de Ia cohdrence des r~sultats
exp~rimentaux obtenus sur Ic petit moteur de Ia figure 8.
Diffirentes gdom~tries de chargement conduisent, aux
memes pression stationnaire et frequence, A des termes

Y Y iffErents de "Flow Turning" et de correction d'admittanca.
Las r~ponses; dEduites des amortissaments mesur~s, sur un
meme propargol, doivent etre identiques pour t'analyse Ia

Mouvement parallble Mouvement perpenuiculaire plus rdaliste. La figure 15 donne un exemple des r~suttats
A la surface A la surface obtenus ; les deux trac~s r~capitulatifs dans lYespace (f,

P, RX) d~gagent les conditions pour lesquelles les
comparaisons peuvent etre faites cot es diff~rences entre

-. - -. .~les r~sultats. Las diverses comparaisons effectufEcs
inclinent A pensar que l'approche par correction
d'admittance est meilleure. Cette conclusion suppose qu'it

0 / n'existe pas de ph~nomnne d~pendant de Ia g~om~trie qui
/ aurait EtE omnis dans le bilan acoustique, comnie par

Lins de courant exemple H'mission tourbitlonnaire (g~om~tric A).
(6couIeme--9nt-stationnaire)

LVapprocbe qui vient d"Etre rappede est celle de laY "i~~ .couche limite acoustique classique, cite a penmis un
Champ acoustique premier pas dans la comprihension des phfnom~nesI

(irrotationnel) a~rodynarniques d'adaptation pras de la surface de
A combustion. Elie linute la portic de la simplification

traduite par la relation (2.14) mass ne tient compte que du
terme (f~f).ff .Par contre, 11 subsiste le problame du

Figure 14 -Raccordement du chamsp insfationnaire terme ((I' 1)ji f ). q qui fast ustervenir le rotationnel
au champ acoustique de l'Ecoulemntt stationnaire. La thiorie de la couche

-- W4
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Figure 15 - Coherence des rdponses determindes A partir des approches low Turning* et correction d'admittance (ret 43)

limite acoustique a Wt reprise par plusieurs chercheurs naturel de caract~riser dans ce cas chaque point de ]a
pour tenir compte plus pr6cisiment du champ stationnaire surface par le rotationnel local J4, et de reprendre les
pros de la surface et expliquer los observations en simu- calculs avec le champ stationnaire local
lation gazeuse instationnaire (r~f. 44 A 47). Travaillant sur
une cavit6 cylindrique, U.G. Hegde, F. Chen et B.T. Zinn ;- = F (2D)) (3.7)
introduisent Pexpression du champ stationnaire dans toute
la caviti et limtitent les d6veloppements au premier ordre Un nouveau paramatro apparalt par l'adimension-
(rW. 44). Les calculs ne seront pas reproduits ici. noment des grandeurs
L'influence de la vitesse d'injection et de ]a fr~quence,
dijA 6tablie, 051 bien retrouvde mais des r~sultats (3.8)
nouveaux sont 6galement d~montr~s. Le principal est que
les phdrinmnes de couche limnite acoustique varient de it doit etre comparE en ordre do grandeur aux autres
fagon sensible avec la position axiale sur la surface do param~tres.
combustion. Cost Ie cas pour la r~partition des
composantes longitudinales et radiates de vitesse ainsi quo 3.1.1.1.2. (36n~ralisation du bilan acoustique
do Ia correction d'admittance. La correction d'admittance
comprend le ternie classique et un terme suppldmentaire L'id6e gen~rale qui sous-tend cello gtndralisation
lid au champ stationnaire et proportionnel a est do limiter les simplifications telles que (2.14),

lorsqu'ont W1 combinds los prohl~mes lindaires d~crivant
respectivemont l'instabilit6 et l'acoustiquo ; elle ost

E 6tant Ia vitesso stationnaire sur l'axe et '..le gradietnt illustr~e par los travaux do TJ. Chung (r~f. 48 et 49). Le
problme pout etro r~solu sur le plan fondie et conduit A

do pression acoustique. Ce erine suppidmentaire induit un des int~grales oD apparaissent p, et e , n combi-
comportement singulier au voisinage du midnimum. do naison avec los caract~ristiques du champ stationnaire do
pression acoustique. vitosse ; pout etre d~comnposE en une composanto

irrotationnello LWet une composante rotationnello ilo
Los cons~quences sur le bilan acoustique de et fflsont assimilables A PL et Im mais ii rosto

l'extension do la th~orie do la couche linite acoustique 6vidomment une difficult6 avec
saint importantes :

Cette approche est uniquemont int~ressante du
l a limitation roste lite A l'paisseur do la couche limaite point do vue th~nnique, Elie permoet d'identifier los;
acoustique, c'est-A-dire a la possibilitit do traduire I'effet sources potentiolles d'nstabilitO au travers des tormes des
do cette couche par un terme do surface. Equations et do proposer lour interprdtation physique, elle

s~pare los sources dependant do la viscosit6 des autres.
leI bilan acoustique nWest plus indipendant du champ Par contre, il W'est pas possible do donner une traduction
stationnaire, qui doit avoir fait l'objet d'un calcul do Ia thtorie pour la plupart des a plications sauf a
pritalable, ce qui complique notablement Ia d~marclie. admettre on calcul sdparE du champ Llw ce qui ramene A

la thdorie do la couche limrite acoustique.
11 semble possible d'Etendre l'approche do

U.G. Hegde et a]. A des g~omrdtries complexes. 11 paralt

4"
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tin travail tr&s approfondi a Wt men6 par
J.D. Baum sur nc cavit6 cylindrique (rdf. 32). L~es A-
dquationsd dVcoulementvisqueux turbulent (mod~le I-Sil
sont it6gr6es A I'ade d'une mdthode dc diff~rences finies
pour trois situations de complexit6 croissanto - Maillage I=1

*une paroi inerte en l'absence d'6coulcment moyen,
*une paroi mnerte en p'E6sence d'un dcoulement moyen, /hA y/h 4ylh 4y/h
* ne paroi d~bitante. r

Des ondes propagatives et stationnaires sont
successivement consid~res. -

Le calcul numirique retrouve et pr~cise ce qui a /TM3/
Wt mis en Evidence par les m~thodes analytiques : / A3/

le ph6nom~ne d~pend de la frdquerice et de la vitesse Y/hy/h Yhy
d'injection mais aussi de la direction de propagation de
l'onde. il vanie avec la position axiale.U /
la lssipation de U'nergie acoustique est principalement M " 1
concenrre dans la conche limite acoustique, elle est T/2 5T/8 3T/4 7T/8
accrue avec la frlqumce et la vitesse d'injection et
plus importante pour les ondes se propageant vers ~utt
l'amont que pour celles se propageant vers l'aval. Nutl

1 '6coulement stationnaire joue un r6le important et le Figure 16 - Calcul du champ instationnaire au voisiflage
couplage devient rapidement non-lin~aire. de [a surface de combustion (rct 50)

Le r~le de la turbulence n'est pas facile A
apprecier puisque il y a, meme en stationnaire, transition sont 6 ,alement mis en Evidence avec l'apparition de
du laminaire an turbulent suivant l'abscisse. R.A. Beddini, modes 0e haute friquence apr6s I'excitation.
utilisant une technique de lindarisation des Equations
turbulentes, conclut que le champ instationnaire pent 3.1.1.3. RB aiulaion
fa'!oriser la transition A la turbulence meme pour de
faibles amplitudes et induire un couplage-vitesse (rdf. 33). L'ensemble des recherches rtalisdes convergent
II faut remarquer que la turbulence en mroteur reste vers l'idde que l'interaction entre champs stationnaire et
unparfaitement connue et qu'il nWest pas assurd que les oscillatoire en surface de combustion doit dtre prise en
mod~les standards de turbulence d~velopp~e en compte dans l'analyse de )a stabilitd il existe un accord
fournissent une bonne repr~sentation, an momns qual,.tatif entre les th~ories analytiques et les

calculs num~riques (r~f. 46). Deux situations extrames
Les travaux de F. Vuillot et G3. Avalon (r~f. 50 et penvent etre distingu~es par l'examen de l'dpaisseur de la

51) portent sur des situations pour lesquelles la couchc couche limite aconstique. Si cette Epaisseur est tr~s faible
limite acoustique occupe une grande partie de la cavitd. devant les dimensions de la cavit6, cc qui est le cas pour
Ues Equations de Navier-Stokes pour l'coulement les petits moteurs, Ie bilan acoustique doit inclure un
laminaire sont int~gr~es par une mfthode de volumes finis terme stabilisant de correction d'admittance dont
utilisant un sch~ma explicite de Mc Cormack. Lce travail l'expression d~pend en toute rigneur de l'6coulement
pr~liminaire de la r~f~rence 50 consid~re une cavitE stationnaire en surface do combustion. Si l'6paisseur est
parall~lipip~dique et un d~bit unitaire constant I a au contraire comparable aux dimensions de la cavitE, le
condition limite aval porte sur la pression statique d'abord couplage se fait dans 'out le volume et seul le calcul
constante pour obtenir le fonictionnement stationnaire puis num~rique est utilisable. Dans les deux cas, le calcul
oscillatoire autour de sa valeur stationnaire pour l'tude numdrique est n~cessaire soit pour d~terminer l'Ecou-
du mode stationnaire forcE. La figure 16 illustre le champ lement stationnaire seul, soit pour traiter l'Eoulement
instationnaire de vitesse vers le fond arri~e de la cavitE complet, cc qui tend A orienter les efforts vers le
lorsque la fr~quence d'excitation est 0,8 fois celle du traitement num~rique des instabilit~s ; des limites exis-
premier mode longitudinal, et l'amplitude relative de la teront toutefois pour Ie calcul numtrique en raison de
pression d'excitation de 5 %. On pent constater, d'une I'extreme finesse du maillage indispensable en surface de
part Ie caract~re tr~s rotationnel de l'coulement et, combustion. La description du fluide pour Ie calcul
d'autre part, l'incidence de l'6coulement moyen qui rompt numirique doit etre au momns laminaire, l'influence de Ia
Ia sym~trie du cycle. Le travail plus r~cent de Ia W6f- turbulence et sa mod~lisation demandent A etre prdcis~es.
rence 51 int~resse un propulseur axisym~trique de grande
taillc rcpr~sentatif du MIPS d'Arifune 5. Le propulseur est 3.1.2. Instabilit~s hydrodvnamiques de lcQ!ujgmgflI
complet et le calcul porte A Ia fois sur Ia chambre ct sur
Ia tuylre ;l'excitation est simulfe par une source 3.1.2.1. .4~a iitzjjj
acoustique de pression pendant quelques; p~niodes,
l'analyse des signaux instationnaires Etant conduite soit IL'mission naturelle de tourbillons par un obstacle
pendant ]a phase d'excitation soit apres. L'amortissement placE darn un Ecoulement est un phidnomane commus
calcult num~riquement est comparE A celni pr~vu par un risultant d'nne instabilit6 hydrodynarnique. L'analyse
bilan aconstique utilisant ]a correction d'admittance, le ilimernaire des instabilitits hydrodynamniqucs d'nn Econ-
d~bit injecti 6tant constant. 11 apparalt que le divelop- lement pent etre r~alis~e par lin~arsation de N'qnation
pement de Ia couche limite acoustique darn Ia cavitE du rotationtO~ et conduit, pour n 6conlement stationnaire
limite I'amortissement qui est de ce fait fortement bidimensionnel, darn une senlc direction mais possidant
surestimE par le bilan aconutique ;des effets non-lineaires un profil de vitesse, A U'qnation de Rayleigh (non
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visqucux) ou d'Orr-Sommerfeld (lantinaire). Un exemple d'une conservation du nombre de Strouhal de
particulitrement simple d'Ecoulement se rdsolvant en allde l'Emission ; 1'effet de cascade serait dO A la transition
tourbillonnaire est celui de la couche de milange. Les vers un mode 7supdrieur" d'dmission.
tp~rillons se forment It une frdquence g~ndralement
caractdrisde par un nombre de Strouhall, leur dynamique La cas des moteurs A chargement axisymdtrique
est Complexe et tr~s d~pendante des conditions environ- usin6 pose un problibme diff~rent puisqu'il n'existe pas
nantes ;on assiste g~n~ralement A un ddveloppement de d'obstacle dans l'Ecoulement. L'hypoth~se la plus plausible
la taille du touibiflon puis At une saturation suivie d'un repose sur I'dmission de tourbillons par les angles vifs du
nouveau ddveloppement. Les tourbillons peuvent chargement. L'quation lin~arisde du rotationnel s'6crit
6gatement s'apparier ou au contraire Ecd' er et Ies effets )-a (39
tridimensionnels peuvent etre prdpond~rants. La caracttre aV.erijriT V1O A(39
non-lin~aire des phdnom~nes suivant )a naissance des
tourbillons est donc tr~s net. Las coins amonts des gorges sont caract~ris~s par

une variation importante du rotationnel stationnaire
L'impact d'une couche de m~lange sur une surface (rdf. 14) et constituent done une source potentielle de

a 6galement did longuement 6tudi6, il induit une source couplage par It second terme de l1quation 3.9 ;on peut
sonore. Cette source peut enitrer en interaction avec aussi noter que la marche descendante est une situation
t'dmission tourbillonnaire et donner lieu A une Emission typique favorisant l'mission tourbillonnaire et incriminde
forcdo. L'effet d'un champ acoustique sur lEntission en particulier sur certains statoreacteurs. la figure 17
tourbillonnaire a egalement &t6 etudil par certains; propose un scdnario pour cette situation
chercheurs ;R.D. Blevins est en particulier parvenu, dans
Ie cas de l'Emission d'un cylindre excitee transversalement, -les tourbillons naissent sur l'angle vif du chargement.
aux conclusions suivantes (rdf. 52).

Itls tourbillons sont convectis par l'coulement, se
I 'dmission naturelle n'est pas un processus harmonique d~veloppent et s'organisent (ou de d~sorganisent..)
pur, la frdquence d'6mission peut fluctuer de quelques
pour cent. Itls tourbillons impactent le fond arri~re du moteur ou

sont avalds par la tuy~re ; dans Ies deux cas une onde
* bisque I'amplitude du champ acoustique est suffisante, progressive est produite et remonte l'coulement
la fluctuation de fr~quence de 1'6mission disparalt. Si la stationnaire.
fr~quence acoustique est voisine de Ia fr~quence
naturelle d'Imission, la frquence d'Emission s'accorde - londe est rdflichie par Ie fond avant, Ies ondes
a Ia frquence acoustique ; Ie dicalage de frquence de progressives descendant et remontant l'coulement
l'mission pout attzrindre 8 % si l'amplitude de pression interagissent avec l'drmission tourbillonnaire.
est de 0,03 b.

Itl couplage se d~veloppe et, si les conditions favorables
Itl couplage se produit prdftrentiellement birsque Ia sont r~unies, un ph~nom~ne oscillatoire s'entretient.
frquence acoustique est au-dessous de ]a frquence
naturelle d'Emission, c'est plut6t ta vitesse acoustique qui
influence l'dmission que Ia pression acoustique.

l a turbulence tend A supprimer l'influence du champ
acoustique, Ia vitesse acoustique doit excdder Ia vitesse
turbulente pour que Ie couplage se fasse. 'J/ - -L....

Bien qu'obtenus dans des conditions particulilres,
ces r~sultats prouvent qu'un champ acoustique peut piloter
l'6mission des tourbillons, que It couplage est assez lftche
et ddpendant de I'amplitude de vitesse et qu'il existe
certains; seuils lids en particulier A la turbulence. If s'agit 1 Naissance des tourbitlons
done d'un couplage de nature non-lin~aire. 2 D~veloppoeent organisation, convection des tourbillons

3 Imrpact des tourbillons
Las observations faites sur les moteurs segmenths 4 Onde progressive de retour

des lanceurs am~ricains ont conduit A rendre responsable 6 R16flexion de ronde
des instabilitds une Emission tourbillonnaire prenant 6 Couplage acoustique. - mission tourbillonnaire
naissance dans l'interaction de l'Ecoulement avec Its
diaphragmes d'inhibiteur dispos~s sur la face amont des
segments. Dans le prolongement des travaux de Figure 17 -M~canisines de romission tourbillonnaire
G.A Flandro et H.R. Jacobs (rif. 53) un grand nombre
de travaux, surtout exp~rimentaux ont dtd consacr~s au
probltme (r~f. 35, 54 A 59). La rifdrence 35 est Ia plus
d~taillde pour Ie probl~me du Titan 34D -,3.1.2.2. Approche lindaire de l'Emission tourhillon-

-elke d~montre que Ie 'vortex shedding" est une source aracutue ncold

d'instabilit6 prisque It ph~nomtne est reproduit et La ph~nomtne d'ensemble pritsente une juxtapo-
mesurE sur une maquette de simulation gazeuse A sition d'Evinements convectits et de propagations
l'Echelle 4,65 %. d'ondes ; Ies observations mettent par ailleurs en evidence

des effets non-lin~ares. Aussi peut-on ldgitimement
-elle met en Evidence Ia zone sensible olii so r~alise Ie s'nterroger sur Ia possibilitE d'une description lindaire de
couplage acoustique-Emission tourbilbonnaire, vers; les mode stationnaire qui permettrait do compliter It Mian
bords amonts des segments 3 et 4, ciest-h-dire au acoustique. Coest toutefois une d~marche qui a tentE
voisinage du ventre de vitesse acoustique. pluslurs chercheurs et notamment G.A. Flandro (rtf. 53

et 60), pour des ralsns pratiques Mvdentes, et qui sous-
* dle propose une explication pour Ia dicroissance de la entend quelques hypothhses simplifieatrices :le couplage
frquence d'instabilitt en fonction du temps, A partir entre l'acoustlque et I'Emisslon tourbillonnaire W'est rd"iE j '1 ~
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qu'A la source, cc qui Evite de prendre en compte toute symettrique, avec un profit de chargement pr~sentant un
modification par It champ oscillatoire de la phase de angle vif situ6 A mi-longucur de chambre. Le calcul est
ddveloppement (rdf. 61) ;Ic phlnom~ne d'impact est effectuh dans la chamibre et la tuy~re par integration des
assimilE A une source acoustique. Lts rdsultats ne peuvent equations de Navier-Stokes lanunaires et en deux temps
donc etre qu'approch~s ot constituent plut6t un guide p, ar un dtat stationnaire est d'abord recherche en utilisant t--e
une recherche plu~s precise. Suivons la dtmarche forte viscosith artificielle puis la viscositd artificielle est
thhorique quasiment annulde. Un maillage fin (environ

10000 mailles) et resserr6 pras de l'angle du profit a dtE
Ie champ stationnaire do l'Ecoulement dtant suppose utilisE. Des tourbillons apparaissent dans la seconde panic
pr~alablement calculE, un profit de vitesse longitudinal du calcul ; Emnis pdriodiquement de l'angle vif du profit, ius
pout etre etabi au point suspectE d'Emission des se diplacent vers la tuy~re oal is sont avalds. La pression
tourbillons ;l'6paisseur caracteristique de la couche s'organise de faqon oscillatoire. Les r~sultats pr~liminaires
cisaillde est un param~tre important puisqu'il obtenus, dont I'analyse se poursuit, semblent prouver que
conditionne le gradient transversal de la vitesse longi- le calcul num~rique peut servir A la prevision d'un mode
tudinale qui intervient directement darn la prevision de d'instabilith impliquant une Emission tourbillonnaire.
I'instabilMt hydrodynamnique.

l a resolution de l'quation d'Orr-Soinierfeld, ou de ---
l'quation de Rayleigh dans Ic cas de G.A. Flandro,
conduit A la fr~quence critique -P., correspondant A- - - - - __- -

l'onde la plus instable ainsi qu'aux caractiristiques
pnncipales de cette onde dont sont d~duites la vitesse de
convection des tourbillons et leur amplification spatiale.
La solution nWest ddfinie qu'A une constante multipli. Gdomdtrae
cative pr~s.

-le couplage se realise par I'intermiddiaire de l'6quation
lin~aire ddduite de (3.19), pour laquelle on ne retient
que Ie terme faisant intervenir Ie rotationnel de 1'Ecou- -- - -

lement stationnaire, et permet de calculer la constante --. ~
multiplicative. La composante instationnaire du ----

rotationnel est alors exprimEe, elie est proportionnelle A
la pression acoustique et au rotationnel stationnaire au Champ instantan6 du rotationnel
point d'Emission.

F imnpact des tourbillons est traduit en terme de source 160PFAVB
d'un "pseudo-son" d'amplitude V, A la frquence
critique puis le ternie du bilan acoustique est d~duit 1655

2r. (3.10)
=. 1650

oil S5 esi la surface d'impact.

L'Emission tourbilloiinaire n'est d~stabilisante que 1645

si -P et ZS, sont en opposition de phase. I___________________________
L'application de cette thdorie a dtd r~cemmeni 1640L TEMPS,

effectu~e A I'ONERA pour Ic MPS d'Ari, e 5 et montre 8 10 12 14 16 18 20 22 24 26 28
une grande sensibilitE du calcul aux donn~es d'entr~e'.
profit de vitesse, condition d'impact.. 'aznplification Pression au tond avant
spatiale provenant du calct~l est tout A fait Enorme et
certainement tr~s surestim~e ; Ies diphasages entre
Emission et impact demandent en outre A ete pr~cistment Figure 18 - Calcul du couplage acoustique-dmission tourbillonnalre
calcul~s. Quelles que soient ses limites pr~dictives, cette
m~thode prdsente toutefois l'inthrtt de mettrc en evidence
Ies occurrences de couplage par l'exainen des Ecarts entre 3.1.3. Comportement instationnaire do la tuvyre
fr~quences de modes et fr~quences d'Emission et des
d~phasages entre -et tu, P La tuy~re intervient de manier significative dans

Ic bilan acoustique et constitue I'origine d'unc perte
3.1.2.3. Caculneique acoustique pour Its modes longitudinaux ; Ie r6Ie de Ia

tuy~re lans Ies modes taingentiels est par contre plus
La non-lin~aritE intrins~que du couplage complexe. Le bilan acoustique fait apparaltre une

acoustique-Emnission tourbillonnaire rend attractive Ie admittance d'entr~e de tuyere qui doit 8tre calcultEc
recours au calcul num~rique. Un premier travail a Et ind~pendainment. Les bases de ce calcul ont Ete Etablies
rdalisE par P.H. Shut ct al (rif. 59) sur une g~om~tric depuis longtemps ot des codes sont universellement
representative d'un moteur segmentE, par l'integration des op~rationnels. Cinq probl~mes se posent cependant A
equations de Navier-Stokes bidimensionnelles incompres- l'utilisateur
sibles ; le mod~le est soit lamninaire soit turbulent a deux
equations de transport. La fr~quence d'Emission observe choix du plan do fermeture de la cavite acoustique,
exp~rimentalement est assez bien retrouivie ainsi que sa r6le des oscillations d'entropie A l'entr~e de Ia tuyare,
dipendance avec Ie neombre de Reynolds ;on peut -incidence des caracteristiques d~taillies; de l'Ecoulement
toutefois penser que l'hypoth~se incompressible rend moyen sur I'admittance de tuy~re,
hypothitique tout couplage. Un travail plus recent de effets bidimensionnels de tuyare,
l'ONEitt, Piwiminaire A l'application MPS Ariane 5, est non-lindaritts pour des amplitudes importantes d'oscif
illustrE par la figure 18 (ref. 62). La moteur est axi- lations,
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Le traitement des non-lintarit~ks peut ete risolu y(r)
par le calcul num~rique. Les effets bidimensionnels2
peuvent etre partiellement pris en compte par un
traitement pseudo mono-dimensionnel (r~f. 63) de 1'6cou-

A l'application du bilan acoustique : le choix du plan de1
fermeture de la cavit6 et la possibilitt de d~finir une
admittance d'entr~e uniforme dans le plan de fermeture. A
Llncidence du caracttre rotationnel de l'6coulement
stationnaire peut etre quant A lui appr6ciE en rA-alisant unA
calcul coupE de la chanibre et de la tuytre ; un tel calcul o
6limine de plus toute difficult6 de raccordement (para-
graplie 4.3.2.). 01

0 12 fL
3.1.3.1. Choix du plan de fermeture de ]a cavit6 E)- Cacl

Ce problkme a Wt 6tudi6 par F. Vuillot A 2 -00ACluS2
l'occasion de l'application du bilan acoustique au moteur UAClus2
de Ia figure 8, dont certaines variantes comportaient des
convergents de tuy~re d'une longueur assez forte par----
rapport A la longueur de la chambre (r~f. 64). La A*
fr~quence et l'amortissement s'av~rent alors sensibles A laB
position du plan de fermeture, m~me si, conform~ment
aux hypothases de base, le nombre de Mach de I'6cou- 1 Ae
lement mayen reste tr~s infdrieur A 1. Pour diff~rentes B
positions, le champ acoustique change en effet et lesC
int~grales du bilan acoustique en sont affect~es . line
modification du calcul du champ acoustique est proposde
en remplaqant l'hypoth~se d'une admittance nulle dans Ie
plan d'entrie de la tuytre par une relation Iin~aire A
entre i etdA.A utilisant la partie imaginaire de *
l'admittance de tuytre. L~e bilan acoustique ainsi modifi6 0 --- - -----

montre une insensibilit6 de Ia frquence acoustique & Ia
position du plan de fermeture et une sensibilitAE r~duite d~e
l'amortissement. La modification propos~e ne devrait pas 12 I
induire de difficult6 majeure dans Ie calcul des modes a
acoustiques de gdom~tries complexes.

3.1.3.2. Uniformitt de l'admittance de tuy~re dans le Figure 19 - CalculS bidimensionnels de r'admiltanice de tuybre

Cette question a Wt 6tudiee num~riquement par
G. Avalon et F. Vuillot (r~f. 65). Les 6quations bidimen- L'hypthtse est communtment admise que les particules
sionnelles d'Euler sont r~solues dans une tuy~re ; l'Ecou- sont suffisamment fines pour que l'dquilibre biphasique
lement stationnaire est tout d'abord recherchE puis un entre phases 3oit r~alisE localement darts I'Ecoulement
mode acoustique stationnaire est Etabli grace b. une stationnaire ;les E-quations instationnaires du mouvement
modification des conditions d'entr~e. Les signaux insta- des particules peuvent 8tre lin~aris~es et conduisent
tionnaires sont ensuite exploit~s par transform~e de
Fourier. La figure 19 donne queiques r~sultats pour - pour la contribution de la tra~ne A un terme propor-
I'admittance adimensionn~e dans un plan d'entrde tionnel A:

Y. A,. (3.11) S (3.12)

Les r~sultats de I'analyse bidimensionnelle sont - pour Ia contribution du transfert thermnique, souvent
compar~s A ceux de I'analyse monodimensionnelle qui se nEriig~e, Aune expression oil, apr~s simplification par
ram~ne classiquement It lintEgration d'une Equation de E ,le champ~ n'intervient plus.
Riccati. On constate que les Ecarts restent mod~r~s mais
que les effets bidiniensionnels ne sent pas entitrement L'amortissement biphasique est dUpendant de la
ndgligeables Iorsque le divergent est tr~s abrupt, I'Ecou- ft~quence, de la taille des particules, de leur masse
lement stationnaire restant irrotationnel (voir aussi volumique et de la pioportion de phase condens~e. dans
paragraphe 4.32). les produits de combustion. Pour la contribution de la

traInde et des particules de diam~tre 4 uniforme, le
.3.1.4. Aspect biphasinue do N'coulement maximumt d'aniortissement sera obtenu, scion la thlorie

Une onde acoustique est dispers&e e, att~nu~e par 1mnarpu:

une suspension de particules et le problime El6mentaire 1. ____ . 4 (3.13)
de Ia perte acoustique dii A -a phase condens~e des 4"
produits de combustion d'un propergol mitaIls6 a re4;u La th~orie du phenomane Wit pas connu de
une r~ponse depuis plus de vingt mis (r~f. 66). Le progr~s ricents mais on peut signaler quclques probltmes
pbtnornene eat intimement lI6 mix Echages irrdversibles qui subsistent ou qul sent appanis & la suite des divelop-
de quantitE de mouvemtent et de chaleur entre phases. pements rdalisds par aeurs:
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-distribution de la phase condens~e ia phase condensee 3.2.1. Rdponse du propergol aux oscillations de
est suppos~e r~partie uniform6ment dans It moteur. Ncoulment
Cette approximation n'est valable que pour les gros
propulseurs ,les gouttelettes d'aluminium brfllent sur Historiquement, Ies travaux sur la reponse du
une certaine distance ct forment Ies particules d'alumine. propergol wit suivi une d6marche parali~le at ceux sur la
En consdquence, ii existe pr~s de la surface des goutte- combustion stationnaire. La r~ponse du propergol aux
lettes dont It diamttre est de l'ordre 100 pm et au oscillations de la pression statique a d'abord Wt 6tudite
centre de la cavit6 une large distribution des particules, car ii s'agit d'une propriete intrinstque du propergol et
entre 0,1 et queiques dizaines de pmo. L'hypoth~se d'une qui pelt tire d6terminde independamment du fonction-
rEpartition uniforme de la phase condensde tend, pour nement d'un moteur. La r~ponse aux oscillations des
des modes 6l6mentaires, At surestimer I'amortissement autres grandeurs de l'coulement a Wt rEsumde dans le
(r~f. 67) ; lts petits moteurs doivent logiqluement etre terme de couplage-vitesse et constitue l'quivalent insta-
plus sensibles At cet effet. tiorinaire de Ia combustion Erosive stationnaire ; Ie

couplage-vitesse oblige par principe At traiter simol-
-granulomdtrie de Ia phase condensie I a phase tanement Its mdcanismes de combustion et It champ
condensde est caractdrisee par It carr6 d'un diametre a~rodynamique local, comme pour Ia combustion Erosive,
moyen des particules. Or il n'existe pas de donnees; et il s'agit d'une propri6t6 qui nWest plus intrins~que du
expArimentales sur moteur de Ia granutometrie de la propergol mais qui doit associer It propergol et l'cou-
phase condensee dans Ia chambre mais des donndes lement. Dans ces conditions, les recherches sur Ie
obtenues dans des conditions differentes de temps de couplage-vitesse ont Wt tres dependantes de la description
sdjour, par exemple par captation des particules issues de PNcoulement adopt6e, monodimensionnelle ou multi-
de la combustion d'un dchantillon. L'incertitude des dimensionnelle, et ont donn6 lieu aux memes titton-
calculs est donc forte. Un autre probleme tient au fait nements que la combustion Erosive.
que les particules d'alumine sont liquides At ]a tempt-
rature des produits de combustion et donc susceptibles L'tude des r6ponses du propergol n~cessite de
de s'agglom6rer au cours de leur Evolution dans la trailer sdquentiellement Ie comportement instationnaire de
chambre par It jeu des gradients de 1'6coulement Ia phase condenste et celui de Ia phase gazeuse, si~ge des
stationnaire et des fluctuations turbulentes ; 'agglom6- flammes. La phase condensde reqoit un flux thermiquc de
ration pourrait etre favoris6e par une instabilit6. la zone de flamnme et cc sont les m~canismes; de

conduction couples At ceux de Ia degradation en phase
-lois de trainee et de transfert thermique des particules condensee qui provoquent une modification instationnaire
l'adoption de Ia loi de Stokes et d'un nombre de Nusselt de Ia vitesse de combustion ; pour la phase conderisde,
6gal At 2 est cohdrente avec: l'approche lin~aire ;les toute modification du flux thermique est equivalente en
calculs numdriques indliquent une assez forte sensibilit6 premiare approximation, qu'elle suit due At un effet de
au choix de lois de trainde et de transfert thermique plus pression ou At un effet de "vitesse". 11 en va autrement
gendrales. pour la phase gazeuse oit deux effets peuvent se super-

poser I a pression agit directement sur Ia cindtique
-calcul des integrales l, 'existence d'une couche lirmte chimique tandis que le champ a~rodynamique doit atre
acoustique induit un champ de vitesse instationnaire qui pris en compte At un autre niveau. 11 semble raisonnable
peut etre notablement diff6rent du champ de vitesse de supposer que Ie champ aerodynamique se manifeste,
acoustique. L'influence de cet 6cart sur l'acnortissement comme en combustion Erosive stationnaire, dans
df At Ia phase condens~e doit etre plus marqu6 pour les l'interaction de Ia turbulence et des flammes, par l'inter-
gros propulseurs (Ia couche limite se developpe rr~diaire d'une modification des param~tes de transfert.
largement dans la cavite pour Its modes longitudinaux)
et pour It terme de trainee (l'integrale porte sur lud"A1). Dans Ie cadre d'une analyse lindaire, il est legitime de
Des calculs numeriquws simples devraient permettre postuler que Its reponses au couplage-pression et au
d'estimer cet effet. couplage-vitesse sont additives mais l'existence d'un

couplage-vitesse lindaire reste contreversee.
On notera que Ie changement de granulomdtrie

entre les gouttelettes ou agglomerats d'aluminium quittant Le couplage-pression a donn6 lieu At de nombreux
Ia surface de combustion et les particules d'alumine travaux thdoriques et expArimentaux et peut etre considEre
formees a 6t6 ddjit pris en compte, sous l'appellation de comme assez bien connu ; une faiblesse de certaines
combustion distribuee, pour expliquer certains rtsultats mithodes exp~rimentales est toutefois d'utiliser en mode
sur propulseur en T (rEf. 68 At 70). Pour les trts basses inverse Ie bilan acoustique et donc de faire porter sur Ie
frequences caract~ristiques des moteurs segmentes, on couplage-pression toutes les incertitudes de Ia description
peut 6galement s'interroger sur Ie r6le respectif, dans theorique de depart. La couplage-vitesse a soovent &t6
I'amortissement des instabilit~s, des gouttelettes d'alu- etudie en liaison avec une description nionodimen-
minium et des particules d'alumine car Ia formule (3.13) sionnelle de l4coulement et une tendance gintrale a et
privilegie les diametes de quelques dizaines de pm. de lui faire porter It poids de cc qui, dans Ies experiences,

ne pouvait etre attribut au couplage-pression (rW. 7 t). 11
3.2. Pbenomanes de combustion apparalt que la description monodimensionnelle ne

possede pas Ia coherence interne suffisante pour dormer
La combustion du propergol d~termine les une comprehension clare du couplage-vitesse, (rW. 72) et

conditions limites do probltme adrodynamique. LVoscil- qu'il faut passer At Ia description bidimensionnelle pour
lation locale des grandeurs a~rodynamiques en surface de parvenir it une maltrise satisfaisante de ce couplage
combustion induit one modification do d~bit unitaire des myst~rieux. Cette demarche est exactement celle qui a
produits de combustion et de leur temperature d'arrat ; on penmis de dominer Ia combustion Erosive stationnaire et,
parle alors de r~ponse instationnaire do propergol. La comme pour cette dernitre, l'objectif prioritaire devrait
combustion des gouttelettes d'aluminium produite en etre ]a misc au point d'un modtle de paroi 6vitant Ie
surface de combustion pr~sente par contre one cinetique recours i des maillages trop resserrts poor It traitement
de volume et il est permis de s'interroger sur ses caract6- numirique complet de l'instabilitE. Cc modtlc de paroi ne

requ one description gdn~rale couvrant toutes lts appli- .

cations pratiques.

4,K
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3.2.2. Combustion instationnaire des ffoutteletts La s~paration des parties rtelle et imaginaire
d'aluminium conduit A

1r=4 + V_± j (4.2)
Le problme de la combustion distribu~e de AT i

Ialuminium a dtji dtE 6voqu6 (rW. 68 A 70) A 1'occasion R 1) , 2 mrT (4.3)
de l'examen de l'amortissement dli aux phases condenstes. r
La combustion instationnaire en volume est connue pour La fronti~re de stabilitE est donc atteinte lorsque
entretenir les instabilitts des systmes A combustible ou
propergol liquide (r~f. 1). Aussi doit-on s'interroger sur la F2=4 + ..- (4.4)
possibilitE d'une participation de la combustion de cc qui definit la irtquence -a partie r~elle de la r~ponse
l'aluminium aux instabilit~s. Ea visualisation de la est connue en fonction de la fr~quence, i pression donnie,
combustion stationnaire d'un Echantillon de propergol et en tenant compte de FR" > 0.
montre que les agglom~rats d'aluminium brfllent de
mani~re isolie, principalement par une flamme de Le temps dc sdjour F. s'en ddduit par
diffusion; la combustion se fait Egalement en d~sgquilibre -. !de vitesse avec la phase gazeuse, la flamme-enveloppe ne r5  Z~; (4.5)
possade pas une sym~trie sph~rique et le mouvement des Des expressions ph1is explicites de la frontitre dc
gouttelettes eat assez ifregulier. It faudrait Etablir un stabilit6 peuvent atre recherchecs si la r~ponse en
mod~le de combustion des gouttelettes d'aluminium, combustion du propergol peut s'exprimer analytiquement,
recald par rapport aux observations pour le stationnaire, par exemple par le mod~le A deux param~tres A et B, et
puis Eter.du par le calcul pour l'instationnaire, comine cela au prix de quelques simplifications suppl~mentaires
est actuellement rialisE pour les gouttelettes d'ergols comme par exemple le d~veloppement au second ordre de
liquides. Ccci devrait permettre d'Etablir les relations la r~ponse en fonction de ]a fr~quence complexe. Le
entre les oscillations de d~bit et de d~gagement de r~sultat le plus connu est que la fronti~re de stabilitd dans
chaleur avec les oscillations de la pression et de la vitesse Ic plan pression p-longueur caractdristique L* peut atre
du gaz, puis de r~introduire sous forme de termes sources repr6sentde par , .
ces contributions dans le bilan acoustique. Cette d~marche L' p = constante, (4.6)
ne devrait pas poser de probl~me de principe au niveau oai n est l'exposant de pression du propergol.
formel mais se heurtera probablement a de grandes
difficult~s expdrimentales de validation. Las observations rdalisdes sur diff~rents propergols

composites indiquent que Ia frontire de stabilit6 prdsente
4. TRAVAUX RECEN'IS DE LONER parfois une forme plus com,l)exe que pr~vu, notamnment

pour des propergols fortement charg~s en aluminium.
Las trois exemples stlectionn~s correspondent A Certains m~canismes 6chappant A Ia description th~orique

des situations de complexit6 croissante et faisant appel mnisc en oeuvre peuvent etre incriminds et en particulier
des moyens num~riques de plus en plus sophistiquis. La Ia combustion distribu~e de l'aluminium dans Ia chambre.
premier exemple s'intdresse A un aspect thdorique des
instabilit~s en volume. La second exemple porte sur La travail a port6 ici, sans remettre en cause le
l'analyse lindaire de l'instabilitd longitudinale d'un cadre thdorique classique, sur l'influence d'une hypoth~se
propulseur sans tuy~re. La troisi~me exemple illustre la implicitement admise et rdfutde a posteriori par les
simulation num~rique bidimensionnelle d'un moteur r~sultats, A savoir gue lcisl> > 1 alors que les calculs
axisym~trique. indiquent plutlit lei 1 EI = 0 (1).

4.1. Recherche th~orique sur ]a frontire de stabilit6 4.1.2.Desriinmathdaatigue du probltme
pour l'instabilit6 de volume

La lin~arisation des Equations instationnaires pour
4.1.1. Qhiecifs les bilans de masse et d'dnergie, compte tenu des

conditions limites, conduit A
L'instabilit en volume nWest observ~e qu'A basse

pression et ne prisente donc qu'un int~rat pratique limit6 (4.7)
pour les moteurs A propergol so!lide classiques ; on peut 4 l 3(4 F )4
toutefois signaler que certains g~n~rateurs A semi- 2T& j
propergol de statofuste soot sensibles a cc type d'insta- oil R,,,est Ia r~ponse en d~bit du propergol,
bilit6 et que l'utilisation de ]a technique du moteur en L' Rip est la rdponse en temptrature de flamme du
permet d'accdder A la reponse du propergol A basse propergol (r~f. 26).

pression.Cette Equation se rdduit A (4.1) si Il).1 > > 1,
L'analyse theorique lindaire de l'instabilit6 en avec Re . Rm4; et Rrp d~pend de R,.,par

volume est relativement simple et d~bouche sur des
relations analytiques, comme rappel6 dans la r~frence 3. R,~ =. M R ) (4.8)
Dans sa forme la plus rtpandue, Ia relation de base
s'dcrit, en notation complexe La relation (4.7) ne permet pas de s~parer comme

= ._ . .,(41 pr~cidemnient Ie r~le respectif des parties r~elle et
2Y~ T (.1 imaginaire de la riponse en combustion, aussi convient-il

de proc~der autremerit. La mod~le A deux param~tes A
nil R. et Ia r~ponse en combustion du propergol au et B sera adopte pour d~crire la rfponse:

couplage-pression, nAl~s
Ir est l'exposant isentropique des produits de RMp n4 (4.9)

combustion, ss.(Alb-A-03) A
w~ est Ia pulsation complexe 21TF.-Lee, ot) SILS i t 0(4.10)
'Fe est Ie temps de s~jour des produits de combustion et _j wd (4.11)

dans ]a chaxnbre. V
Cette expression invite A poser

-,F J (4.12),
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o6t K est le rapport du temps de sdjour au temps -
thermique a/7. caractdristique de la combustionJ. ry s-'i-) ,S2

stationnaire. La s~paration des parties rdelle et imaginaire de
l'quation (4.13) conduit A dewi 6quations algdbriques du

L'Equation (4.7) peut donc Wte rE~crite sous une 5teme dcgrd en S et du second degrd en K, Equations qui
forme adimensionnelle ,doivent poss~der une solution conunune. Ces Equations

n A~z[+ Wa *)A) (4.13) peuvent etre rEdcrites sous la forme de deux dquations du
(A"-)- +Aj[I .'+ 0 second degrE pour H = K(S.1)/2, A coefficients~0 d~pendant de S. La relation de compatibilitE des deux

1s'agit d'une Equatioi. alg~brique du sixi~n.e dquations du second degrE conduit A une Equtition du
degrd en s oft :pparaissent 6param~tres :uttm derde S quepout etre rdsolue que numdri-

nexposant de pression de la vitesse de combustion, s~lection des racines est ais~e, puisque S doit Wte
sup~ieu A etK positif, et conduit sans ambiguitE A une

ABetD, lis au mod~le de combustion adoptE, solution unique pour tout jeu des param~tes ou A

- exposant isentropique ues produits dc combustion, K$Z.= eif et des rdponses.

le,. param~te de Damkoliler. influence de 1 pour A =11, B/B, = 1,1 et D = 0, 10,
les augmentations de s2, K et Ka restent mioddr~es

Les solutions de lNquatian (4.13) ont fait l'objet lorsque *6 varie entre 1,15 et 1,25. Les variations del?
d'une recherchie syst~matique en deux 6tapes sont faibles et amplifi~es par les fortes, valeurs

de n tandis que celles de K sont plus fortes et peu
-calcul direct des racines, permettant par d~duction la sensibles A n ;KSZ. est par suite peu sensible A n. La
d~termination de la pulsation complexe SZ pour tout jeu partie rdelle de R, reste toujours tr~s voisine de 1,A
des param~tes, quelques pour cent pres.

1 '6tablissement d'un procdd autorisant l'acc~s direct A -influence de D -, pour A =11, 13/13, = 1, 1 et 16= 1,20,
la fronti~re de stabilitE, K Etant alors determin6 en on note tout d'abord peu d'influence de n. 2Z tend A
fomnction des autres paramritres. diminuer ldg~rement, K et KtQ A augmenter de faqon

mod~r~e lorsque D passe de 0,05 A 1,15. La partie rdelle
Les domaines de variation des param~tes ont 6t6 de R, reste toujours voisine de 1, A qL'elques pour cent

pris assez larges et repr~seniatifs des applications pr~s.

-n de 0,3 A 0,6. -inflluence de A et B . pour '6= 1,20 et D = 0,10, les
-A :de 5A 11. param~tres A, B/B, et n ont EtE balay~s systdma-
-B de 1,1 A 2,3 B, B, Etant d~fini pait tiquement car les r~sultats en d~pendent sensiblement.

La synthE.,e met en Evidence qu'A B/B, fixE, KSZ est peu
k~I -Vl+ sensible A A et n ;au-delA d'une valeur Umite de B/B,

JeA il n'existe pas de solution. Cette valeur limite dUpend
11 a en effet Wt ddmontrE que ]a partie r~elle de la principalement de n, elle vanie de 1,45 pour ni = 0,3 A
r~ponse tie pouvait pr~senter un maximum que pour 2,59 pour'n = 0,6 et correspond au fait que la partie
Irs valeurs de B sup~rieures a B,. r~elle de la r~ponse n'atteint plus des valeurs suffl-

samment Elev~es. La partie r~elle de R, reste toujours
*D de 0,05 A 0,15. voisine de 1, A quelques pour cent pr~s, lorsque la
-K de 1,15 A 1,25. frontiare de stabilitE existe.
-K de 0 A 5, pour la premi~re Etape du calcul.

Quelques r~sultats sont prdsent~s sous forme
4.1.3. Calrsil direct des racinsu synthdtique sur les figures 20 et 21. La figure 20 donne la

partie r~elle de R, en foniction de B/B, pour -d= 1,20.
Les racines complexes d'une Equation algdbrique D = 0,10 et n variant entre 0,3 e~t 0,6 ;les r~sultats se

du sixi~me degr6 A coefficients rdels sont rdelles ou deux iegroupent particuli~rement bien sur une courbe ldgA-
A deux conjugu~es. Des consid~rations physiques rement Evolutive au dessus de 1. Sur la figure 21 est
permettent de r~duire le nombre maximal de solutions reportde 6) en fonction de ]a partie imaginaire de R,
admissibles A 3. Certaines solutions ne sont valables que dans Irs memes conditions ;A nouveau les r~sultats se
dans un dornaine bornE de K, soil infdrieurement soit regroupent sur une courbe unique qui fait apparaitre deux
supdrieurement. Les rdsultats permettent d'ideittifier trois faits. Le premier est que la courbe tie correspond pas A la
modes d'instabilit relation lin~aire (4.5) de ]a th~orie simplifidE. Le second

fait tient A cc quoeaF.I ne d~passe pas 1,5 pour
-un mode harmonique toujours stable, l'ensemble des paramntres considdr~s et donc que l'inter*

rogation de d~part sun la possibilitE de simplifier
*un mode stable transitant de l'harmonique A l'expo- l'Equation (4.7) est justifl~e.
nentiel,

A posteriori, les calculs prdsent~s ont Et repris
*un mode passant par les phases successives suivantes, par Ia m~me proc~dure pour la thdorie simplifte comres-
lorsque K croit instable exponentiel, instable harmo. pondant A l'Equation (4.1). Des Ecarts tr~s importants des
nique, slable harnioniquc, stable exponentiel. Ce deiiinier risultats obtenus nespectivement par les thdories;
seul correspond A une froni~re de stabilitE. completes et simplifides sont mis en Evidence lorsque

B/B, tend vers Ia valeur limite au-deli de laquelle Ia
4.1.4. Frontitre de stabilit6 fronti~re de stabilitE disparalt.

La frontiare de stabilitE est caractirisde pare<=~ 0
ou A2 rdel. La variable auxiliaire s reste cependant
complexe ; il est donc int~ressant de faire un changement
de variable: S =s + , o6t S est r~el etaz s'exprime par:

.. ,j .. k

%S

"W! "~.



7-24

(r) 4.2. Instabilit6 loaitudinale d'un moteur sans tuy~re
R c Le moteur sans tuy~re est un type de moteur

,i~xa~ni~iiiitparticulirement simple et de performances modestes qui
- - -- - - -trouve l'une de ses applications privildgides dans l'acc:6lC.

I ration de missiles A statoreacteur. oest dgatement un
anal e col~lemoteur dont l'itude est particulirement ddlicate pui~que

son fonctionnement eSt complttement d~pendant des
7- 1.20 0 - 0,10 m~canitmes de combustion ; il constitue par consdquent

0.5- (0.3< n 0,6)un excellent banic d'essai des connaissances. Le foniction-
0,5 0,3 fl 06)nement stationnaire est caractdris6 par un champ de

pression statique et de vitesse tr~s hdt~rog~ne et une
ddcroissance des pressions en fonction du temps. En fin de
fonctionnement, les pressions peuvent etre de l'ordre de
quelques bars et ii est frfquent que le fonctionnement

-0---- -i------'* devienne osciflatoire et conduise une extinction suivc cu
1 1 2 26 Bnon e ralluage fig 22) Cetype d'instabilitd s8 c intdressant d'un point de vue thorique mais n'a fait

l'objet que de rares travaux (rdf. 6 et 75). 11 prdsente des
Figure 20 - Parlie rdelle de la rdponse en combustion sur la caract~ristiques qui le rapprochent d'un mode d'nstabilitiS

lrontikre dle slabilild en volume en volume ,ii se produit A basse pression et i% basse
frdquence, les oscillations de pression sont hornog~nes
dans le canal, mais dans la mesure seutlement oft A s'agit

1,20 des amplitudes de pression r~duitesecest-i-dire rapportdes
7.,0D-0.10 A la pression stationnaire. D'un autre cftt6, ce type

1,5- (03/no d'instabilitd dchappe par principe A la description
0,3 (n (06) /classique des instabilit~s en volume puisque le nombre de

anal se /Mach de l'tcoulement stationnaire n'ob6it pas A l'hypo-
simplfi~eth~se F1 < < 1 mais est au contraire compris dans le
simpilie /domaine [0,1]. 11 s'agissait donc de reposer rationnel-

/ lement le probl~me et de trouver une m~thode pour le
/ analbse r~soudre.

1 

a 

/ 

coplr

0,5- /

P2P

Fiur 21 - -orlto -nr -i et la -ati -mgar -el

4... /cptlto P 2P

conclusionsP1 P2,iatve P3 capleursdepression

laFire 1 stlt orre sponn Anr une a ale aginar de a
pate r~el eR. aponse en combustion suproonired sahll

de 1. Elle ne peut donc exister pour toute courbe de
rdponse ;si la courbe s'y pr~teecest la condition R,'- 1 0,15
qui d~termine, A une pression done, la fr~quence sur
la frontitre de stabilit6.

-dle correspond 6galement A ui.,. valeur positive de Ia
partie imaginaire de R,~ de la r~ponse en combustion, Essai

valeur qui permet de calcitler le temps de s~jour ou la.
longueur caractdrnstique A une pression donn&e

de Cette th~orie pr~cise Ia sensibilitE de Ia frontire Figure 22 - Extinction naturelle d'un roteur sans tuybre
dstabilitd aux param~tres du calcul et d~montre que sapa ntbt

disparition pour les faibles valeurs de temps de s~jour ne
peut etre expetement pr~dite qu'en l'absencc de toute
simplification.

- *,~':2 ~ $X-
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4.2.1. Description du p2robtme 4.2.2. Bdsi11ats

L,- problame est d~crit par les iEquations monudi- Le calcul d~pend des grandeurs stationnaires et de

mensionnelles, en s'inspirant de la technique utilisde pour la rdponse du propergol. Pour les grandeurs stationnaires, .
le calcul d'admittance d'entrde d'une tuy~re. La lin6a- la solution est grandement simpliflde si le canal est
risation porte umiqucment sur l'hypothase d'une faible cylindrique et la vitesse de combustion uniforme :foutes
amplitude des oscillations vis-A-vis des valeurs station- les grandeurs peuvent s'exprimer analytiquement en
naires ; par contre le champ stationnaire nWest pas fonction de I'abscisse rdduite et l'int6gration peut etre
simpilifiE. Les amplitudes sont rapportdes & leur valcurs rtalisde suivant R- (r6f.6). Si le canal W'est pas cylin-
stationnaires pour Ia pression et la vitesse, l'entropie est drique, un calcul s~parE, 6galement monodimensionnel
6galement adimensionnide dait tire r~alis6 pour exprimer les grandeurs en foniction

. 1 .de S, on peut A nouveau choisir R comme variable
te - 4 v L -- f-. (4.14) d'int6gration en combinant les Equations stationnaires et

'1 i rinstationnaires. La reponse du propergol peut etre prise
Comme rappel6 dans Ia r6fdrence 6, Ia lindari- constante et Egale A celle correspondant it Ia pression fond

sation conduit a 3 *quaticris diffdrentiellcs homoganes avant ou au contraire varier avec ]a pression stationnaire
pouri et 9 - locale par l'interm6diaire des param~tes A et B. Pour

A,*z~' AWd - At. S- lapplication considrlde, Ia rtponse du propergol a 0t6
diduite d'essais sur moteur en L1, comme indiqud au

SA., tP Ayv V 4-Ay,3 5 (4.15) paragraphe 4.1. et avec les rdserves inhdrentes A cette

i~ ~ mdthode exp~rimentale pour les propergols m~tallis~s.
A-8 La synthese des r~sultats est illustr~e par Ia

Les diff~rents coefficients A" . As apparaissant figure 23 pour laquelle Ia fr~quence et l'aniplification pour
au second menibre sont des fonictions des grandeurs le mode de plus basse fr~quencc sont trackns en fonction
stationnaires, de Ia frdquence complexe ri et des r~ponses de Ia pression au fond avant. On constate que ]a
en d~bit et en tempti ature au couplage-pression (on fr~quence A la limite de stabilit6 est bien prddite par le
ndglige le couplage-vitesse). La i~solution de cc syst~rne calcul, tandis que Ia pression est un peu sous-estimde.
n~cessite trois conditions limites L'influence des diff~rentes hypotheses touchant Ia forme

IQ do canal ou l'uniformit6 de la r~ponse du propergol reste
leI systme Etant homogane, on peut choisir Qf= 1 en asset modtr~e.

3 = 0,

les Equations font apparaltre dewc singularitds algd- f (Hz)
briques pour 8=0 (F~= 0, fond avant) et L= Lm=1
fin du canal). 7

Un d~veloppement analytique autour de chaque 50
singularitiS donne les valeurs des inconnues et de leurs--
d~riv~es en ces points 2

'P. - 0 (4.16)(b

Ces valeurs pcrmettent, d'une part de calculer les 0IntbeSal 0
inconnues A proxirnitE de M = 0 et de commencer
I'int~gration numdrique et, d'autrcjpart, de reporter Ia
condition (4.16) un peu avant M = 1. L'int~gration - - Canal cylindrique et reponse calculte au lond avant
numdriquc est rtalisde en nombre complexe. La frdquence - -Canal cylindnque et reponse calculde localement
complexeo. est valeur propre du probl~me puisqu'elle - Canal rdel el reponse calcul6e localement
doit prendre certaine', valeurs pour que les conditions * Essai
limites en IR= 0 et qI = I soient simultan~ment satis-
faites. Pratiquement, on forme le syst~me adjoint
d'6quations diff~rentielles lin~aires bomog~nes pour les Figure 23 - Prevision de la stabildil d'un moleur sans luyere
sensibilit~s sur son premiler mode longtudinal

,-J *8(4.17)-
Z40. 'ewePar ailleurs, il est dtmontriE

Ce syst~me poss~de les memes singularit~s algE-
briques que Ie syst~me (4.14) et on peut d~terminer les -que West quasiment constant en fonction dea, confor-
valeurs des nouvelles inconnues et de leurs dirnv~es en m~ment aux observations.

L'int~gration numdrique porte simultan~ment star qe? s usmn osat nfrcnd

Ic.ysam (4.14) et star Ie syst~me adjoint, en partant du -que - vanie tr~s peu en module mais assez largement
voisinage de R1 = 0 jusqu'l une valeur de; M proche de 1 en phase, en foniction deg.
ott l'Eart A O de la condition diduite de (4.16) est calcul6.
Partant d'unc valeur estimie de wi. une m~thode de Les modes longitudinaux d'ordre Elev6 peuivett
Newton utilisant cc dernier Ecart permet de converger Egalement atre calcules par le meme programme. Les
rapidement vers la valeur propre recherchie. fr~quences sont approximativement en progression

thmtique, comme en acoustiquec cassique ; par contre
les r~partitons d'amplitude et do phase sont extramement
dffirentes en raison de I'influence do I'Ecoulenient

stationnaire.

%. -
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4.2.3. Bdcaiulatin p Mt

Une tborie lin~aire des instabilit&s longitudinales VC (1 ......
d'un propulseur sans tuy~re a EtE dlaborte et misc en
pratique. L'essentiel des observations exp~rimentales peut
etre retrouvE par le calcul, Ies faibles dcarts constat~s ' ~ J V Fpouvant provenir soit de l'approximation lie At la
description monodimensionnelle de l'Ecoulenient, soit de
lincertitude sur la r~ponse du propergol ou la forme du Maillage
canal. Pour Its applications, cette th6orie ne donne pas
des r~sultats tras diffdrents de ceux r~sultant de 'appli- p (b)
cation directe de l'analyse de la stabilitE du moteur en V,
si la pr~caution est prise de calculer le temps de s~jour 46 5
riel pour le propulseur sans tuy&e. L'int~ret de l'analyse
th~orique mende est plut~t fonidamental ;cette analyse
ronfirmne en effet qu'instabilitE en volume et instabilitt
acoustique procadent exactement des memes phdnomanes 0 9o O 8 1.6 25 Tep
et qu'un traitement unifi permet de la d~crire :un mode 46 0Tfl5
en volume peut, dans ces conditions, 6tre considdr6 -

comme un mode acoustique d'ordre 0. T

4.3. Simullation num~rique de modes Iongitudinaux-
radigux 45

La simulation numdrique des instabilitts au moyco
d'une descrption bidin'ensionnelle sera illustrde par deux
exemples. Le premier exemple int~resse le chargement V MnS
axisym~trique usin6 de Ia figure 10 et constitue une V mns
extension de la simulation monodimensionnelle signalde
dams Ia r~fdrence 6 ;Ia simulation utilise Ies Equations 0,0 0 08 ~ 1 '6 25 Temps
d'Eulcr et un mod~le le combustion instationnaire, Ia 700 +_

n~tliode est du type volumes finis explicite. Le second C

r-'emple traite dOine gdomdtne dgalement axisym~triqueI
mas un peul plus simple, la gdomdtrie A de Ia figure 15;
l'accent est mis sur Ie raffinement du maillage et Ia
comparaison entre l'amortissement d~termind numbi- 6 88
quement et celni d iduit du bilan acoustique. RIutt

Le maillage tisd est donn6 sur la figure 24 :, il Figure 24 - Calcul bidimrensinel Euler (chargement axisymrrilnue)
s'agtt d'un maillage ass grossier (mains de 1000 mailles)
et simplifi6 puisqu'il ne suit pas exactement Ies parois du
chargement r~el !ien que reproduisant exactement le essentiel d'entretien des instabilit~s n'a pas Wt reproduit
volume ;ces caractdristiques; sont dicthes d'un. part par par le calcul ;l'dinission tourbillonnaire pourrait 6tre ce
le souci de limiter Its temps de calcul en exrijtation et m~canisme et il 6tait exclu de pouvoir Ia d~crire avec
d'autre part par le choix d'un maillage r holso ...l dans Ia un maillage aussi grossier.
chambre. Les calculs ont 6t0 conduits ii. ois instants de
fonctionnement de la maquette At l'chelle 1/6 =0, 0,5 Au vu des premiers r~sultats, Ia r~ponse du
et Is. Le calcul proc~de en trois 6tapes propergol a Wt artificiellernent augment~e en jouant sur

l'exposant de la loi de vitesse stationnaire ou Ies para-
-recherche de l'6tat stationnaire, Ia vitesse de combustion metres du moditle de combustion, ou encore en modifiant
6tant d~crite par Ia loi stationnaire. l'Echelle pour que la frequence corresponde At un

maximum de riponse du propergol. 11 est ainsi possible
-d~stabilisation num~rique par injection d'un d~bit r~parti d'arriver At des amplifications de Ia perturbation initiale et
au fond avant et pr~sentant trois p~riodes d'oscillation At un comportement naturellement instable du moteur. La
At une fr~quence voisine de ]a fr~quence de cavit6 figure 25 correspond au cas d'une giomntric cylindrique
attendue ;le mod~le de combustion instationnaire est d~crite monodimensionnellement ; un amortissement
activE. prialable de l'oscillation d~clench~e est observde suivic de

Ia naissance, de l'amplification puis de Ia stabilisation d'un
6 tude du mode d'instabilitE naturel, de son amortis- mode sup~rieur. Ce cycle limite a pu atre retrouv6 pour
sement ou dc son amplification. diverses amplitudes et frquences de distabilisation, il

peut etre atteint soit par amortissement d'une forte
Les principaux r~sultats ont W tEes suivants perturbation initiale (stabilitd dynamique) soit At partir

d-une faible perturbation (btabilit6 statique) ; I'amplitude
l a fr~quence d'nstabilit est tr~s voisine de celle pr~vue limite paralt assez peu affect~e par Ie traitement monodi-
par Ic calcul acoustique, elle Evoluc tras peu avec Ie mensiontnel ou bidimensionnell de l'Eoulement.
temps de fonictionnement. La simulation numirique des instabilit~s des
l'instabilit6 est trts amortie comme Ie montre Ia chargements axisymitriques usin~s n'a done pas permis
figure 24, cc qui a Wt une vive d~ception par compa- d'expliquer Its instabilitds naturelles observies. Cette
ralson avec Ies observations mals cc qui est cohirent tentative a cependant Wt fructueuse puisqu'elle a mis en
avec Ia pr~vision du bilan acoustiquc. Un contrdle pr~cis Evidence la possibilit6 de pr~voir, lorsque Ies circonstances
des caleuls n'a pas permis de d~celer une quelconque le permettent, le niveau d'instabilit6. II semble qu'un
anomalie, cc qui laisse supposer qu'un m~canisme progras suppl~mentalre doive encore 6tre fail dans Ia

.... ,.
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physique des dcoulements ou des m6canismes de -d6stabilisation numdrique sur une pdriode, A la
combustion pour par-venir A une privision correcte de la frquence estim6e du premier mode acoustique, par
stabilitd sur ce type de chargement. simulation d'une source acoustique.

6tude du mode d'inistabilitd naturel et de son amortis-
sement.

P (b)

is 1
10

10 20 040 ::0. :60 708o~ 0". ?0

11100 KPO

G6omdtrie initiate

15 1
10 ,;10

I 1 .0 100 110 KPM

(3omdtrie & mi -Combustion

rigure 26 - Ca~cul bidimensionnel Euler maillage (rdf 77)

Fond avant
Un soin particulier a Wti apporte a la sensibilit6

des rdsultats stationnaires au maillage. Le maillage fin

IVc (minis) apparatt indispensable pour canter, puur ]a gdom6trie
initiate, la couche de indlange entre !'dcoulement
provenant du canal et celui iksu du cOne arri~re du

iFI chargement, ce melange provoquant en outre une alimen-
;0'I tation tras hdtdrogene de la uy~re (figure 27). Le

i''t1 maillage fin permet dgalement de mettre en dvidence le
tourbillon stable au fond avant, pour la seconde
g~om !triC.

ti -63

G~om6lrie initiate

Fond avant64 '-.

Figure 25 -Calcul rronodimensionnel (cycle lmile)

GNomndne a ml combustion

4.3.2. Gbanmtrie axisvmtrique standard (r~f. 77 et 78) Lgo snrpqe

t Le maillage utilis6 est donn6 sur la figure 26 - it
s'agit d'un maitlage fin (prts de 20000 mailles) qui suit Figure ;? - Calcul bidimenjonnel Euler * coulement stationnaire
exacitement le profit du chargement. Les calcuts ont Etik
conduits A deux instants de fonctionnement correspondant
respectivement A la gtom~tric initiate et A Ia gdomitric A
mi-Epaisseur brfilles. La rdponse du propergol au Las risultats instationnaires mettent en 6vidence

4couplage-pression W'est pas prise en compte autrement de gros 6carts entre I'amortissement catcut6 nuis3ri-
que par Ia loi de combustion stationnaire Q. 9 P". Le quement et cetui pridit par le bilart acoustique. La
calcul procbtde en trois 6tapcs figure 28 rassemblc, d'une part tes signaux de pression

instationnaire au fond avant, pour les deux giomitries, et,
-recherche de I'Etat stationnaire apr~s une initiatisation d'autre part les amortissements numeriques et du bitan
monodimensionnelle. acoustiquc ID; texposant de la toi do pression station-

-- ~ - 3
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I IFR. -6740 Hz I I FR -.7883 Hz
104 a ±--. L5460 S-I 103 a -- a2549 S-1

1 03 J1 02 - .

102 -101

1 01 - - - 100I

100 I99 I I

6 12 16 20 24 4 8 12 16 20

FAV FAV

KKPM

10 2D 1D 2D

F (Hz) 6362 6730 F (Hz) 7900 7880

cc(S-') -2S67 -5200 a (S ) -1860 -2520

czpc (S1) + 1082 aCtp (S-1) + 432

aCA* (S'1) -1707 (XA( ) -682

correction d'admittance *correction d'admioance

Figure 28 - Calcul bidimensionnet Euler amortissement du premier mode longitudinal

naire vaut 0,7, L'analyse des dcarts fait apparaitre au 5. CONCLUSION
moins une explication : l'ht6rog~nit6 de l'6coulement A
1'entrde de la tuyere induit une admittance d'entr6e de L'6tude des instabilit~s de combustion des moteurs
tuy~re non uniforme si bien que le bilan acoustique 1D A propergol solide reste d'actualit6 et passe ndcessai-
sous-estime assez largement la perte de tuyare, rement par une analyse ddtaillee des ph~nom~nes d'6cou-
notarnment dans le cas de ]a gdom6trie initiale pour lenient et de combustion. Le succ~s mais aussi les limites
laquelle la surface du c6ne arriare repr6sente plus de des m6thodes d'analyse lindaire et du bilan acoustique
50 % de la surface du canal cylindrique. Le bilan tiennent autant A leur relative simplicitt de mise en
acoustique tient d'autre part compte de l'amortissement oeuvre qu'A leur apparente facilit6 d'interpritation -if
de ]a couche lirnite acoustique qui nWest pas r~solue par le nWest pas indispensable de connaltre dans le dMail l'Ecou-
calcii effectu6, ce qui complique la comparaison. lenient stationnaire dans la chambre du moteur et (i est

possible d'attribuer un gain et une perte A chaque
Ces r6sultats sont encourageants dans la mesure oil phdnomlne Elementaire retenu. Cette d~marclie se heurte

ils laissent esp~rer la possibilit6 de parvenir A la prevision A des difficultis conceptuelles qui maiheureusement
numdrique de ]a stabilitiS d'un moteur et sans doute A unc riintroduisent les caract~ristiques fines de l'icoulement
exploitation plus precise des essais en terme de r~ponse stationnaire, que ce soit au niveau, de la surface de
du propergol par la prise en compte d'une meilleure combustion (zone d'adaptation traduite par les termes de

itdescription de PiEcoulement. Une prochaine 6tape devrait de I'Ecoulemtent (instabilites hydrodynantiques ou emission
porter sur Ie traitement laminaire de l'dcoulement et des tourbillonnaire). L'introduction d'un terme de couche
problames de couche lirnite acoustique associ~s, cc qui llnsite acoustique dajis le bilan acoustique paralt possible
ntcessitera probablement la misc au point d'un mod~le de si cette coucbe linite est suffisamment peu 6paisse pour

paroi.que son effet soit ranien6 e,. surface de combustion ; la
prise en compte de l'Enmission tourbillonnaire semble par
contre plus delicate nais I'analyse thorique fournit un
guide permettant d'apprdcier si ce phdnombne peut 6tre
d~stabiflisant.
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Ignition and Unsteady Combustion of Solid Propellants

by

Kenneth K. Kuo, Ph.D.
Director of the High Pressure Combustion Laboratory

Dept. of Mechanical Engineering
312 Mechanical Engineering Building

University Park
Pennsylvania 16802

United States

ABSTRACT

The second lecture will be based upon the book chapter entitled "Solid Propellant Ignition Theories and
Experiments", by Prof. C.E.Hermance and the AIAA Journal paper on "Review of Solid-Propellant
Ignition Studies", by Profs. A.K.Kulkarni, M.Kumar, and K.K. Kuo. The experimental and theoretical
literature pertaining to the ignition of solid propellants over the past 25 years will be reviewed. The
purpose is to present a cohesive description and evaluation of the research in solid-propellant ignition to
date. The effects of important parameters on ignition processes will also be dicussed. Major technologi.al
gaps in this area will be presented and future research study topics will be recommended.

The portion concerning transient burning of solid propellants will be based upon the book chapter by
K.K.Kuo, J.Gore, and M.Summerfield. Transient burning behavior of solid propellants often occurs
under a rapid pressure excursion and is caused by the finite relaxation times required for the solid and/or
gas phases to adjust their temperature profiles. The instantaneous burning rate under transient conditions
may, therefore, differ significantly from the steaay-state value corresponding to the instantaneous
pressure.

All the presentation materials are available in the open literature.
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CC zABUSTION AND SAFETY OF SOUD PROPELLANT ROCKET MOTORS I
T. L. Boggs

Research Department
Naval Weapons Center

China Lake, CA 93555-6001, USA

INTRODUCTION It was said that one of tse key elements of this approach
is the hazard assessment protocol. What is a hazard

The subject of munition safety is one of continuing assessment protocol? It is an orderly procedure that
importance, with recent emphasis in various insensitive results in a flow-chart that directs the user through consid-
munition requirements, because of the potential damage eration of a hazard area. This consideration will be of his
that can be caused by any device highly loaded with ener- sample (whether it be an all-up munition, a component, or
getic materials. It is a difficult task to prevent a test article) in its environment subject to the threat
inadvertent initiation and to mitigate the effects of stimuli likely to be encountered. The hazard assessment
reactions once initiation has occurred. This difficulty is protocol helps tell the designer and test personnel, (1)
compounded by several considerations such as: what paths are most likely to be encountered, and hence

must be considered, and (2) what information must be
(1) The initiation can occur via many mechanisms. It obtained m order to perform the assessment. Becausc the

can be due to bullet or fragment impact; through electro- assessment is based on logic and directly associated with
static discharge; accidental dropping of ordnance; or the ordnance item in a real environment and subject to
through exposure to fire, hot gases, steam leaks, etc. real threats, it has more value than the results of a few
There are mixed sensitivities in many instances; for go/no-go hard tests. The protocol approach is intended
example, nitramine containing propellants are hard to to be (I) a design tool used early in the design cycle to
ignite by thermal stimuli; however, they are more bensi- anticipate potential hazard problems, and (2) an aid to
tive to mechanical shock that can cause detonation, program personnel to mitigate existing munition hazard

problems. The protocol approach is more extensively
(2) Solid propellants have evolved to meet increased described and used in Reference 1.

performance requirements. The need for high bum rates
have led to some propellants that are extremely easy to Perhaps it is easier to understand the protocol approach
ignite, especially as they age. Similarly, the need for by working through a simplified example: impact of a
increased range and decreased signature has led to propel- fragment on an idealized munition consisting of a case
lants having high specific impulse with little or no metal wall-energetic fill-case wall. IThere are several possible
ingredients. Some propellant formulations, in an attempt reactions as illustrated in Fig. 1. The first consideration
to meet low signature, high performance requirements, are is the prompt shock to detonation. In this situation the
almost identical to high energy plastic bonded fragment impacts the munition, sending a shock wave
explosives, into the cased energetic material that this shock w.ve

transitions into a detonation. If the fragment does not
This topic area has been widely discussed in the past. For impart sufficient energy to cause a detonation, we may
example, the rec-nt AGARDograph No. 316 "Hazard still have a significant problem resulting from the
Studies for Solid Propellant Rocket Motors (Ref. 1) fragment penetrating the case. If the fragment penetrates
devotes over 150 pages of text and over 200 references to several possibilities are likely to occur. The worst is that
this subject. Obviously the present paper cannot discuss the fragment ignites the energetic material and the
the subject to the depth of the AGARDograph. Instead, combustion rapidly produces gases that can't be vented
because of space limitations, this paper will be devoted to quickly, In this instance the munition may violently
the comtustion aspects, and will only briefly discuss explode sending large to modest fragments at high
these topics. The intent is to provide an overview of the velocities. Another situation that often occurs, generally
subject (and the material contained in the AGARDograpb), with less severe consequences, is that the fragment
and refer the reader to Reference I for more detail. In because of its high velocity and/or large mass, either pen-
many instances passages from Ref. 1 are repeated here. etrates directly through the munition and doesn't ignite

the energetic material and/or provides an extremely large
The authors of Reference I felt that a program leading to 'ent and/or breaks open the case. In these instances, a
mechanistic understanding of reactions and the ability to tire may ensue but at least there was no detonation or
predict hazard response was required. It was felt that the explosion. The last instance, and the most desired, is
traditional, standard go/no-go tests did not provide this th. t the fragment simply hits the case and bounces/
understanding nor the predictive capability. A hazard ricochets off causing no reaction.
assessment method that considered classes of output rn.rs..s.urvo
(detonation, explosion, burning, and no reaction) in terms MOMPT5"-5 DITONAMON ,0
of input stimulus and target (includes sample and envi-
ronment) was developed after many discussions. Key to
this effort was the hazard assessment protocol. By work-
ing through a hazard protocol, the user could develop haz-
ard assessment/response plots that described his munition
subject to many stimuli of a given type (for example
those combinations of fragment mass, fragment velocity, , AMEWED wouto"AZwt

and fragment shape leading to detonation, those combina- "
tions leading to explosion, and those combinations lead-
ing to no reaction). The hazard assessment/response
plots can then be compared to the fragment masses,
velocities, and shapes for a given threat (e.g., warhead) to
determine the likely response of a given munition for a Fig. 1. Possible Reactions When a Fragment
giv.n threat. Impacts a Cased Energetic Material.
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Which reaction is likely to occur? This is where the pro- If there is no prompt shock to detonation, we still must
tocol comes in. Let's take a simplifigd look at this prob- be concerned with the penetration effects [Note: We con-
lem. Our first concern was: "Do we get a prompt shock sider SDT first because (1) it is usually the worst reaction,
to detonation?" (SDT) The protocol path of Fig. 2 and (2) if it's going to occur it will be the first (and last)

addresses this concern. We first start with the fragment occurrence, taking place in microseconds, for that muni-
having mass, velocity, size/shape, and orientation; and tion.] In the penetration path, Fig. 3, we are first con-

let's say that this is the first fragment impacting the cerned with whether the fragment can penetrate the case,
munition. The first question to ask is how does the diam- that is, is there sufficient mass and velocity of the projec-
eter of the fragment compare to the critical diameter of the tile to exceed the ballistic limit of the case. If not, we
energetic propellant (or explosive). The critical diameter have the desired bounce-off/ricochet. However if the mass

is the smallest diameter that will sustain a detonation. If and velocity exceed the ballistic limit, we must ascertain
the fragment diameter is much less that the critical diame- by how much, If the mass and velocity greatly exceed the

ter of the energetic material then a prompt shock to deto- ballistic limit, the fragment may pass through the muni-
nation transition is unlikely (however other mechanisms tion without igniting the energetic material and/or over-
such as deflagration to detonation transition may be pos- venting the case.
sible) and one should proceed to penetration
considerations.

fA" OSE'uL~tp tZaT d.C ittt~ o r s

Fig 2.. l Hazard Assessment Protocol for Fig, 3. S Hazard Assessment Protocol for

Prompt Shock Induced Detonation of a Cased
Enereti Maeril Sbjec toFramen Ima=.Fragment Impact/Penetration of a Cased Energetic

Material.

If however the fragment diameter is approximately equalto or bigger than the critical diameter, a prompt shock to If the mass and velocity don't greatly exceed the ballistic
detonation may ensue; and one must compare the shock limit, e.g., the fragment lodges within the grain. we must

pressure imparted to the energetic material by the impact then ask if ignition occurs. If no, that's desirable. If

to the initiation pressure required to cause detonation. If yes, then we r~ead to know the bum rate, burn area, pres-

the mpated resure s blowthe hrehold prmpt sure and vent size (not independent parameters) in order to

shock to detonation is unlikely (but again other detona- determine if we can vent the products fast enough or

tion mechanisms; may occur - DDT, XDT). whether an explosion is probablo, If we can vent we
still have a fire problem to contend with, If the products

If however the imparted pressure is above the thrt.hold, a are no vented fast enough an explosion can occur and the
detonation is very likely and we must compare the web explosion can lead to other sympathetic reaction of adja-

thickness to the run distance. Do we have enough ener- cent stores - up to and including sympathetic detonation.
getic material to allow the shock wave to build to a deto-nation? Unfortnately usually if we have a small enough To predict likely reactions in this path, we must know the
critical diameter and a low enough threshold, we also ate ballistic limit of the case, the high rate mechanical prop-
a small enough run distance that a detonation is extremely er.es of, the ent lodesi egrain e frag-

pressure ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ met impartedit to the energetic material, bym teipc th akiigtoncur. ntatsdsrae. Ifd

probable, and it's back to the drawing board or time to ye, th e kn eburn rate, burn ra, pnd

consider mitigation devices or start thinking up clever burn area of the energetic material, as well as case con-
arguments why a waiver should be granted, finement and venting.

Even if you come through this path relatively unscathed, The protocol discussed above and depicted in Figs. 2 and

you may have to go through it again, this time cotider- 3 is a simplified example. The current b vlet/fragment
ing damaged energetic fill. The damage cas come from impact protocol is on a 2 foot by 3 foot chart and is

ma y sources: handling, age, hit by previous fragment, described in everal pages of text. Before dismissing this
etc. Now you must o through the pathc but this e up to d ihe reader must be cautioned toat
with the v ral o a e l. c damald mat- (1) while the protool considrs all the pths, the user

dent"odown" al h ahs 2 h esosstarials ore usually more sensitive than their undamaged Toedct lky atn itis pathe mstkno the
counterpar For example, 1% voids can cat se the initia- the user gliv direct him through the pth appropriate to

tion pressure to drop from 40 kbars to 20 kbas (Ref. I- his situation and (3) the protocol is bing put into user-
3). friendly personal computer compatible software. At
ppresent ini easy to use and whenthe software is omr-

Before leaving this path, let's tink about what data are bnea of the evn eeierialus we l
requied for the assessment. We need the critical diameter,
the initiation pesnr threshold (as a function of time) Once you have the data required by the protocol, what do
the n distanco (g i function of presse) of thtm idm- you do with them? m f e da t can be u led, to orruet a
iSa ang damaged energetic l te aage a coe fo iaro asses oent plot shovby in Fig. 4. Starg at t
edt h vle for damaged f materences 1 a s rght hand of this figuprotc we first determine what combina-

dri io areusuallmo ne sfproenstve t tefre nda d d" lt h. .) e rp t
teciunpas for obtaining these data. us gv rectim throuth pat apopte to

3).Frin ly, p o mf

prsn Zti ayt s n hn-h otaei on

Befoe lavig ths pthlets thnk bou wht daa ae pete t wll e een esie touse
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detonation. This region is ameliorated at the lower values example given in Fig. 6, there are many fragments over
of mass (smaller diameters) by critical diameter considers- 1000 grains with a velocity of approximately 6800 ft/sec.
tions (for a more complete discussion of critical diameter [Note: There re 7000 grains/lb. A 1/2 x 1/2 x 1/2 inch
effects, please consult pg. 140 of Reference 1). Also cube of steel is approximately 250 grains.] Similarly
shown on Fig. 4 are the ballistic limit lines for the case there are several fragments of 6600 grains (almost a
(B.L. is the single ballistic limit line, while 2 B.L. is the pound each) with a velocity of 4200 ft/sec. These are
ballistic limit for penetrating one side and emerging obviously in the prompt shock to detonation region and
through the second side.). Somewhere between/near these represent a serious problem that must be designed away or
lines is the explosion phenomena (sometimes referred to mitigated.
as bum to violent reaction, or BVR for short). The
region to the left of the ballistic limit line is the bounce-
off/ricochet zone, while the region to the right of the
explosion region and to the left of the detonation region
is the zone of over-vented reactions. . BURN

TO
VENT

01N 281 ...

FOR A GIE CAVE5
A GIVEN PROPELLANT

UNFS'AREAS CRANGE j RICOCHET

* OTER CASE (LOW HAZARD)
PROJECTILE i ~~ nPL~4

MASS oy 0in PROPELLANT
M TEMPERATURE

4
RP V\~, •DAMAGE

VELOCITY Val

Fig. 5. Hazard Assessment/Response Plot of

PROJECTILE VELOCITY Fragment Impact of an Actual Munition Component.

Fig. 4. Hazard Assessment Plot for Fragment Also shown on Fig. 6 by the square symbol is the stan-
Impact of a Cased Energetic Material. dad U.S. insensitive munition fragment test fragment

(250 grains and 8300 ft/sec). Obviously in this example

The actual locations of such lines on a hazard assessment this test would say that there was not a prompt shock to
plot are going to be dependent on the various munition detonation problem, although the munition would fail the
designs, the environment, and the threat stimuli, and will test due to explosion.
change as you change the design, the environment, and
the stimuli. The point to be made here is that one of our Once you know that you're in trouble, plots can be used
goals has been met: y o redi c hazard respo to help get you out of trouble. Figure 7 shows the effect
bsed 2alaory nd sal-sLe fid tests, et~v& in of using various steel barriers in mitigating the impact of

the two fragments discussed previously. These calcula-
h j sc.v ffecta then igni hange Thiswillbe tions were done using the Thor description of fragment/

se h tbarrier interaction. Other descriptions are also available.
more clear below. In the Thor description 1/4 inch thick steel barriers will

move the 1140 grain fragments out of the detonation
While the cartoon of Fig. 4 shows the over-vented zone, region and approximately 3/4 inch thick steel barriers
in reality at present we have difficulty predicting the exact will move the effects of these fragments, not only out of
location of this zone. We know it exists and have the detonation region, but out of the burn to violent reac-
specific examples of when it exists for given munitions tion region.
and given threats, it's just that we have difficulty in a
priori prediction. So instead of the hazard plot of Fig. 4,
we use the semi-logarithmic plot of Fig. 5. [This is an , • •
actual plot for a given ordnance item.] Here the three
areas (pro.ipt detonation, bum to violent reaction, and
ricohet) are shown and one can see the general vulnera- .
bilities of this particular munition. " *, a

While knowledge of a munition's vulnerability is very V " * .4 " i
desirable, it can be extended to determine the vulnerability a . .. . ..........
of the munition to a specific threat such as detonation of e
an enemy warhead or detonation of one of our own war- o .. ,
heads (sympathetic detonation). To do this we need a *£
mapping of the threat fragments. O * • •

Figure 6 presents such a threat spectrum overlaid on the S
hazard map of Fig. 5. The circles show the various frag- V .T. o ,11o T -.T*TV

ments in terms of their mass and velocity. The size of VLOC N

the circle is indicative of the approximate number of Fig. 6. Overay of Actual Fragment Distribution (the
fragments having that mass and velocity (1, 10, 100, Size of Circle Denotes Approximate Number of
1000). Fragments: 1, 10, 100, 1000) From Threat Warhead

Overlaid on Hazard Assessment/Response Plot of Fig.
This overlay plot is obviously very valuable in showing 5
the vulnerability of one munition to another. In the

-n ,.

, I . ,,,,,,,,. ,,,, ,,--, , , , ,,, ,, ,1t 'i- ,
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EffECr ON FLUX- GENERAL
WHEN AN ENERGETIC MATERIAL IS SUBJECtED TO A HEAT

FLUX (ENERGY MNMT SEIVERAMOCESSES OCCUR

2 N S55TAINEO ZOMSUSiGN
(EQUIL BRIUM ENERGY RELEASE)

" Z GO/NO - GO IGNITION LOCUS

2 2 R - IGNITION REACTIONS

-< NINERT
S S'EATING

i 1l 
',I ,  

,(INOOTHERMIC OR MILDLY EXOTfHERMICI

LOG ENERGY FLUX

LOCATION OF TIESE LINES (AND HIENCE ENERGY RELEASE)
DEPENDENT ON MANY VARIABLES

Fig. 8. General Depiction of Ignition Process.

VELC 'Y llsFor a given energy level (the dotted line in Fig. 8) a
Fig. 7. Effect of Placing Different Thicknesses series of events are shown at various times over which the
(in inches) of Steel Bamer Between Threat and sample is subject to the flux. For some initial time,
Acceptor Munitions. nothing appears to be happening. If the energy flux is

terminated during this time and the sample examined, no
The above is an illustration of one hazard assessment pro- significant decomposition of the exposed surface is seen.
tocol. Protocols exist for all of the ha7ard areas. From Figure 9a shows a sample of a high energy propellant
these protocols for bullet and fragment impact, sensitivity containing nitramine which was subjected to 200
to electrostatic discharge, cook-off, shaped charge jet cal/cm2sec for a time just prior to first gasification
impingement, and sympathetic detonation; many ignition, (evidenced by "first light" detected by a photodiode). No
combustion, explosion, and deflagration to detonation significant reaction has occurred but a thermal profile is
considerations are called for. It is suggested ,hat the being established within the solid. It is not until the
reader review Reference 1 for an appreciation of what must "first gasification" time is achieved that the sample starts
be considered in the various protocols. In the ensuing to significantly decompose. The flux has established and
sections the ignition, combustion, explosion, and detona- deepened the thermal profile in the solid until a surface
tion phenomena will be presented in a general form, irre- temperature is reached that causes significant abla-
spective of what protocol, or what path within a protocol, tion/decomposition at the surface. For exposures slightly
the phenomena might find application, longer than the time necessary for this initial gasifica-

tion, :he sample continues to gasify but does not ignite
IGNITION in the classic sense of ignition. That is, if the external

energy flux is removed, the sample will cease gasifying,
Ile transition of a cobustible system from a nonreactive the temperature profile in the solid will collapse, and the
or very slowly reactive state to the state of self-sustained sample will not combust. Figure 9b is a sample subjected
combustion can either be effected by an external scurce of to 200 cal/cm2sec at a time just after first gasification (as
ignition or may originate in the combustible system on evidenced by "first light") and shows some decomposition
its own, if the boundary conditions are in an appropriate of the surface, while Fig. 9c shows another sample at 200
range. This latter process is called autoignition or ther- cal/cm2sec and a time just less than that required for
mal explosion and has been dealt with in Section 5.1 of "go/no-go" ignition. This sample shows significant
the AGARDograph (Ref. 1) and will not be discussed in decomposition. Ignition is not achieved until the condi-
this paper. Ignition is the beginning of every combus- dons of flux-time associated with the line indicated as
tion process. Hence it must be handled effectively when a "go/no-go ignition" on Fig. 8 have been achieved. At
controlled combustion process is to be initiated, and it this time, and for longer exposure times, the sample is
must be prevented reliably if accidental fires and explo- ignited in the sense that if the external energy flux is
sions are to be avoided. This process is also important in removed, the sample will continue to burn by itself with-
laboratory type investigations either to look into the out the external ctimulus (Ref. 4). There is another region
ignition process itself, or else to classify the sensitivity of "overdriven" combustion--higher fluxes and steeper
of propellants with respect to planned or accidental igni- thermal profiles, where removal of the flux will also cause
tion stimuli, to classify additives, or to assess the influ- the sample to extinguish (Ref. 5).
ence of external parameters.

Figure 8 is a generalized depiction of the ignition
Solid propellant ignition is both a process and the suc- process. It defines three regions separated by two lines:
cessful completion of that process. As a propellant sam-
ple is externally heated, there is an increase in the surface Inert heating region
temperature and a build up of a thermal profile. When First gasification line
gasification of the sample begins, the gaseous products Pre-ignition region
begin to react exothermically. This heat release increases Go/no-go ignition curve
the gas temperature, and thus, the reaction rates. With Self-sustained combustion region
additional heating and accumulation of gas phase species
the flame will "snap back" toward the propellant surface. The location of these lines and their relationship to die
At this point, the flame provides sufficient energy for described regions is dependent on many variables.
propellant pyrolysis, the external heat source is no longer Propellant formulation external energy level, and test
necessary, and ignition is complete. These processes are pressure all contribute to the time relationship between
graphically illustrated in the general log flux-log time, the establishment of the thermal profile and self-sustained
ignition plot shown in Fig. 8. combustion.

f7
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(a) (c)
Fig. 9. Nitramine Containing Propellant Exposed to 200 cal/cm2sec at (a) Prior to First Light/Gasification,
(b) Just After First Light/Gasification, and (c) At a lime Preceding Go/No-Go or Complete Ignition.

Exposing a solid propellant to high energy levels may for a cast modified double base. Propellants incorporating
not be sufficient to initiate combustion. The pre-ignition high nitramine loading also display this pronounced pre-
region is important in that it is in this region that the ignition behavior.
solid has gasified into reactive intermediate species
(pyrolysis products), but these intermediate species have The implications of the pre-ignition region on deflagration
not reacted to final products; thus self-sustained combus- to detonation transition and other transient combustion
tion has not been attained. Unfortunately, many related hazards has been discussed in Refs. 6, 8, and 9.
investigators view propellant ignition as simply a switch
based on a critical surface temperature of the solid. When
satisfied, an instantaneous change is made from a non-
reacting inert solid to burning at steady-state with fully
reacted gases. While this criteria may be useful in some ,
cases of ammonium perchlorate-rubber propellants where
the samples ignite almost immediately after first
gasification, it does not match reality for all solid .... G s M.

propellants and test conditions (ReL 2). Concepts such Y
as minimum ignition energy or ignition temperatures have F_ I _1 _:

been introduced in this manner, notions which have
certain merits in spite of the fact that their meaning is Go 10M
equivocal and that boundary conditions are important,
which usually is ignored when applying the data to other
situations. In general, AP-based propellants tested at low -
flux levels and high ambient pressures show little or no
detectable difference between go/no-go and first light/first 0 . o
gasification. Nitramine based propellants under similar FUX MOR SEC

conditions, display significant pre-ignition behavior (Ref. Fig. 10. Effect of Flux and Pressure on Ignition
6). Pre.ignition behavior can be demonstrated in the AP- of Ammonium Perchlorate-HTPB Propellant.
based propellants by increasing the flux level and
decreasing the test pressure (Ref. 7).

Typical Results

The effects of flux and of pressure are shown in Fig. 10 G oo o,
for a predominantly ammonium perchlorate-HTPB binder
propellant. The effect of flux is clearly seen for the first
gasification line and the various go/no-go lines. The
effect of pressure is also clearly shown. Since the first
gasification is essentially the ablation of the solid and
primarily dependent on surface temperature, pressure 0000 002MP00

should have little or no effect on this line, However, the
rate of conversion of pyrolysis products to final rea-ion F1G3 GCATIM

products is very pressure dependent and the go/no-go
ignition locus reflects that pressure dependence. The
region of pre-ignition reactions discussed earlier (the
difference between first gasification and go/no-go lines) is '0,o 000
clearly evident for the 50 psia case, as is the RUX CC.sC
diminishment of the pre-ignition region with pressure Fig. 11. Effect of Flux and Pressure on Ignition
increase to 100 and 200 psia. of Cast Modified Double Base Propellant.

Similar behavior, but with even more pronounced pre- This is a general overview of ignition due to thermal flux
ignition behavior, is shown in Fig. 11, the ignition map delivered to the surface (the examples given were for

radiant flux). A more detailed description of ignition is

:X
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given in Reference 1, and is part of this course (Professor The following sections briefly discuss burn rate and bum
Kuo's discussion of ignition). Reference 1 also discusses area considerations, as well as providing references to
ignition due to impact, friction, fracture, and electrostatic more detailed discussions.
discharge. Burn Rates of Energetic Materials
In addition to a basic understanding of ignition, there

exist several "rules of thumb" that people sometimes use. The rate at which a solid is converted to gas during corn-
Two such "rules" that are sometimes helpful are: bustion is commonly called the bum rate and is a function

of pressure, as discussed above, initial sample tempera-
(1) Propellants based on ammonium perchlorate often rure. and boundary considerations such as flow past the

ignite as soon as the stimulm causes rapid gasification of surface (often called erosive burning). (This topic is dis-
the propellant. Remember AP propellants usually have cussed in another section of this lecture series.) The
less of a pre-ignition region than do double-base or effects of pressure and initial sample temperature are
nitramine based propellants. shown in Fig. 12a.

(2) Within a family of propellants. the faster the
burning rate the easier it is to ignite the propellant. -

j 
: F

As with all "rules of thumb," the above rules should not
be blindly used.

What are some of the implications for hazards based on - X
the above discussion? Obviously propellants that don't _-:
ignite at low pressures (i.e., don't sustain) have some '
advantages in several hazard areas. We also know that r 20 K
high bum rate propellants. especially those incorporating -
ammonium perchlorate and catocene, ignite easily; incc - W K_ - _
some cases during routine storage and handling. As will z
be briefly shown later, and in more detail in Reference I, m

propellants with significant pre-ignition behavior, friabil-
ity, and shock sensitivity are extremely susceptible to
deflagration to detonation transition (DDT) and other
forms of delayed detonation.

COMBUSTION

The pressure-time history due to burning propellant in a 00 1000 10000
closed (or semi-closed) container is a function of several PAES , ps

considerations and can result in propulsion, explosion and Fig. 12a. Burn Rate as -a Function of Pressure
even transition to detonation. As shown earlier in the and Initial Sample Temperature.
simplified fragment impact protocol, the balance between
gas generation vs gas venting determines whether an ]- 4 -- T 

-

explosion can occur. Similarly a deflagration to detona- LAI --.
tion transition can occur if several conditions, some - t- . --- , -
related to ignition and combustion, are met. 4 "|

The pressure-time history is a function of the mass burn- 4 4 I

ing rate which in turn is a function of the propellant den- -VKL... - -
sity, burning surface area, and surface regression rate(often called th e lin en r bu rn Tate or sim ply bum rate)o l I ' .. .i ' l ,llll

p, t=f(m ) .
m= Ab _--- . ,-

However, the surface regression rate is a function of pres-
sure, often given s r = Cpn. I- f
From the above brief discussion, we can see that there are
several factors involved with the combustion of a con-
fined energetic material, and how that combustion can lead I -. -- .
to hazardous situations. The pressure-time produced from zoo l S ' IA loOOO

the combustion of the energetic material must be com-

pared to the dynamic mechanical behavior of the case, Fig. 12b. Bum Rate as a Function of Pressure,
with proper consideration of the venting, to determine the Showing a Slope Break at High Pressure.
overall response. The gas production rate produced by the
propellant is a function of: (1) the surface regression rate Bum rates have been measured using various devices.
of the propellant, which in turn is a fuiction of the These devices and the data that they produce have been
pressure, and (2) the bum surface area of the propellant reviewed in Ref. 10. As discussed in Ref. 10, there are
which is in turn a function of the surface regression basically two types of combustion bombs: low loading
history. density (less than 0.01 gram of sample per cubic centime-

ter of bomb volume) combustion bombs (LLDCB), such as
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strand burners or window bombs, and high-loading density If one keeps the above consideration in mind, une can use
(greater than 0.01 gram per cubic centimeter) combustion the bum rate data and ignition dsta as special cases to
bombs (HLDCB), such as the closed bomb. The LLDCB evaluate kinetic data.
are essentially constant-pressure, constant-volume devices
which give the burn rate at a given pressure. To get a Discussion of such a model is beyond the scope of this
bum rate versus pressure curve, multiple runs have to be paper but can be found in Ref. 12. Briefly, these models
made. are based on two competing solid to pyrolysis product

reactions, followed in each path by sequential pyrolysis
The HLDCB is essentially a constant-volume device. As product to final product second order gas phase reactions.
the sampie burns, the pressure within the closed vessel The kinetic parameters of Arrhenius pre-factor and activa-
increases. By measuring the pressure-time record of the tion energy (four pre-factors and four activation energies)
process and applying suitable thermochemistry, the mass together with corrasponding energy release are determined
burning rate-time can be calculated. By assuming a form by evaluating what values give the best fit to actual burn
function (a burn area-surface regression relationship), the rate [r = r(p,To)] data and flux-time-pressure ignition data.
surface regression rate (bum rate)-pressure relationship can These parameters are then "frozen" and used in other
be calculated. Thus in one run, a burn rate-pressure curve experiments to predict laer augmented burn rate, convec-
can be calculated. tive combustion, and DDT.

Bum rate data are required for protocol considerations as Burn Area
discussed earlier, and in other protocols presented in Ref.
1. The data are used in other not so obvious ways: (1) Burn area is an extremely important determinant of the
the slope of :he burn rate-pressure curve, when plotted hazard severity given inadvertent ignition of the propel-
logarithm burn rate-logarithm pressure is the burn rte lant. Damage is involved in many hazard scenarios such
exponent (n in the equation r = Cp n ) and can give some as bullet/fragment impact, ESD, and some slow cook-off
indication of potential hazards, and'(2) the temperature areas. The damage can be pre-existing before ignition/
and pressure sensitivity of bum rate, coupled with igni- combustion, or it may accompany the ignition/
tion data, can be used to evaluate kinetic parameters, that combustion. The burning of pre-strained (hence. in some
are, in turn, "frozen" input variables to be used in tran- cases, pre-damaged propellant) is described below.
sient combustion codes to predict convective combustion
and deflagration-to-detonation transition. The Effect of Strain on the Burning Rates of

High Energy Solid Propellants
Bum rate exponents very near unity and above are to be
avoided since a small increase in pressure has a cone- High energy propellants usually have a high solids lopd-
sponding larger effect on burn rate, which increases the ing (the portion of solid ingredients such as ammonium
pressure, and increases the burn rate and so on until a case perchlorate (AP), cyclotetramethylenetetranitramine
failure or explosion results. In rocket propellants slope (HMX), aluminum and other ingredient, such as solid cats-
breaks as illustrated in Fig. 12b often occur at high pres- lysts) as compared to the polymeric binder. An obvious
sures. Many times the high pressure portion of the bum condition accompanying high solids loading is that there
rate curve has a burn rate exponent very near or slightly is less polymeric binder "glue" to hold the solid particles
greater than one. (NOTE: Before leaving this subject of together to form propellants having acceptable mechani-
bum rate exponent, it should be mentioned that one must cal properties. Given these highly loaded propellants,
be cautious of data showing slope breaks in bum rate one would like to know such things as how far can a pro-
curves. In some instances, combustion within the pellant be strained before ballistic anomalies (such as
sample, as will be discussed later, occurs and as a result burn rate augmentation) become significant.
the burning surface area is increased. If the tests were run
in a HLDCB, and if the pressure-time curve were treated The burning rate of a high energy propellant as a fuir.ction
using a laminar regression of the sample form factor of strain is presented in Fig.13. [NOTE: The propellant
description, then a higher surface regression rate than was strained prior to burning. Thus any damage was pre-
actually occurring would be predicted. Thus a slope break existing and held open.] The data show that no signifi-
may be predicted in the burn rate where none occurred - cant augmentation of burning rate occurs for pressure
the increase was in the burn area.] below 500 psi regardless of strain (the samples fail at

approximately 25% strain). At higher pressures
The sensitivity of burn rate to pressure and initial sample (p a 750 psi) burn rate augmentation appears for strains
temperature, coupled with flux-ti'-e ignition data can be above approximately 8%. At 1500 psi and strains above
used to determine kinetic parameters to be used in a tran- approximately 12%, the sample burns in a vigorous and
sient combustion analysis. These transient combustion nonplanar fashion precluding meaningful measurement of
analyses are used to model high rate combustion phenom- a linear surface regression.
ena such as deflagration to detonation. In fact, transient
combustiov analyses mus be used, as opposed to combus- Data for several types of propellants show bum rate

tion descriptions such as r = Cpn, if one is to fully pre- increase at pressures and strains greater than some thresh-
diet the various aspects of DDT (a later section will dis- old values. (The magnitude of the threshold values
cuss this subject). This is because the plots of Fig. 12 depends on the propellant.) It should be emphasized that
are essentially the "steady state" values of burn rate- both threshold values have to be exceeded, exceeding just
pressure, and may be altered in very rapidly changing one is not sufficient. For LAample high strain but low
environments such as present in DDT experiments. A pressure will not cause augmentation nor will high pres-
mistake often made by analysts is to try to apply steady sure but low strain,
state data to a highly transient situation - almost imply-
ing that the transient is a special case of steady state, The mechanical response of the propellants to strain was
when in reality steady state is the special case of fully studied using a binocular microscope. These studies
transient, showed, using the propellant of Fig. 13a as an example,

that at 4% strain, debonds (separation, on a micro-scale,

46
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of the solid particle from the polymeric binder) between penetration into the defects, then burn rate enhancement
ingredients occurs. Between 9-11 % strain, these debonds can occur.
are often fully developed cracks, with the walls of the
crack in close proximity, At approximately 16% these In addition, Professor Kuo and co-workers at Pennsylvania
cracks are open voids; that is, the walls of the crack are State University have studied the combustion of propel-
no longer in contact with one another. At approximately lants with various cracks and other defects, observing
24% the sample is often riddled with large cracks and the crack growth during combustion.
sample fails.

In addition to the growth of cracks during combustion
The above, coupled with our knowledge of flame stand-off there are other dynamic effects. As burn rate increases the
distance decrease with pressure increase, provides a thermal zone gets thinner and the thermal gradient gets
mechanistic understanding for the bum rate augmentation steeper. Under these conditions many samples, and
due to strain ad pressure. The mechanism is shown in ingredients within samples, crack, allowing combustion
Fig. 13b. At low strain values the propellant is not sig- into these fissures. Under some conditions the cracking
nificantly damaged and so regardless of the flame stand-off is so severe that the sample actually comes apart. Robert
(Fig. 13b (top)) augmentation will not occur. When the Fifer and his colleagues at the Ballistic Research
propellant is highly strained and fissured, augmentation Laboratory have extensively studied this deconsolidation.
occurs if the flames can penetrate into these fissures. At and the reader is referred to their works.
low pressures the flame stands too far from the surface to
allow penetration, but at high pressures the flame is close If the propellant undergoes significant break-up then DDT
enough to the surface to penetrate the fissures and cause or other burn to violent reactions may occur. Ensuing
bum rate augmentation. sections of ucis paper briefly discuss these possibilities,

.- / -/ :x - Before leaving this section. two other items need to be
0 - FLASHES discussed. While most insensitive munition programs

1.00 -,treat detonation as the most serious event, this is some.

% times not the case, especially for ships at sea. Fite has
061 V been and will continue to be one of the sailor's worst

.0 0. fears. Often a ship can withstand the detonation of a war-

05 7/ 0 750 psi head and the resultant fragments, and yet experience great
difficulty with fires caused by the unburned propellant

- /remaining in the motor. The missile attack on the U.S.S.
Stark is a good example. The ship survived the detona-

04 500 psi Lion of the Exocet warhead; however, the unspent propel-
lant caused fires that probably would have sunk the Starkm 300 Ps.

------o ----------- ------- . had not several fortunate instances occurred (e.g., the
200 ps. Stark was not in a high sea condition, and a sslvagi tug

------ a ------ ..... - C ... ------- .....---_....--- with fire fighting capability happened to be relatively
o - - --------- .oo -i close to the Stark when the Stark started to burn).

.... .. 1 1 Similarly, many ships of the United Kingdom were lost to
02 8 10 12 14 16 10 20 22 24 ,s fire in the Falkland's campaign.

% STRAIN

Fig. 13a. Burning Rate of a High Energy Propellant The other point to be made is that combustion instability
as a Function of Pressure and Strain. may cause missile motors to explode. Fortunately, these

explosions occur after launch, usually with a good dis-
*-ow --- tance between the launch platform and the missile.

LOW , ,
PRESSURE I 17, I COOK-OFF

LOW STRAIN HIGH STRAIN

Although cook-off has been widely studied, there are still
many questions unanswered and much controversy sur-
rounding cook-off.

HIGH I When cook-off is discussed it usually is in terms of fast or
PRESSURE s I ! r) f slow cook-off. Fast cook-off Is usually associated with

ordnance in a fuel fire, or subjected to hot exhaust gases
LOW STRAIN HIGH STRAIN from adjacent aircraft or starter motors. Slow cook-off is

Fig. 13b. A Mechanism for the Augmentation of characterized by very low heating rates (a few degrees per
Burning Rate Due to Pressure and Strain. hour to a few degrees per minute). While there is much

controversy surrounding the relevance of the heating rates
Since flame penetration into the defects seems to be used in slow cook-off tests, slow cook-off is a viable
required for burn rate enhancement a study was done using consideration. The slow heating rates occur primarily in
propellants that had been strained almost to failure and storage or handling mishaps. (For example, munitions in
then the tension removed. The voids closed and when a rail car heated by the burAinS of adjacent rail cars, or
these samples with the closed voids were burned, the burn munitions in storehouse adjacent to a burning storehouse,
rate was identical to the undamaged propellant burned at or weapons in the hold of a ship with fire in adjacent
that pressure. compartments.)

These data indicate that under certain conditions strain can A detailed discussion of thermal explosion, the slowest
cause damage, and if that damage is sufficient and open, cook-off - the temperature is uniform throughout the
and if the pressure is high enough to allow flame sample, is contained in Reference 1. Reference 1 also

discusses and presents a hazard assessment protocol for

- -
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SHEAT SOURCEA

HEAT 7TPANSFER
TO SYSTEM

t CES IT E~L . ... S SE..DO

YES IGITON I

Fig. 14. Hazard Assessment Protocol for Cook-Off Phenomena.

fast and slow cook-off and since that time others have - Is it a result of impingement of the exhaust from a

also attempted protocols for cook-off. The following is rocket motor or torching from a damaged rocket
from a joint Austalia, Canada. United Kingdom, and motor or wahead?

United States effort.
L ThTEMP eIrnment

There are several requirements to be considered in the - Is the arget in a confined or unconfined space?
cook-off area. We often refer to cook-off in terms of slow - If it is unconf-ned, is there air flow across it,
cook-off and fast cook-off; fuel fire, bonfire versus bulk either due to wind or motion of the fire?
heating, and/or thermal explosion. Figure 14. while it
includes these phenomena, attempts to treat cook-off or *•i~~naii

thermal phenomena in a more systematic way. That is, - Is the fire separated from the stores by

rather than define requirements of cook-off based on some * Distance?
teat criterion. e.g., slow cook-off is equivalent to a 60F/hr * Intervening structures?
(3.3°Cihr) heating rate, we choose instead to take a more - Are the munitions in shipping contaiers or bare?
general approach, from which fast or slcw cook-off routes - Is there venting of the compartment o that heat can

emerge naturally. The protocol is shown in flow-chart escape and oxygen can be replenished?

form in Fig. 14.
The description of the heat source is obviously the

Heat Source necessary first step, since i.' is the defiition of the

stimulus. We are trying to predict the response the
The first step is a description of the heat source. This munition is going to give to this stimulus, both in terms
must include: of initiation (when does a reaction occur and where, in the

energetic material does it start) and output (how violent is

The ne5. solIgurce~ the reaction).

- Is it a fire?
* What is the fuel and its extent? What are the air Heat Transfer to the Target System

sources? Are there other combustibles?
S- Is it indirect heating caused by The next step, once we have characterized the heat source,

* An adjacent fire? is to describe how the energy is transferred from the

" • Fire in an adjacent compartment separated from the source to the munition. through conduction, convection.

tagtsse ?or radiation. This is a necessary, but difficult, task
.-* - Is it caused by a steam leak? usually done by analysis. The analysis is complicated by

S- Is it a result of impngemet of exhaust from a many unknown properties and the need to make

"huffer" (aircraft starter blower) or from an adjacent asumption. These asumptions often detemine the
Saircraft exhaust? answer and hence it is vital that they are clearly stated.
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The result of the heat transfer analysis is a description of will give system prcssurization rates, changes of thermal
the energy flow to the munition and a description of the insulation effects, etc. In some cases chemical reactions
thermal response of the munition . This thermal response produce significant changes in materi ils properties, e.g.,
is usually descsibed in terms of temperature-time-position intumescence as a result of charring. 'iasic data required for
profiles in the munition . such evaluations will include the hen. transfer characteris-

tics of the case and chemical descriptions of all materials
Temperature-Time-PositIon Profties used, such as adhesives, insulants, energetics, etc.

If the temperature gradient is very low, not much heat is Pyrolysis Products
being transferred into the munition; and, if the time is not
excessively long, the energetic material remains at some It has been established that pyrolysis products can influ-
low or modest temperature and, usually, no event occurs. ence the failure mechanism of munitions in fuel fires. If
This is the desired result, but unfortunately many pyrolysis products are generated between the case and
situations do not yield this result. energetic material, say from the decomposition of an insu-

lator, and these products are unable to escape, a localized
Fast heating rates, associated with a munition in a fuel- increase in pressure will be generated. This pressure may
ite, or subject to hot exhaust gases, or the effects of cause the energetic material to be damaged, or it may lead
torching, usually produce steep temperature gradients to rupture of the case.
within the munition causing rapid heat transfer into it,
resulting in the outer portions attaining very high However, if the pyrolysis products are able to escape and
temperatures. This is the so-called fast cook-off regime. eventually attain their flash paint. this can lead to igni-
On the other hand, heating which produces low tion of the free surface of the enecgetic material.
temperature gradients in the weapon, but is applied for
long periods of time can bring the bulk of the item to a It may be that the pressurizati 'n is the res It of effects in
relatively uniform high temperature, as opposed to the other than the energetic maten: 1 and a pressure burst of
steep gradients characteristic of fast cook-off situations, the case can occur without i:;nificant energetic material
This slow-cook-off regime often produces violent events, reaction. The latter may igne later in an unconfined
because ignition tends to occur at or near the center of the state.
energetic material, and chemical decomposition is
accelerated by self-confinement. Fast cook-off regimes, Other Ignition Mechanisms
by contrast tend to lead to lower intensity events, because
ignition occurs near the case-energetic material interface The energetic material may reach its ignition temperature
and the case may fail early. Some motor cases are by internal decomposition reactions, or as a result of
intentionally designed to fail at high temperatures to impinging flame(s) after some damage to the case or its
relieve confinement and prevent catastrophic response. closures.

The process for evaluating the response of a munition to System Specific -. onsiderations
cook-off is iterative, requiring several separate reviews of
the thermomechanical environment during the evolution The munition or its ttorage container or conditions may
of the thermal environment until a reaction occurs, or it is impose specific pleferaital heat flow paths into the ener-
clear that it cannot. getic material, so il-ar local intense heating, sufficient to

cause rapid decomp . ition can result. Alternatively,
Time Increments thermal batteries, bc.,sters, igniters, etc., may preferen-

tially ignite. Ignition of a rocket propellant or a thermal
The selection of time intervals, appropriate to the battery may occur through the nozzle of a rocket motor.
munition under review, will require an appreciation of the
mechanical and thermomechanical characteristics of the No protocol can legislate for all possible combinations
munition . and permutations of munition assemblies. It is therefore

incumbent upon the assessor to consider if there are any
Uniform step increases in time are not essential, as others which could affect the response of the store.
experience and knowledge of the munition may enable a
more efficient "phase to phase" progression to be Location of Ignition Point
adopted.

Evidence exists from many experimental/theoretical
Thermomechanlcal Description of the System sources that the location of the point of ignition is a

direct outcome of the rate of heating. Slow heating
On the initial pass through the protocol, the thermome- results in central initiation, fast heating in surface initia-
chanical description may be confined to a simple appraisal tion. In generaL al those ignitions occurring within the
of the design and its relationship to its surroundings. This body of the energetic material have at least some tendency
should be sufficient to indicate whether the case will be towards self acceleration due to self confinement. The
ruptured before there has been any appreciable heat transfer point at which the self-confinement effect is tufficient to
to the interior of the store. For example, is the case fitted change the process from burning to explosion is a ie-
with any thernally initiated mitigation devices? What is tion of the latest thermomechanical description of the
the case material? Is it fabricated from homogeneous system. This analysis enables a clear distinction to be
metal, composite metal/ nonmetal, or composite nonmetal/ made between slow and fast cook-off regimes.
nonmetal? Are there any stress raiser, etc.? On subse-
quent passes through the ptowcol, the effects of tempera- The slow cook-off regime requires a reevaluation of the
ture on thermomechanical properties will need to be taken thermomechanical environment, since substantial material
into account for all energetic and nonenergetic materials properties changes may have occurred due to the slow
affected by heat. The description is also required to assist temperature rise. These effects may or may not lead to
the determination of T = T(x,t) and identify effects of phase DDT, explosion, propulsion, etc., dependent upon the
changes and chemical reactions, e.g., pyrolysis. These nature of the confinement and/or the chemical reactions

i i J I i m l i i m • i BJm p m mll | J l un . " .. ],.4 In
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generated in the energetic material and/or materials in The next consideration is whether or not sufficient
contact with it. It is important in the fast cook-off surface-to-volume and porosity exist. Figure 16 presents
scenario to know where the ignition occurs, so that the the limits of DDT for granulated propellant samples of a
likely effect of self-confinement of the energetic material given type (Ref. 11). This plot shows that you must have
in conjunction with the case can be assessed, If ignition sufficient TAID - for this propellant formulation and con-
occurs at an internal free surface (e.g.. interior of a rocket finement about 49% TMD; any less will not sustain and
motor grain), or at the case/energetic material interface, accelerate the reaction. If the sample is too dense, the
there is a need to re-evaluate the thermomechanical envi- DDT reaction will not occur. Similarly there is a range of
ronment before assessing whether DDT, explosion, surface to volume required (100-700 inches-1) if DDT is to
propulsionbum, etc., can occur occur. If these conditions, or similar conditions for other

samples, are not met then a DDT reaction is extremely
In each case the same questions need to be asked and, improbable. Although tra ition to detonation may rot
dependent upon the chemical kinetics and the effect of the be probable. an explosion may still occur. In order to
thermal environment to d-te on the structure of the sys- determine whether an explosion may occur, the pressure
tern, the same four possibilities of event emerge: detona- and the rate of pressurization caused by gasification must
tion, explosion, propulsion, or bum. be determined and compared to the rupture characteristics

of the motor case.
Reference I discusses various cook-off tests and provides
data from the various tests.

DELAYED DETONATION REACTIONS 7

There are several delayed detonation reactions. These
include the widely studied deflagration to detonation
(DDT), the reactions labeled XDT, and burn to violent i NO
reactions (BVR) up to and including detonation.

DEFLAGRATION-TO-DETONATION TRANSITION 1 100 2 X 0 u 700 0
(DDT) SURFACE TO VOLUME RTIO, SN k 11

This technical area considers whether or not a propellant Fig 16. Umits of DDT for Granulated Propellant
reaction can transition from a burning reaction to a deto- Samples (Ref. 11).
nation. The considerations are shown in the flow chrt
(Fig. 15). The key requirement for this transition to occur If the propellant is damaged and if the resulting %TMD
is a sufficient surface to volume ratio and porosity of the and surface-to-volume ratio are in the "right" range then
energetic sample either through manufacture and loading, DDT is extremely likely. Whether or not the DDT occurs
in the case of some gun propellants, or through large is determined by the pressure and pressurization rate
scale damage in the case of missile propellants. For mis- within the vessel and the rupture characteristics of the
sile propellants the first consideration then is the likeli- vessel (motor case). If the motor case ruptures "too
hood of the propellant being damaged either before or dur- soon. then confinement is lost and the DDT reaction
ing the bum. This is a critical consideration because, becomes unlikely. (The rupture may be a violent explo-
with rare exceptions, it is impossible for a consolidated sion.) The rupture characteristics of the vessel need to be
propellant at near theoretical maximum density (TMD) to determined experimentally and/or analytically but will not
undergo a DDT reaction be discussed further in this paper.

IS PROPELLANT LIKELY -4 N-4 DDTUNI LY The distance-time history of a DDT reaction of 1080 in
TO BE DAMAGED? HMX powder, originally loaded in a heavy walled tube to

61% TMD is shown in Fig. 17. The figure shows the
YSbuild up to detonation that occurs 104 un down thc tube

and after approximately 40y peconds. [Note: In this
ND experiment, time = 0 was taken to be first detection of

IS POROSITY IN EXPLOSION MAY luminosity at the igniter interface, not necessarily first

"RIGHT" RANGE? OCCUR reaction of the igniter.] After this transition the detona-
tion wave moves through the rest of the sample at 5.9

YES mm/gso. The location of the lines in the x-t plane are
strongly influenced by several considerations. These

DDT MAY OCCUR, include the degree of confinement, the strength or
CONSIDER FOLLOWIG "brisance" of the ignition stimulus, the sample thermo-

chemical and physical characteristics, the charge dimen-
p-t sions (diameter and column length), and the intrinsic

PROCESS COP'SSIDERATIONS detonability of the material. The physical characteristics
IGNITER of the sample include the size and shape of the damaged

TRANSIENTCOMBUSTION pieces, the porosity and gas permeability, and the com-
COMTAS1 SN pressibility. The thermochemical oonsidertions include
COMPACTION the chemical composition of propellant, pyrolysis prod-i!" PERMEABRMT/DRAG uts, and fial products; the kinetics and energtics ass-

ciated with the pyrolysis (solid propellant going to
reactive inotrmpdiate species) process, and the kinetics

--- CONFOMAE and energetics associated with the conversion of the reac-
Fig. 15. Hazard Analysis Protocol for Deflagration tire intermediate gases to final products.
to Detonation Transition. in

~4t.
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It must be stressed that the above items are listed sepa- Figure 18b shows the corresponding compaction profiles.
rately but in fact the DDT process is a highly coupled At t = 0, the tube is uniformly filled at 61% TMD. As the
interaction of these various considerations, first material reacts, some of the material is gasified, and

starts pushing adjacent material down the tube. As the
From te above discussion it can be seen that the follow- reactions continue, more and more of the powder is com-
ing types of data are necessary in order to predict whether pacted by, and ahead of, the pressure wave, and a plug of
DDT is likely to occur: approximately 85% TMD is formed.

" Strength and brisance of ignition stimulus
" Confinement and rupture characteristics of the case
" Compaction behavior of the sample - how the %TMD . .. 1 !

changes with pressure
" The compaction/drag/permeability - the compaction is

caused by an imbalance of forces between the drag of -------- -
the gases flowing over the particles and the particles
ability to resist compression. As the sample is com-
pacted, the permeability (the ability of gas to flow
through he sample) is changed

" The kinetics and energetics associated with the pyroly-
sis and conversion to final products

* The compressive ignition characteristics of the com-
pacted material

" The detonability of the propellant

NUMERICAL VALUES ARE VELOCITY
-- ,-- 4 - O F A FR O N T IN m n g ,-I-- --

FROM BERNECKER, 7th INTL oEr SYMP 2Io I I. . .. . .. . ..,, -, ,
120 Dis__ 0 0 tI- MITI

104 mm t -
3.3/

C 1.5 -

- -- - - 040 ] ' r ,

0.06 '.16

300 340 380 420

t (ps) - __

Fig. 17. Wave Front Velocities for a DDT

Reaction (From Bemecker, Ref. 14). -

Reference I discusses the various test techniques used in 0 50 00 O zoo 50 300

conjunction with DDT studies, as well as providing refer- D£,-t - Mm
ences to detailed analytical studies. Fig. 18. Pressure (a) and Compaction (b) Profiles

at Beginning of DDT Process.
Previous sections mentioned that the ignition flux-
pressure-time data, together with burn rate-pressure-initial Figure 19a presents the gas pressures at the transition at
sample temperature data, are used to determine kinetic 595, 605, 615, and 624 pseconds. When this plot is
parameters in a transient combustion code. This transient compared with 18a two observations are made: in 18a the 4
combustion code is then used in a larger DDT code to pressure slowly builds (the time steps were 80 ps) to a
predict aspects of: (a) gas pressure in the tube as a func- modest pressure (60-70 MPa) while in 19a the ga pres-
tion of location and time, (b) compaction profiles in dis- sure goes from less than 1 GPa to over 12 GP& in 10
tance and time, (c) amount of solid pyrolyzed, and amount tseconds - a tremendous acceleration. Figure 19b presents
of pyrolysis products reacted to final products, and data the corresponding compaction plots. At 595 Its, the reac-
for thermally and mechanically (piston) stimulated DDT.
These results have been reported in Refs. 8 and 12, and a dons have caused an almost impermeable plus of

few examples are shown here in Fg 0approximately 95% TMD. As the reactions continue thatee p e e igs. 18-20. plug is rapidly consumed with the TMD going to zero in

Figure Ia presents the predicted gas pressure-distance the area of reaction.

profiles at 120. 200. 280, 360, and 440 ;seconds, show- Figure 20 is a plot of the location of the leading edge of
ing a relatively slow build-up in pressure, for 1080 jsm the compaction profile a a function of time. The solid
HMX burning in a heavy walled tube (essentially the same curve is for the calculations presented i Figs. 18 and 19,
conditions of the actual experiments shown in Fig. 17. and shows transition to detonation at approximately

= # l = = l | mm0m -

0 ' m • * w m m ,
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125 nun and 600 itseconds. These values can be for SDT, and in practical instances involve propellantcompared to the experimental values of 104 mm and impact upon hard objects. The process involves fragmen-

approximately 430 liseconds from first lumnosity tation of the sample, rapidly followed by recompression
presented in Fig. 17. [Note: The time differences are not of the fragmented material, initiation of combustion and
unexpected. The calculations use t = 0 to be when the subsequent build up to detonation (similar to DDT).
igniter is initiated, while t = 0 for the experiment was
when frst illumination out of the igniter was observed.]
Thedashedcurveisforthecasewheretheprefactorsfor ___ [ -

the gas phase reactions were increased by 3 orders of
magnitude (from 108 to 1011, for one reaction path, and
from 1011I to 1014 in the other gas phase reaction path).
As can be seen this change to faster kinetic produces I
significant change. The transition to detonation occurs E -
too quickly, but more importandy it occurs in the wrong i
place. Predictions for other cases has home out the _ I , ,-
tremendous importance of the gas phase kinetics if
experiments are to be properly modeled. As mentioned I -' ,
earlier these kinetic parameters are independently
determined from the bum rate as a fu;iction of pressure and . -

initial sample temperature coupled with the ignition flux- - i
time-pressure data.

r , I , , -- I

20 3i 40 ... soo
A 00 Time -uscS 0 0 1

...... ..--- s- i...... .... Fig. 20. Location of Leading Edge of the
I_ Compaction Profile as a Function of Time.

Another class of reactions is the burn to violent reac-
tions. Included in this class is the already discussed frag-

I , ment penetration reactions where the fragment ignites the
propellant but does not supply sufficient venting and

....... - causes an explosion. There is another BVR reaction;
65 62 however, that can lead to detonation. These reactions are

6particularly of concern to rocket motors having some
......- form of a center perforation. As observed by Nougues and

co-workers at SNPE (Ref. 15), a bullet when fired through
59 the propellant web caused no detonation, while a similar

- -. ....... bullet, at the same velocity, when fired so that it went
, through the bore caused detonation. Finnegan and co-

- ----- t -workers investigated this phenomena in an idealized one
dimension geometry: they fired fragments at a target con-
sisting of metal cover to simulate the motor case, slab of
prop-llant, air gap, propellant, and metal. What they

7 -- -_, found was that the projectile penetrated the metal cover
and first slab of propellant. As the projectile penetrated

the first slab of propellant it damaged the propellant and a
debris cloud moved across the air gap. When this debris

1 cloud impacted the second propellant slab, it ignited and
615depending on the gap and the propellant material would

24 9 615 2 either burn vigorously or detonate. This test is of interest
because so far it mimics responses to ordnance items to

S ... P- L---- ... bullet and fragment impact. Those items that detonate in
I the large-scale test, also detonate in Finnegan's test,

w hih those that violently bum in the large-scale tests
0pLalso do soinFinnegan's test.

I J These phenomena have been incorporated into the
bullet/fragment impact hazard assessment protocol.

o 0o 10 0 2 NATO INSENSITIVE MUNITIONS INFORMA-
Dist- Mm TION CENTER (NIMIC)

Tie 0 6250 FGAS 64 6910
Fig. 19. Pressure (a) and Compaction (b) Profiles Hazard protocols and data necessary in using the protocols
at Onset of Transition to Detonation. for hazard evaluation, will be available through NIMIC.

The XDT reactions are also presented in R, ference I and In 1979 NATO formed AC/310, "Group on the Safety and
will not be presented here except to say that XDT reac- Suitability for Service of Munitions and Explosives." In
tions are usually associated with lower shock levels than turn, AC/310 proposed in 1986 that a NIMIC be created.

, . • - m .--- --- --- m~rm----------m. i~ m



9-14

In 1988 a Pilot NIMIC was formed and located at the 6. T. L. Boggs. C. F. Price, A. I. Atwood, D. E. Zurn,
Applied Physics Laboratory/Johns Hopkins University, and R. L Der. "Role of as Phase Reactions in
Laurel, Maryland, USA. In 1990 the Pilot NIMIC became Deflagration-to-Detonation Transition," Sevcath
NIMIC and in 1991 this function will be transferred to Symposium (International) on Detonation, Naval Surface
NATO headquarters, Brussels. This group receives, Weapons Center, NSWC MP-82 834, pp. 216-224.
analyzes, generates, stores, and disseminates technical
information on: 7. Naval Weapons Center. "Combustion Instability and

Ignition Testing of NOS/IH Extruded Composite
* Technical requirements for insensitive munitions. Propellant (Hycar Formulation, Mix 8514)," by J. E.
* Methods and systems for assessing and improving Cnump, A. I. Atwood, and D. E. Zurn. NWC TP 5427,

munitions to meet these requirements. - The hazard China Lake, CA, December 1984.
assessment protocols, hazard response maps, and threat
evaluation programs are part of this effort, together 8. C. F. Price and T. L Boggs. "Modeling the
with documents such as Reference 1. Deflagration to Detonation Transition in Porous Beds of

* Databases of sensitivity tests using explosives and Propellant," The Eighth Symposium (International) on
munitions. Detonation. Preprint 850706, Vol. 2 1983.

* Insensitive munition technology deficiencies that pre-
vent requirements from being achieved and proposals 9. M. J. Isler. "Contribution Du Mode De Combustion
for remedial actions. Des Explosifs Compacts Au Processus De Transition

* Recommendations for possible solutions or design Combustion-Deflagration-Detonation," Combustion and
approaches to meet insensitive munitions development Detonation Phenomena, 1988, pp. 18-1 to 18-13.
requirements. Again the hazard assessment protocols
are part of this effort. 10. Naval Weapons Center. "Combustion Bombs: A

• Techniques for facilitating interaction among designers. Review and Recommendation for Use in High-Energy
Propellant Safety Program, by T. L. Boggs, H. H.

SUMMARY Bradley. Jr., T. S. Eitzen, and D. E. Zurn. China Lake,
CA, NWC TM 2922, August 1976.

Much of this paper is already a summary of work
presented in more detail in Ref. 1, and in the references 11. A. G. Butcher, B. D. Hopkins, and N. J. Robinson,
cited in Ref. 1. The attempt here has been to provide a as presented in R. R. Bemecker "The DDT Process in High
brief introduction and overview and hope that the reader Energy Propellants," in Hazard Studies for Solid
will turn to Reference 1 for more detail. Propellant Rocket Motors, NATO AGARD Conference

Proceedings, AGARD-CP-367. Sept. 1984, pp. 14-1 to
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**propellant** feed mechanism coupled to the combustion vessel
extended the data ta..ing time such that good quality OH absorption
spectra could be obtained for this transient event.Here the light
source was an arc lamp and the detector a spectrometer with an
intensified photodiode array Keywords: Absorption, **Solid**
**propellant**. Combustion, Temperature, Pressure, Flame, OH
Concentration, HMX1 (JESt.

CODE CLASSIFICATION 79 01. 81 02, 99 06
DESCRIPTEUR(S) Absorption spectra*;Nltrogen*;Propellants*;Solld propellants',.

Absorption,Arc lamps,Arrays;Band spectra;Base lines;Combustion,;
Experimental design;Feeding;Flames;Instrumentatlon;Leabt squares
methodLight sources;Mechanical components;Nitramines.Parameters.,

Photodiodes;Response;SpectrometersSpectroscopy,Vibratlonal spectra

IDENTIFICATEUR(S) Hydroxyl radicals*,NTISDODXA

4/72 - (C) C NTIS
NUMERO SIGNALEMENT AD-A220 198/6/XAD
TITRE ANGLAIS Nitramine Composite **Solid** **Propellant** Modelling.
AUTEUR(S) BLOMSHIELD F. S.
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TYPE DE DOCUMENT Report
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NUMERO DE RAPPORT NWC-TP-6992
SOURCE Final rept Dec 84-Dec 88;, NP. 184, DP. Jul 89
CODE JOURNAL NTIS U9015
CODE TARIF NTIS NTIS Prices: PC A09/MF A01
NUMERO(S) AGENCE S81-AD-E900-942

RESUME This report summarizes work performed at the Naval Weapons Center

to develop a theoretical model for the Combustion of nitramine
composite **solid** **propellants**.

CODE CLASSIFICATION 79 01; 81 08
DESCRIPTEUR(S) Solid rocket propellants*:Composite propellants*,Combustion*,

Nitramines;HMX:Ammonium perchlorate;Mathematical models,
Polybutadiene

IDENTIFICATEUR(S) HTPB:NTISDODXA

6/72 - (C) C.NTIS
NUMERO SIGNALEMENT AD-A219 644/2/XAD
TITRE ANGLAIS Implementation of Image Action Plus Software for Image Analysis of

**Solid** **Propellant** Combustion Holograms.

AUTEUR(S) HOCKGRAVER V. R
AUTEUR COLLECTIF Naval Postgraduate School. Monterey, CA.
CLASSIFICATION INT 019895000, 251450
TYPE DE DOCUMENT Thesis

CODE LANGUE ENG
CODE PAYS D'ORIGINE US
SOURCE Master's thesis,, NP. 91, OP Sep 89
CODE JOURNAL NTIS U9014

CODE TARIF NTIS NTIS Prices: PC A05/MF A01
RESUME This thesis supports computer-aided data analysis of holograms

produced from **rocket** **motor** firings.The work reported in
this thesis modified existing software code to make it compatible
with installed upgrades in the microcomputer imaging system In
particular this involved converting the format of C language
function calls to ITEX/PC image processing software to that
dictated by ITEX/PCplus software Additional modifications were
performed to enhance code portability and optimization Results,
indicate that all efforts to incorporate the new system software
nave been successful (AW)

CODE CLASSIFICATION 81 07, 81 08. 82 01
DESCRIPTEUR(S) Combustion*,Holograms*,Solid propellant rocket engines*,Solid

rocket propellants*;Coding;Computer programs.Captive tests,
Functions;Image processing;Images,Microcomputers:Optimization,.
Programming languages;Theses

IDENTIFICATEUR(S) Computer applications*;NTISDODXA

7/72 - (C) C NTIS
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TITRE ANGLAIS CARS Diagnostics of **Solid** **Propellant** Combustion at

Elevated Pressure.
AUTEUR(S) STUFFLEBEAM J. H., ECKSRETH A C.
AUTEUR COLLECTIF United Technologies Research Center, East Hartford, CT.
ORGAN FINANCEMENT Army Research Office, Research Triangle Park, NC.
CLASSIFICATION INT 100940000: 409252
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
SOURCE Pub. in Combstustion Science and Technology,, v66 p163-1
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CODE JOURNAL NTIS U9014

CODE TARIF NTIS NTIS Prices: PC A03/MF A01
NUMERO DE CONTRAT DAAL03-87-C-O005
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RESUME The first Coherent Anti-Stokes Raman Spectroscopy measurements of
temperature and species concentrations in the exhaust of **solid**
**propellants** burning at elevated pressure (<35 atmospheresl are

reported.Multiple species data are acquired at high temporal and
spatial resolution from both a homogeneous, double-base and a

composite nitramine **propellant** CARS spectra have been Obtained
from three spectral regions that encompass the signatures of the
major combustion products,, Carbon dioxide,, Carbon

monoxide-hydrogen and water The CARS data are analyzed by ., I IA
u u m w m* m u l l
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comparison with computer synthesized spectra generated at various
temperatures and species concentrations Results in the postflame
zone from nitramine combustion at 23 atmospheres indicate
temperatures as high as 2600 K with species concentrations of
Nitrogen approx.23%, Carbon monoxide approx.36%, and hydrogen
approx.23%.These results compare favorably with predictions of
temperature and concentration from a chemical equilibrium code
that simulates the combustion parameters.Utilization of dual
broadband approaches will allow the simultaneous acquisition of
data from the three spectral regions with each laser pulse.CARS,
High pressure combustion diagnostics, **Propellants**,. Nitramines,
Double-Dase, Temperature measurement, Concentration measurement,
Nonintrusive combustion diagnostics, Reprints, Coherent
anti-stokes spectroscopy, **Solid** **propellant**.(Jg)

CODE CLASSIFICATION 81 01, 81 08
DESCRIPTEUR(S) Combustion*,Solld propellants*;Acquisition,Broadband;Carbon

dioxide;Carbon monoxideChemical equilibrium;Coding;Combustion
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AUTEUR(S) LILJEGREN T.
AUTEUR COLLECTIF Foersvarets Forskningsanstalt,, Stockholm (Sweden) Dept of Weapons

Technology.
CLASSIFICATION INT 063330005
TYPE DE DOCUMENT Report
CODE LANGUE SWE
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NUMERO DE RAPPORT FOA-C-20781-2 1
SOURCE Text in Swedish, summary in English; NP 29;, OP Feb 90.
CODE JOURNAL NTIS U9013
CODE TARIF NTIS NTIS Prices- PC A03/MF AOI
RESUME Composite **propellants** with high burning rates, up to 75 mm/s

at 10 MPa, have been manufactured by using ultra-fine ammonium
perchlorate, UFAP The grinding process and the manufacture of the
**propellants** are described and discussed.Results concerning
burning rate, mechanical properties and migration of a liquid
burning catalyst, catocene, are reported

CODE CLASSIFICATION 79 01; 81 01
DESCRIPTEUR(S) Burning rate*;Solid propellants*;Catalysts;Test facilities;

Mechanical properties;Particle size,Combustion;Experimental data,
Composite materials
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TITRE ANGLAIS Temperature Measurements through a **Solid**-**Propellant**

Combustion Wave Using Imbedded Fine Wire Thermocouples.
AUTEUR(S) ALSPACH 0. A.
AUTEUR COLLECTIF Astronautics Lab.(AFSC)., Edwards AFB,, CA.
CLASSIFICATION INT 095218000; 420405
TYPE DE DOCUMENT Report
CODE LANGUE ENG
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SOURCE Final rept. Aug-Dec 89- NP. 29e DP. Jan 90.
CODE JOURNAL NTIS U9013
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NUMERO PROJET 5730
NUMERO ACTIVITE 00
RESUME Temperature profile measurements have been measured through the

combustion wave of burning **solid** **propellant** strands using
imbedded fine-wire (75-micron diameter) thermocouples.The
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techniques necessary to construct, imbed, and measure temperature

with this size and type of thermocouple were demonstrated The
experiments were performed at pressures ranging from 100 to 450
psi inside a high-pressure test cell designed for this type of
operation Surface temperature measurements have been estimated
from the measured profiles for HMX. AN, and Double-Base
*-propellants** Combustion temperature measurementEmbedding
thermocouples,**Solid** rocket **propellants**,Ammonium
nitrate.(edc)

CODE CLASSIFICATION 81 01, 81 08; 94 11
DESCRIPTEUR(S) Combustion*,Solid rocket propellants*,Ammonium nitrateDouble base

propellants,Embedding;High pressure;HmxMeasurement,Profiles,Solid
propellants;Strands;Surface temperatureTemperatureTest equipmc t,
ThermocouplesWaves,Wire

IDENTIFICATEUR(S) Temperature measurement*,Combustion waves;NTISDODXA

11/72 - (C) C NTIS
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TITRE ANGLAIS Structure of Model Gas Flames in Nitramines.
AUTEUR(S) BRANCH M. C.
AUTEUR COLLECTIF Colorado State Univ , Fort Collins Dept of Mechanical Engineering.
ORGAN FINANCEMENT Air Force Office of Scientific Research, Bolling AFB, DC.
CLASSIFICATION INT 006665016; 405570
TYPE DE DOCUMENT Report

CODE LANGUE ENG
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SOURCE Final technical rept 1 Oct 88-30 Nov 89;. NP 14, DP Dec 89
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CODE TARIF NTIS NTIS Prices PC A03/MF A01
NUMERO ALLOCATION AFOSR-88-0331
NUMERO PROJET 2308
NUMERO ACTIVITE Al
NUMERO(S) AGENCE AFOSR-TR-90-0116
RESUME The purpose of this paper is to summarize the current status of

studies we have undertaken of model gas phase flames associated
with the Combustion of nitramine based **solid** rocket
**propellants** These studies consist of measurements of the

structure of stable and unstable species concentration profiles
and temperature in laminar, premixed, flat flames of fuel Nitrogen
Oxide mixtures at low pressure.The experi','ental measurements are
then compared to calculations of the concentration profiles using
a one dimensional flame code which models the transport processes
and chemistry of the flame The transport processes include species
diffusion and thermal conduction through the flame and the
chemistry is modeled by a detailed chemical kinetic rear*ion
mechanism The flames which have been studied thus far are supplied
with Methane. CH20 or CO as fuel and N02, N20 or 02 as
oxidizer.The overall characteristics of the flames are presented
in the paper and the preliminary conclusions of the tlame modeling

are discussed.Keywords Formaldihyde;Carbon monoxideNitrogen
dioxide;Nitrous oxide;Oxygen;Diagnosis general.(aw)
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OxygenReaction kineticsThermal conductivity;Transport properties,
Vapor phases
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12/72 - (C) C NTIS
NUMERO SIGNALEMENT AD-A216 740/1/XAD
TITRE ANGLAIS Combustion Instability in **Solid** **Propellant** **Rockets**.

AUTEUR(S) PRICE E. W., FLANDRO G. A.
AUTEUR COLLECTIF Georgia Inst.of Tech.. Atlanta School of Aerospace Engineering.
ORGAN FINANCEMENT Air Force Office of Scientific Research, Bolling AFB. DC.
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CODE PAYS D'ORIGINE US
SOURCE Final rept. Oct 85-Mar 89; NP. 291; DP 21 Mar 89

CODE JOURNAL NTIS U9009
CODE TARIF NTIS NTIS Prices: PC A13/MF A02
NUMERO DE CONTRAT F49620-86-C-0005
NUMERO PROJET 2308

NUMERO ACTIVITE Al
RESUME This report constitutes the principal of a book on combustion

stability in **solid** **propellant** **rockets**.The present
report contains nine chapters that are each substantially complete
except for some editorial, bibliographical and art work in some
chapters Chapters 1 thru 9 include: Introduction to Combustion
Instability,Combustion Chamber ProcessesGuidance in Missile
System and **Motor** Design;Fundamentals of **Propellant**
Combustion;Analytical Modeling of Combustor Flow;Modeling of
Combustion Dynamics,Bulk Mode Oscillations and L* Instabilityand
Combustor Stability Analysis.(aw)

CODE CLASSIFICATION 81 07, 81 08;: 81 01

DESCRIPTEUR(S) Combustion stability*;Solid propellant rocket engines*,Solid
propellants*.Books;Combustion;Combustion chambers,Combustors,
Dynamics,Flow;Guided missilesMathematical models,Models;Motors,
OscillationPropellants,RocketsStability

IDENTIFICATEUR(S) Combustion Instability*,NTISDODXA;NTISOODAF
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TITRE ANGLAIS Improved Approach for the Measurement of Acoustic Admittance of

**Solid** **Propellants**

AUTEUR(S) SUN W. ; HU J ;, SUI Y ; FANG J.;, ZHANG X
AUTEUR COLLECTIF Foreign Technology Div ,, Wright-Patterson AFB, OH

CLASSIFICATION INT 000550000, 141600
TYPE DE DOCUMENT Report

CODE LANGUE ENG
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NUMERO DE RAPPORT FTD-ID(RS)T-0973-89
SOURCE Trans of Ginggong Xuebao (China) n4(38) p14-19 1988; NP. 14, OP.
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CODE JOURNAL NTIS U9009
CODE TARIF NTIS NTIS Prices. PC A03/MF AOl

RESUME The paper proposes a method of experimental research in which the
controlled pressure burner and two samples furnishing different
burning surfaces are used.After ignition, the growth constants are
measured with the different burning surfaces, while the average

pressure is maintained as a constant.Obviously this method is
distinct from the conventional growth/decay method, which has two
deficiencies: The constant,, of growth and decay are measured under
variables pressure, and the required damping during burning period
is replaced by damping after burning.This method undoubtedly will

increase accuracy of measurement for the acoustic admittance of
**solid** **propelIants**.Russian translations (AW).Improved
Approach for the Measurement of Acoustic Admittance of **Solid**
**Propellants**-Translation.
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Accuracy;Acoustic properties,Burners,Constants;Control Damping;
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Russian language;SamplingSurfaces;Translations;Ussr;Variables
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Reacting Flow.Held in Monrovia, California on June 13-17, 1988.
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Science.
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CODE PAYS D'ORIGINE US
SOURCE Technical rept. NP 349. DP 13 Jun 88
CODE JOURNAL NTIS U9009
CODE TARIF NTIS NTIS Prices PC A15/MF A02
NUMERO ALLOCATION AFOSR-86-0337
NUMERO PROJET 2308
NUMERO(S) AGENCE Ar-CC' 7R-89-1710
RESUME Abstracs are given for research efforts on airbreathing

combustion, rocket propulsion, and diagnostics of reacting
flows Keywords- Shear layers, Turbulence. Instability,
Electromagnetic propulsion, Plasma propulsion. Erosion,
Magnetoplasmadynamic thrusters, Fluid dynamics, Arcjet thrust

chambers, Electrothermal propulsion, Laser thermal propulsion,
Electric discharge., Chemical kinetics, Nitramines, Nitroform
compounds, **Solid** **propellants**, Acoustic flow fields,
**Solid** rocket combustion chambers, Acoustic waves (aw).
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chambersDiagnosis General ;Electr c discharges,Electromagnetic
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NitromethanePlasmas Physics;Propulsion systems;ReactIon kinetics,

Rockets,Shear properties;Solid oropellants;Solids,

Thermoelectricity;Turbulence,Electric propulsion, Rocket engines
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TITRE FRANCAIS Modelisation de la Combustion des Propergols Solides Rapport Final

de Stage aux Etats-Unis au Brigham Young University '(Provo. Utah)
TITRE ANGLAIS Modeling the Combustion of **Solid** **rropellants** Final Report

on a Course Taken at the Brigham Young University (Provo, Utah)
AUTEUR(S) BIZOT A
AUTEUR COLLECTIF Office National d'Etudes et de Recherches Aerospatiales, Chatillon

(France).
CLASSIFICATION INT 021377000
TYPE DE DOCUMENT Report

CODE LANGUE FRE
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NUMERO DE RAPPORT ONERA-RTF-23/7128-EY

SOURCE Technical rept (Final), Text in French,. summary in English; NP
42; OP 25 Apr 89

CODE JOURNAL NTIS U9006
CODE TARIF NTIS NTIS Prices. PC EO4/MF E04
RESUME A numeric single-dimensional model was developed to achieve a

better understanding of the combustion mechanisms of homogeneous
**solid** **propellants**.Applied to the study of double-base and
HMX **propellants**. the model appears to represent a good

tradeoff between overly simplified models yielding many results

but sometimes of little use in understanding the mechanisms
involved, and elaborate numeric models which yield few results

because of the length and cost of computations The model proposed
has been simplified as required to reduce computing timeit also
involves a few parameter adjustments.It will compute temperature
and species profiles for the condensed and gaseous phases of a
--propellants- during combustion.
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DESCRIPTEUR(S) Solid propellants*;Combustion*;Mathematical models;Pressure,

Numerical analysis.Temperature;Reaction kinetics,Combustion
products;Burning rate
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NUMERO SIGNALEMENT AD-A213 857/6/XAD

TITRE ANGLAIS Spectral Studies of **Solid** **Propellant** Combustion 2 Emission

and Absorption Results for M-30 and HMX1 **Propellants**.
AUTEUR(S) VANDERHOFF J. A.
AUTEUR COLLECTIF Army Ballistic Research Lab., Aberdeen Proving Ground. MD.
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TYPE DE DOCUMENT Report

CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT BRL-TR-3C35

SOURCE Final rept. Jun 88-Jun 89: NP. 58, OP 1989.
CODE JOURNAL NTIS U9004
CODE TARIF NTIS NTIS Prices: PC A04/MF AOl
RESUME A windowed strand burner with a **propellant** feed mechnism has

been used to characterize the steady-state burning of two

composites **propellants**, M-30 and HMXI, at moderate
pressure Both emission and absorption spectroscopy have yielded
profile data on three important combustion species: OH, NH, and

CN Relative appearance of these three species are Inferred from
emission intensity profiles, and absolute concentration profiles
are calculated from the absorption data This is the first absolute
determination of these combustion intermediates in a
**propellant** flameThese concentration measurements for OH
indicate that the **propellant** flame temperatures are about 200
K below adiabatic A maximum value of 40 ppm NH is found for the
M-30 **propellant** flame.Fluctuations in the flame front of HMXl
compromised the determination of maximum concentrations for NH and
CN.Keywords: Combustion;**Solid**
**propellant**;SpectroscopyAbsorptionEmissionConcentrationPro
files;**Solid** **propellants** (JES).

COD CLASSIFICATIOt, 79 01;: 81 01, 99 01
DESCRIPTEUR(S) Absorption spectra*:Combustion*,Combustion products*.Flames*;Solid

propellants*,Spectroscopy*,Absorption;Burners;Composite materials,
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Profi)e';Propeliants;SpectraStrands,Temperature

IDENTIFICATEUR(S) M 30 Prooellant;HMX I Propellant;NTISDODXA

17,72 - (C) C NTIS
NUMERO SIGNALEMENT AD-A213 330/4/XAD
TITRE ANGLAIS Workshop Summary of 'MA)oel Predictions of the

Piston-Driven-Compaction Experiment".
AUTEUR(S) KOOKER 0 E
AUTEUR COLLECTIF Army Ballistic Research Lab , Aberdeen Proving Ground, MD.
CLASSIFICATION INT 082505000,, 050750
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT BRL-TR-3029
SOURCE Technical rept. Jun 88-Mar 89; NP 50;, OP. Aug 89.
CODE JOURNAL NTIS U9003
CODE TARIF NTIS NTIS Prices: PC A03/MF A01
RESUME A JANNAF Propulsion Systems Hazards Subcommittee Workshop was held

on 25-26 october 1988 in conjunction with the 25th JANNAF
Combustion Meeting in Huntsville, AL.The area of interest is the
transition to detonatio" in confined granular energetic
material.This workshop focused on the acceleration of a strong
compaction wave, before the onset of detonation.The objective was
to compare model predictions to four Piston-Driven-Compaction
experiments involving two different ball **propellants** These
were true predictions, since the experimental data were not
released until the second day of the workshop Several of the
models came close to the compaction wave locus.However, it was
more difficult to predict wall stress time-history seen by two
transducers at fixed locations along the tube.The timing of a
runaway is extremely sensitive to the intense competition among

sources of reaction and heat loss.Keywords: Stress waves;Elastic
waves;Granular explosives;**Solid**
**propellants**.Impact;Compaction
WavesModeling;Combustion;Deflagration,Transition to
detonation.(KT).
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Oetonations*;Models*;Predictions*;Acceleration;Confiiement General;;
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Propulsion systems;Response;Solid propel lants;Sources;StresS waves;
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StressesTime.Transducers;TransitionsWalls;Waves
IDENTIFICATEUR(S) NTISDODXA

20/72 - (C) C NTIS

NUMERO SIGNALEMENT Nlq-26109/3/XAD
TITRE ANGLAIS Meta, Comuustion in *'Solid**-**Propellants**

AUTEUR(S) IZUMIKAWA M , TAKAHASHI M , MITANI T , NIIOKA T., CHIBA M

AUTEUR COLLECTIF National Aerospace Lab , Tokyo (Japan)

ORGAN FINANCEMENT National Aeronautics and Space Administration, Washington, OC.

CLASSIFICATION INT 022054000;, NE789421

TYPE DE DOCUMENT Report
CODE LANGUE JAP

CODE PAYS D'ORIGINE JP

NUMERO DE RAPPORT NAL-TR-998

SOURCE In Japanese, English Summary, NP 35, OP Sep 88

CODE JOURNAL NTIS S2720

CODE TARIF NTIS NTIS Prices PC A03/MF A01

RESUME A technique us!-.g a strand burner was developed to investigate the
combustion efficiency of metals in **solid** **propellants** A

strand of **propellants** was burned under a given pressure and
all reactants and products were trapped in the closed
vesselCondensed and gaseous species were analyzed quantitatively

using various titration methods and gas-chromatography.The results
derived from the strand burner were compared with the eta(c)*
evaluated from firino tests of subscale motors The combustion

efficiency of Al and B in various **propellants** was measured A
combustio,) model for metal powders including agglomeration,

ignition and steady burning of particles was investigated.Effects

of B/Al ratios and particle size of B on the combustion efficiency

of **propellants** containing Al and 8 were discussed based on the

combustion model
CODE CLASSIFICATION 81 08
DESCRIPTEUR(S) Comtus

t
ion effic'ency*;ra,1. propellants*,Powder metallurgy*,.

Proorllant combustion*;Ga. hromatography;Particle size
dis ibutionTitratior,

IDENTIFICATEUR(S) Foreign tech,,ology*,',T7SNAS,, TISLNJAPNTISFNJA

21/72 - (C) C NTIS
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TITRE ANGLAIS Kinetic and Related Aspects rf **Proellant** Combustion

Chemistry JANNAF (Joint Army-Navy-NASA-Air Force) Combustion
Subcommittee Workshop Held in Laurel, Maryland on May 2-4,, 1988.

AUTEUR(S) DECKER D L
AUTEUR COLLECTIF Jotns Hopkins Univ., Laurel, MD.Chemlcal Propuision Information

Agency.
CLASSIFICATION INT 054839001: 081100
TYPE DE DOCUMENT Report

CODE LANGUE ENG
CODE PAYS P'ORIGINE US

NUMERO DE RAPPORT CPIA-PUB-503

SOURCE Availability National Technical Information Service. Springfield,
Va 22161 PC $42 00 MF $42 00 No copies furnished by DTIC, NP.
386;. OP. May 88

CODE JOURNAL NTIS U8922
CODE TARIF NTIS NTIS Prices. PC $42 O0/MF $42 00
NUMERO DE CONTRAT N00039-87-C-5301

RESUME This workshop was sponsored by the Joint Army-Navy-NASA-Air Force
(JANNAF) Combustion Subcommittee The workshop was held 2-4 May

1988 at The Johns Hopkins University/Applied Physics Laboratory,

Laurel, Maryland.This workshop was the first meeting of the'

Kinetic and Related Aspects of **Propellant** Combustion
Chemistry" pane'.This -eport reflects the efforts made n recen... ... ino rerets .. . ... ..

years by both individuals and agencies in this research

area.Keywords: Deflagration, Liquid **propellants**. Combustion
products, Gun **propellants**, Ignition, Kinetics, **Solid**
**propellants**, Nitramines.(AW).
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Nltramines;Reaction kinetics
IDENTIFICATEUR(S) Meetlngs*;NTISDODXA
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TITRE ANGLAIS N-Hexyl Carborane as Combustion Catalyst In Composite

**Propellants**.

AUTRE TITRE N-Hexylkarboran som Foerbraenningskatalysator i Kompositkrut

AUTEUR(S) ROSENQUIST T., SANDEN R

AUTEUR COLLECTIF Foersvarets Forskningsanstalt, Stockholm (Sweden) Huvudavdelning 2.

CLASSIFICATION INT 063330004
TYPE DE DOCUMENT Report

CODE LANGUE SWE
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NUMERO DE RAPPORT FOA-C-20755-2.1
SOURCE Text in Swedish. summary in English; NP 27, OP. 1989
CODE JOURNAL NTIS U8921
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RESUME The feasibility of using n-hexyl carborane (NHC) as a combustion

catalyst in composite **propellants** has been investigated.The

results indicate that NHC is an efficient combustion catalyst at
high concentrations In other respects it seems to act mainly as a
plasticizer Good bonding for NHC-containing hydroxyl-terminated

polybutadiene (HTPB) **propellants** to liners and inhibitors has

been obtained.NHC migrates as easy as dioctyl seabacate or n-butyl

ferrocene in the polymer.Despite a high boiling point NHC
evaporates noticeably at ambient temperatures.Differently from
n-butyl ?errocene, NHC does not seem to catalyze the thermal aging
or the curing of HTP8 Thermal analyses show no indication that NHC

should considerably enhance the sensitivity of Ignition ot the
**propellant**.A great disadvantage with NHC is the very high
price.Before larger batches of **propellants** containing NHC are
manufactured, more sensitivity tests should be carried out
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RESUME This volume, the first of five volumes, is a collection of 36

unclassified/unlimited papers which were presented at the 25th
Joint Army-Navy-NASA-Air Force (JANNAF) Combustion Meeting.

October 24-28, 1986, at the NASA Marshall Space Flight Center.
Huntsville, Alabama.Specific subjects discussed include combustion
instability, ignition, burn rate, flame structure, and particle

size moasurement of **solid** rocket **propellants** and

supersonic mixing and combustion, combustion instability and
boron-based fuels for airbreathing systems.Keywords: **Solid**
**propellant**;Rocket Engines;**Solid** rocket
**propellants**;Combustion stability;Flames;Ignition;Ramjet

engines;Rocket fuels.(AW).
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RESUME The combustion behavior of metallized **solid** **propellants** at

pressures between 100 and 750 psi was investigated using high
speed motion pictures together with scanning electron microscope
and light diffraction examinations of collected residue A reduced
smoke ZrC **propellant** and two **propellants** with low aluminum
loadings were utilized.ZrC was observed to agglomerate and ignite
on the **propellant** surface before being ejected The aluminum
did not agglomerate but did ignite on the **propellant**
surface ZrC was found to burn in part with a detached flame and
the flame moved closer to the particle surface as pressure
increased Aluminum particles were observed to burn with similar
behavior, but with flames more detached from the particle
surface Increased aluminum loading resulted in smaller particles
above the **propellant** surface, but the flames were further from
particle surfaces.Keywords **Solid** **rocket**
**propellants**,**Solids* **propellants**;High speed motion
pictures,Combustion bomb,Malvern,SEM,Flame envelope sizes;Particle
sizes;Two-dimensional **rocket** **motor**.(kt).
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RESUME Two-dimensional combustion dynamics of **solid** **propellants**

numerically modeled by finite element calnulations and applied to
a one-dimensional cast for comparison is examined.A
multi-dimensional numerical model was developed for the unsteady
state oscillatory combustion of **solid** **propellants** Subject
to acoustic pressure disturbances. Including the gas-phase effects,

the assumption of uniform pressure across the flame zone, which
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was conventionally used, is relaxed such that a higher frequency I
response in the long flame of a double-base **propellant** can be
calculated.The formulation is based on a premixed, laminar flame

with a one-step overall chemical reaction and the Arrhenius law of j
decomposition with no condensed phase reaction.In a given
geometry, the Galerkin finite element solution shows the strong
resonance and damping effect at the lower frequencies Extended
studies deal with the higher frequency reqion where the pressure
varies in the flame thickness The nonlinear system behavior is

investigated by carrying Out the second order expansion in wave
amplitude when the acoustic pressure oscillations are finite in
amplitude Offset in the burning rate shows a negative sign In the
whole frequency region considered, as confirmed by existing
experimental results.Finally, the velocity coupling in the
two-dimensional model is discussed in terms of higher order
perturbations
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RESUME Many **solid** rocket **propellants** and other energetic

materials consist of complex chemical compounds of carbon,
hydrogen, oxygen and nitrogen The decomposition of these **solid**
reactants leads to the formation of gaseous hydrocarbons and
oxides of nitrogen which can react to support a flame above the

surface of the **solid**.These flames can provide heat which is
fed back to the **propellant** surface and thereby influence the
burning rate of the **solid** In the case of nitramine based
**solid** rocket **propellants**, the gas phase decomposition
products include significant amounts of Ethyloxide, Hydrogen
cyanide, Nitrogen dioxide, Nitric oxide, Nitrous oxide and
Oxygen This study is intended to provide experimental data on the
structure of hydrocarbon flames supported by oxides of nitrogen in
order to establish the reaction mechanism for such flames.Laminar, a
premixed, flat flames of Methane/N02/02 and CH20/N02/02 have been
investigated and a reaction mechanism is suggested which accounts
for all of the major observations in the data.(aw).
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CLASSIFICATION INT 054824000: 040900
TYPE DE DOCUMENT Report
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RESUME The efficient and successful design of new generations of highly

energetic **propellants** based on evolving nitramine chemistry
will require a thorough knowledge of the chemical and physical
parameters controlling their ignition and combustion The necessary
level of insight can be attained and successfully embodied in the
predictive computer models necr-ssary for effective **propellant**
design, development and testing activities if a coordinated,
hierarchical program of theoretical modeling and confirming and
supporting experiments is designed and properly executed This

paper reviews the current state of our understanding of the
chemistry and physics of nitramine **propellant** ignition and
combustion and develops and motivates the basic research program
necessary to put advanced nitramine **propellant** development on
a firm and effective scientific basis Confronting and solving
problems invol,ing complex physicochemical phenomena which
intertwine complex heat, mass and radiative transfer processes
with chemical kinetics is a challenge which physical and
engineering scientists are becoming much more adept at
meeting Modern theoretical and experimental tools are now
available which allow the design and utilization of much more
comprehensive analytical models as well as their concomitant
supporting and confirming experimental measurements Gun
**propellants**,, Rocket **propellants**. LOVA **propellants**,
**Solid** **propellants**, RDX, HMX.(aw).
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RESUME This report documents a continuation of previous work with the

pressure-coupled magnetic flowmeter burner to extend Its
measurements capacity to include a wider frequency spectrum and
variety of **propellants**.The results obtained in this

experimental program extend the operable frequency range of a
magnetic flowmeter burner to a lower limit of 200 Hz, well into
the range where int-rmediate frequency instabilities occur.Six

I II i i - , - . .. i



B-14

formulations of AP-HTP8 composite **propellant** (including one
moderately aluminized composition) were successfully tested, and
their pressure-coupled response functions measured over the
burner's operating frequency range.This research also attempted to
directly measure a high-frequency **solid** **propellant**
velocity-coupled admittance The velocity-coupled admittance was
detined in this research as the complex ratio of the oscillatory
mass-flow velocity generated from the surface of a burning
**propellant** to the oscillatory cross-flow velocity above the
surfaceThese oscillatory velocities were measured simultaneously
inside a rectangular slab-burning combustion chamber with a

magnetic flowmater.The high-frequency cross flows were created by
spinning a spur gear over the sonic nozzle exhaust of the

combustion chamber, thus exciting acoustic modes inside the
chamber.The admittance results show similar trends under the same
burning conditions, and approximate values could be

estimated.Keywords **Solid** rocket **propellants**. Combustion
stability, Acoustic admittance
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RESUME An investigation into the behavior of aluminized **solid**

**propellant** combustion in a two-dimensional windowed **rocket**
**motor** was conducted using holographic techniques.Holograms

were recorded in the **motor** port, aft of the **propellant**
grain and at the entrance to the exhaust nozzle for two different
**propellant** compositions at varying operating
pressures Quantitative particle size data for particles larger

than 20 microns were obtained from the holograms.From these data,,
the mean diameters (D32) of the larger oartlcles were calculated
and utilized to compare what effects pressure, location in the
**motor** and aluminum content had on the behavior of the

aluminum/aluminum oxide particles.D32 was found to decrease with
increasing pressure, but was unaffected by variations in low

values of **propellant** aluminum loading.D32 at the grain exit
was found to be significantly less than within the grain
port Keywords: **Solid** *propellant** **rocket** engines.,
**Solid** **rocket** **propellants**. Theses.(aw)
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ORGAN FINANCEMENT Air Force Office of Scientific Research, Bolling AFB,. DC
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TYPE DE DOCUMENT Report
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RESUME This report summarizes a research program to study the acoustic

interaction of particle additives used in **solid**

**propellants** Various examples of combustion instability found

in the literature are discussed that give evidence to the

existence and nature of distributed combustion A modified Rijke
burner was constructed as the basic experimental tool and was

characterized extensively.Stability boundaries were determined,
and growth rates were observed to increase with increasing oxygen
content and overall mass flow rate The data indicate that the
overall acoustic driving forces in a Rijke burner are dependent
upon the acoustic mode shape relative to the flame location and
the distribution of energy through the burner,, (I e the gas flow
rates and heat losses).A mathematical model for the Rijke burner

,as been developed which accounts for the effects of heat loss,
variable gas temperature and particle interactions on acoustic

oscillations The model has been verified by comparing predicted
frequency and growth rates for several simple test cases with the
corresponding analytical solutions.The model was also compared

directly with the experimental data.Unstable combustion,
Distributed combustion, Acoustic instability (MJM)
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RESUME High-speed movies of **solid** **propellant** deflagration have

long provided useful qualitative information on **propellant**
behavior.Consequently, an extension of performance to include

quantitative behavior of the surface, particularly the spacial
relationship of particles across the surface, the temporal
behavior of particle through extended periods of time, and

accurate measurements of particle sizes, is highly desirable.Such

measurements require the ability to take detailed movies across an
extensive surface through the **propellant** flame for longer
periods than the residence time of a given particle.The modulation
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transfer function (MTF) of the camera optics and film will greatly
affect performance.The MTF of the optics can be improved by a
factor of two or more at practical spatial frequencies by the use
of monochromatic light, such as the reflected light from a
laser The use of an intense, short-pulsed laser has the additional
advantage of suppressing flame brightness and motion blur.High
resolution at unity magnification is achieved by the use of 2 mJ
of illumination energy per pulse in conjunction with a fine-grain
film.The surfaces of the wide-distribution **propellants** were

found to be molten.Keywords: **Solid** **propellant** rocket
engines, **Solid** rocket **propellants**. Combustion chambers,
**Propellant** grains, Combustion, Cinephiotography (aw).
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SOURCE Final rept. Jun 87-Jun 88 NP 29. OP Dec 88
CODE JOURNAL NTIS U8908
CODE TARIF NTIS NTIS Prices: PC A03/MF A01
RESUME A windowed strand burner has been constructed and used to

characterize the steady state burning of **propellants** at

moderate pressure using uv - visible spectroscopic
techniques.Emission spectroscopy has been performed on a triple
base **propellant** (M-30) and three reactive transient combustion
species (CN, NH and OH) have been profiled over a pressure range
from 0.66 to 1.5 MPa.Reaction zone lengths on the order of 1 mm
were determined from the CN and NH profiles.The strand burner is
expected to be useful for future planned absorption and laser
induced fluorescence studies on a variety of
**propellants** Keywords: Emission,Spectroscopy;**Solid**
**propellant**;Combustion;Steady state burning,Hydroxides;Nitrogen

compounds;Cyanides (mgm)
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Processes in Multiphase Flows with Application to Propulsion
Systems p 181-193; NP 13;, OP. Jul 88.

CODE JOURNAL NTIS S2702
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RESUME This research is motivated by the improved ballistic performance

of large-caliber guns using stick **propellant** charges A

comprehensive theoretical model for predicting the flame
spreading, combustion, and grain deformation pnenomena of long,

unslotted stick **propellants** is presented.The formulation is

based upon a combined Eulerian-Lagrangian approach to simulate
special characteristics of the two phase combustion process in a
cartridge loaded with a oundle of sticks The model considers five
separate regions consisting of the internal perforation, the
**solid** phase, the external interstitial gas phase, and two

lumped parameter regions at either end of the stick buidle.For the
external gas phase region, a set of transient one-dimensional
fluid-dynamic equations using the Eulerian approach is
obtained,governing equations for the stick **propellants** are
formulated using the Lagrangian approach.The motion of a

repre'entacive stick is derived by considering the forces acting
on the entire **propellant** stick.The instantaneous temperature
and stress fields in the stick **propellant** are modelid by
considering the transient axisymmetric heat conduction equation
and dynamic structural analysis
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RESUME The objective of this research is to describe the effects of

oxidizer particle size distribution on the burning rate of
*-solid** **propellants** used in '*rocket** **motors** Current

models over predict the burning rate of wide distribution (wide

distribution denotes two oxidizer modes that have extreme

differences in mean diameter) formulations by 40 to 200 percent
indicating combustion mechanisms unique to this type of
**propellant** Four sets of AP/HTPB **propellants** were

formulated to control the physical and chemical heterogenities
characteristic of the **propellant** surface using 400 and 20
microns oxidizer particles The **propellants** were tested at
pressure levels from 0 to 2000 psig An optical. distance

measurement technique was developed and used to measure the local,
non-steady surface deflagration of the **propellant-* burning

surface.The method uses a laser beam, synchronous detection, and

closed-loop tracking to locate the surface in the hostile
combustion environment.An acoustic emission technique determined
average ourning rates.Comrustion phenomena were also accessed
using high-speed photography and scanning electron
microscopy Keywords: Particle size distribution. Burning rate,
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**Solid** **propellants**,, **Rocket** **motors**,, Combustion
mechanisms, AP/HTPB **propellants**,. Laser diagnostics, Acoustic
emissions, Scanning electron.(MJM)
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photography;Indicators:Laser applications;Laser beams;Mean,,
Measurement;ModelsOxidizers;Pressure;Propellants.Range Distance;
Rocket engines;Solid propellants;Steady stateSurfacesTracking

IDENTIFICATEUR(S) NTISDODXA;NTISDODAF

38/72 - (C) C.NTIS
NUMERO SIGNALEMENT AD-A199 334/4/XAD
TITRE ANGLAIS **Solid** **Propellant** Flame Spectroscopy.
AUTEUR(S) EDWARDS J. T.
AUTEUR COLLECTIF Air Force Astronautics Lab.. Edwards AFB, CA.
CLASSIFICATION INT 088843000; 417458
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT AFAL-TR-88-076
SOURCE Interim rept. Jan 84-Jan 88;: NP. 229;. DP. Aug 88
CODE JOURNAL NTIS U8903
CODE TARIF NTIS NTIS Prices. PC All/MF A01
NUMERO PROJET 2308
NUMERO ACTIVITE Ml
RESUME This report summarizes the progress made in **solid**

**propellant** flame chemistry studies.These chemistry studies
involved the spectroscopic determination of species concentration

and temperature profiles in **solid** **propellant** flames at
pressures from atmospheric to 7 MPa (1000 psi).The **propellants**
involved contained AP and HMX, as well as several other
formulations.The molecules studied were OH, CH, NH, and NO.
primarily, although other atomic and molecular species were seen
in the **propellant** flames in emission The primary diagnostic
employed was laser-induced fluorescence (LIF), although the
chemiluminescence (emission) from the **propellant** flames was
also studied.These experiments are continuing.

CODE CLASSIFICATION 79 01; 99 06, 81 01
DESCRIPTEUR(S) Flames*;Solid propellants*;Spectroscopy*;Carbon;Chemical radicals;

Chemiluminescence;Chemistry;Combustion;Determination;Diagnosis
General;HMX,Hydrogen;Laser induced fluorescence,Molecules,Nitrogen,

Oxygen,ProfilesPropellants;Temperature
IDENTIFICATEUR(S) NTISDODXA

39/72 - (Cj C NTIS
NUMERO SIGNALEMENT DE88011286/XAD
TITRE ANGLAIS Combustion of Energetic Materials. Semi Annual Progress Report,

April-September 1987.
AUTEUR COLLECTIF Sandia National Labs., Livermore,, CA.
ORGAN FINANCEMENT Department of Energy, Washington, DC.
CLASSIFICATION INT 070378000; 9511238
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT SAND-88-8001

SOURCE Portions of this document are illegible in microfiche products,
NP. 45; OP. 1988.

CODE JOURNAL NTIS U8902

CODE TARIF NTIS NTIS Prices: PC A03/MF A01
NUMERO DE CONTRAT AC4-76DPOO789
RESUME Our program emphasizes fundamental research and is directed

towards understanding the Combustion, chemistry and physics of
energetic solids and liquids.Experimental effort consists of the

following: (1) **solid** **propellant** thermal decomposition and
deflagration studies and (2) liquid monopropellant ignition and
combustion studies.A gas-flame experiment designed to model the

two-stage flame characteristics of **solid** **propellant**
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deflagration has been established and both conventional and laser
diagnostics have been incorporated into it.Thermal decomposition
(using laser heating) of **solid** **propellants** is being
studied using a modulated molecular beam mass spectrometer that
will be complemented by laser-Induced fluorescence
diagnostics Gas-phase flame models used previously for hydrocarbon
flame analysis are being extended to study gas-phase reactions in
nitramine **propellants**.Quantum chemistry calculations are being
performed to investigate the molecular decomposition mechanisms of
energetic materials.**Solid** **propellant** deflagration is being
modeled analytically and through the use of two-dimensional
thermochemical codes developed earlier for related research
programs.Droplet combustion models developed for hydrocarbon fuels
are being extended for liQuid monopropellant applications.43
refs ,, 40 figs , 2 tabs.(ERA citation 13 041129).

CODE CLASSIFICATION 81 01; 79 01
DESCRIPTEUR(S) Chemical Explosives*.Combustion*,Nitro Compounds*;Propellants*,

Chemical Composition,Chemical Reaction Kinetics;Chemical Reaction
Yield;Chemical Reactions;IgnitionProgress Report,Pyrolysls
ProductsResearch Programs;Solids,Thermal Degradation

IDENTIFICATEUR(S) ERDA 450100,ERDA 400800;NTISDE

40/72 - (C) C NTIS
NUMERO SIGNALEMENT AD-A197 854/3/XAD
TITRE ANGLAIS Report on JANNAF Workshop 'Influence of Gas-Phase Chemical

Kinetics on Low-Pressure Ignition and Flamespreading in **Solid'*
**Propellant**'

AUTEUR(S) KELLER G K
AUTEUR COLLECTIF Army Ballistic Research Lab., Aberdeen Proving Ground, MD
CLASSIFICATION INT 082505000; 050750
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT BRL-TR-2918
SOURCE Technical rept for period ending Oct 86; NP. 22; OP. Jul 88.
CODE JOURNAL NTIS U8824
COOF TARIF NTIS NTIS Prices: PC A03/MF AOl
NUMERO PROJET 1L161102AH43
NUMERO ACTIVITE 00
RESUME A workshop on the subject influence of Gas-Phase Chemical Kinetics

on the Low-Pressure Ignition and Flamespreading in **Solid**
**Propellants** was held at Hampton, VA, on 23 and 24 October 1986
in conjunction with the 23rd JANNAF Combustion Meeting The
objectives of the workshop were to a) force a synergisitc
interaction between those whose measurements have provided

evidence for the participation of chemical kinetics in
low-pressure **solid** **propellant** burning and those who are
striving to simulate these events with interior ballistic models
and b) address problems of anomalous ignition behavior in gun
propelling chargesThe workshop participants a) reviewed the
evidence for the participation of chemical kinetics in the
low-pressure burning of **solid** **propellants**, b) reviewed
model simulations which include finite-rate kinetics, and c)
determined rnich model simulations and further eAperimental
characterizations would be most fruitful.This report documents the
workshop.(AW).

CODE CLASSIFICATION 81 01; 79 01
DESCRIPTEUR(S) Ignition*;Solid propellants*;Flame propagation*;Gun propellants*;;

Anomalies;Combustion;Interior ballistics;Low pressure;Models.
Propelling charges;Reaction kinetics;Simuidtion;Workshlops;Vapof
phases

IDENTIFICATEUR(S) NTISDODXA

42/72 - (C) C NTIS
NUMERO SIGNALEMENT AD-A196 689/4/XAD
TITRE ANGLAIS Method for Obtaining Empirical Correlations for Predicting Crack

Propagation in a Burning **Solid** **Propellant** Grain.
AUTEUR(S) NIMIS J A.
AUTEUR COLLECTIF Air Force Inst.of Tech , Wright-Patterson AFB, OH.
CLASSIFICATION INT 000805000;, 012200L
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TYPE DE DOCUMENT Thesis
CODE LANGUE ENG

CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT AFIT/CI/NR-88-85
SOURCE Master's thesis;: NP. 70;: OP. 1988.

CODE JOURNAL NTIS U8823

CODE TARIF NTIS NTIS Prices. PC A04/MF AOl

RESUME The importance of crack propagation in **solid** **rocket**

**motors** is widely recognized.However,, the processes of crack

propagation and branching in burning **solid** **propellants** are

not as yet well understood.These processes could be instrumental
in creating large specific surface areas for burning causing

**rocket** **motor** failure.Key factors influencing the crack

combustion, propagation and branching process considered in the

dimensional analysis include chamber pressurization rate, initial
crack length, initial temperature, sample geometry,, and mechanical
and thermal properties of the **solid** **propellant** (jes).

CODE CLASSIFICAlION 81 08
DESCRIPTEUR(S) Propellant grains*;Solid propellant rocket engines*,Combustion.

Crack propagation;Cracks:Failure;Mechanical properties,

Pressurization;Rates;Rocket engines;Solid propellants;Thermal
properties

IDENTIFICATEUR(S) Combustion chambersNTISDODXA

44/72 - (C) C.NTIS

NUMERO SIGNALEMENT AD-A194 944/5/XAD
TITRE ANGLAIS Combustion Diagnostics of **Propellant** with New Grain Geometries
AUTEUR(S) TOMPKINS R. E ; WHITE K J , JUHASZ A. A
AUTEUR COLLECTIF Army Ballistic Research Lab., Aberdeen Proving Ground, MD.
CLASSIFICATION INT 082505000; 050750
TYPE DE DOCUMENT Report

CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT BRL-TR-2899
SOURCE Technical rept., NP. 37. DP. Mar 88.
CODE JOURNAL NTIS U8821
CODE TARIF NTIS NTIS Prices- PC A03/MF A01
RESUME High progressivity/density (HPD) **propellants** are under

consideration at the Ballistic Research Laboratory (BRL) for a
variety of enhanced ballistic applications The HPD concept
involves the tailoring of the mass generation rate to match the
increasing chamber volume as the projectile moves down the gun

tube This can be accomplished physically by designing a grain
which will increase in surface area at a designated point in the
ballistic cycle.It can also be done chemically by formulating
grains with compositions that vary throughout the grain.As these
layers burn through, the burn rate can be tailored to change at

specific points in the ballistic cycle

CODE CLASSIFICATION 79 05 79 01; 81 08; 81 01
DESCRIPTEUR(S) Burning rate*;Combustion*;Diagnosis General*;Propellants*;

Propellant grains*;Ballistics;Gun barrels;Mass;RatesSolid rocket
propellants;Propelling charges

IDENTIFICATEUR(S) High Progressivity Density Propellants;Fastcare propellants;,
NTISDODXA

47/72 - (C) C.NTIS
NUMERO SIGNALEMENT AD-A191 556/0/XAD
TITRE ANGLAIS Chemica: Kinetics of Nitramine **Propellant** Combustion.
AUTEUR(S) BRANCH M. C.
AUTEUR COLLECTIF Colorado Unliv.at Boulder.Dept of Mechanical Engineering
ORGAN FINANCEMENT Air Force Office of Scientific Research, Bolling AFB, DC.
CLASSIFICATION INT 068646004;, 407675
TYPE DE DOCUMENT Report

CODE LANGUE ENG
CODE PAYS D'ORIGINE US
SOURCE Interim technical rept. 1., Oct 86-30 Sep 87;, NP. 14: DP. Nov 87.
CODE JOURNAL NTIS U8815
CODE TARIF NTIS NTIS Prices: PC A03/MF AOl
NUMERO ALLOCATION AFOSR-84-0006
NUMERO PROJET 2308
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NUMERO ACTIVITE Al
NUMERO(S) AGENCE AFOSR-TR-88-0044
RESUME The decomposition of many **solid** reactants during Combustion

leads to the formation of gaseous hydrocarbons and oxides of
nitrogen which can react to support a flame above the surface of
the **solid** These flames can provide heat which is fed back to

the **propellant** surface and thereby influence the burning rate
of the **solid** In the case of nitramine based **solid** rocket
**propellants**, the gas phase decomposition products include
significant amounts of Formaldehyde. Nitrogen dioxide,, Hydrogen
Cyanide, Nitric oxide, Nitrous oxide, oxygen.This study is
intended to provide experimental data on the structure of
hydrocarbon flames supported by oxides of nitrogen In order to

establish the reaction mechanism for such flames Laminar,
premixed, flat flames of methane/N02/02 and CH20/NO2/O2 have been
investigated and a reaction mechanism is suggested which accounts
for all of the major observations in the data.

CODE CLASSIFICATION 79 01; 81 01
DESCRIPTEUR(S) Combustion*,Nitramines*,PropelIants*;Solid rocket propellants*,

Combustion products*;DecompositionExperimental data,Flames;
FormaldehydeHydrocarbons;Hydrogen cyanideLaminar flow;Nitrogen

oxides;Oxygen:Reaction kinetics;Vapor phases;Laser induced
fluorescence

IDENTIFICATEUR(S) Chemical kinetics*;NTISDODXA,NTISDODAF

48/72 - (C) C NTIS
NUMERO SIGNALEMENT AD-A190 752/6/XAD
TITRE ANGLAIS Advanced B and Al Iota Combustion Kinetics over Wide Temperature

Ranges.
AUTEUR(S) FONTIJN A
AUTEUR COLLECTIF Rensselaer Polytechnic Inst , Troy, NY.

ORGAN FINANCEMENT Air Force Office of Scientific Research, Boiling AFB, DC
CLASSIFICATION INT 024503000;, 302100
TYPE DE DOCUMENT Report

CODE LANGUE ENG
CODE PAYS D'ORIGINE US

SOURCE Annual rept. 1 Dec 86-31 Nov 87: NP 13, DP. 17 Dec 87

CODE JOURNAL NTIS U8814
CODE TARIF NTIS NTIS Prices: PC A03/MF A01
NUMERO ALLOCATION AFOSR-86-0019
NUMERO PROJET 2308
NUMERO ACTIVITE Al
NUMERO(S) AGENCE AFOSR-TR-88-0170

RESUME Current ability to improve the combustion efficiency of B and Al
**solid** **propellants** and slurries is hampered by a lack of
understanding and knowledge of the kinetics of the individual
reactions involved and the ways and manner by which temperature
affects the rate coefficients and product channels While the
simple Arrhenius-type equation k(T) = AT(to the 1/2 power)
exp(-E(A)/RT) has over limited temperature ranges been of great
value, when applied to wide temperature ranges it is often not
obeyed Particularly for exothermic and slightly endothermic
reactions, order of magnitude errors can be made by extrapolations

based on the Arrhenlus equation.It is the goal of this program to
provide an insight in the kinetic behavior of B and Al radical
oxidation reactions as influenced by temperature. To this end
measurements are made in high-temperature fast-flow reactors
(HTFFR).These unique too's provide measurements on Isolated
elementary reactions In a heat bath.

CODE CLASSIFICATION 81 01, 81 08
DESCRIPTEJR(S) Combustion*;Solid propellants*;Arrhenius equation:Baths;Channels;

Coefficients;Efficiency;Endothermic reactions;Errors:Extrapolation;,
Fast reactors;Heat;High temperature;Isolation;Reaction kinetics;;
Measurement;Oxidation reduction reactions;Range Extremes;Rates;
Temperature;Solid rocket propellants.Aluminized propellants;Boron
compounds.Aluminum compounds

IDENTIFICATEUR(S) Boron chloride;Aluminum chloride;Radiative lifetimes;NTISOODXA;,
NTISDODAF L5
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49/72 - (C) C.NTIS
NUMERO SIGNALEMENT AD-A190 163/6/XAD
TITRE ANGLAIS JANNAF (Joint Army-Navy-NASA-Air Force) Combustion Meeting (24th)

Held in Monterey. California, 5-9 October 1987 Volume 1
AUTEUR(S) BECKER D. L.
AUTEUR COLLECTIF Johns Hopkins Univ., Laurel., MO.Chemical Propulsion Information

Agency
CLASSIFICATION INT 054839001: 081100
IYPE OE DOCUMENT Report

CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT CPIA-PUB-476-VOL-1
SOURCE Meeting proceedings; See also Volume 2, AD-AI90 164; Availability-

National Technical Information Service, Springfield, Va. 22161 PC
$70 MF $70 (No copies furnished by DTIC.); NP. 441; OP. Oct 87

CODE JOURNAL NTIS U8814
CODE TARIF NTIS NTIS Prices PC$70 OO/MF$70.00
NUMERO DE CONTRAT N00039-87-C-5301
RESUME This volume, the first of four volumes, is a collection of 35

unclassified/unlimited papers which were presented at the 25th
Joint Army-Navy-NASA-Air Force (JANNAF) Combustion Meeting.
October 5-9, 1987, the Naval Postgraduate School, Monterey,
California.Specific subjects discussed include combustion
instability, ignition, burn rate, flame structure, and particle
size measurement of **solid** rocket **propellants** and the
ignition, chemistry and thermal degradation of nitramine
**propellants**.Subject,, author and source indexes for all four
volumes are included, as is the list of meeting attendees.

CODE CLASSIFICATION 81 01, 81 08
DESCRIPTEUR(S) Flames*;Propellants*;Rocket propellants*,Burning rate;Combustion;

Combustion stability;Ignition:IndexesJoint military activities,
Measurement;Nitramines;Particle sizeSolid rocket propellants,
SourcesThermal degradation

IDENTIFICATEUR(S) Meetings*,NTISDODXA

50/72 - (C) C NTIS
NUMERO SIGNALEMENT PB88-182324/XAD
TITRE ANGLAIS Soviet Combustion Research.
AUTEUR(S) MCLEAN W J , AMANN C. A.; BOWMAN C. T., LIBBY P A.;. PALMER R. E.
AUTEUR COLLECTIF Foreign Applied Sciences Assessment Center. La Jolla, CA.
CLASSIFICATION INT 089612000
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT FASAC-TAR-3120
SOURCE Technical assessment rept., See also P888-182316; NP 299, OP Mar

87
CODE JOURNAl NTIS U8813
CODE TARIF NrIS NTIS Prices: PC Ell/MF A01
RESUME The report is an assessment of Soviet basic and applied combustion

research,, prepared by a panel of seven US combustion scientists
and engineers who evaluated a large body of published Soviet
scientific literature.The panel examined a broad selection of
topics in Soviet combustion research, spanning the range from very
applied to very fundamental Soviet research related to combustion
of energetic materials (e.g , **propellants** and explosives) was
intentionally omitted from the assessment.Chapter headings include
the following. Assessments,**Solid** fuels combustion;Heat-engine

combustion,Practical combustion of gaseous and liquid
fuels--Combustion and explosion safety;Theory of laminar and
turbulent reacting flows,Combustion chemistry;Advanced combustion
diagnostics and instrumentation.

CODE CLASSIFICATION 81 01;: 99 06
DESCRIPTEUR(S) Combustion*;USSR*;Fuels;Safety;Research,Reviews

IDENTIFICATEUR(S) Foreign technology*;NTISNTIS

51/72 - (C) C.NTIS
NUMERO SIGNALEMENT N88-17733/2/XAD
TITRE ANGLAIS Shuttle Rocket Booster Computational Fluid Dynamics.
AUTEUR(S) CHUNG T. J. ; PARK 0. Y.
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AUTEUR COLLECTIF Alabama Univ in Huntsville. r
ORGAN FINANCEMENT National Aeronautics and Space Administration, Washington. DC

CLASSIFICATION INT 053562000; AM584056
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT NAS 1.26.182518
SOURCE Final Report;, NP. 108;. OP. 1988
CODE JOURNAL NTIS S2610
CODE TARIF NTIS NTIS Prices: PC A06/MF AOl
NUMERO DE CONTRAT NAG8-629
NUMERO(S) AGENCE NASA-CR-182518
RESUME Additional results and a revised and improved computer program

listing from the Shuttle rocket booster computational fluid

dynamics formulations are presented.Numerical calculations for the

flame zone of **solid** **propellants** are carried out using the
Galerkin finite elements, with perturbations expanded to the
zeroth, first, and second orders The results indicate that

amplification of oscillatory motions does indeed prevail in high

frequency regions.For the second order system, the trend Is
similar to the first order system for low frequencies, but

instabilities may appear at frequencies lower than those of the

first order system.The most significant effect of the second order
system is that the admittance is extremely oscillatory between

moderately high frequency ranges.

CODE CLASSIFICATIUN 81 07, 84 03

DESCRIPTEUR(S) Computational fluid dynamics*;Propellant combuStion*,Space shuttle

boosters*,Computer programs,Galerkin method,Combustion physics-,
Finite element methodFlame propagation:Perturbation theory;Solid
rocket propellants

IDENTIFICATEUR(S) NTISNASA

53/72 - (C) C NTIS

NUMERO SIGNALEMENT AD-A189 260/3/XAD
TITRE ANGLAIF Laser Ignition of Nitramine Composite **Propellants** and Crack

Propagation and Branching in Burning **Solid** **Propellants** "

AUTEUR(S) KUO K. K., KIM J. U , NIMIS J , SMEDLEY J., CHAR J. M

AUTEUR COLLECTIF Pennsylvania State Univ., University Park Dept.of Mechanical

Engineering.

CLASSIFICATION INT 009222071;. 401929
TYPE DE DOCUMENT Report

CODE LANGUE ENG
CODE PAYS D'ORIGINE US

SOURCE Final rept 1 Jan 86-31 Aug 87; NP 196, OP. Oct 87

CODE JOURNAL NTIS U8812

CODE TARIF NTIS NTIS Prices PC A09/MF AOl

NUMERO DE CONTRAT N00014-79-C-0762
RESUME Two major tasks performed during the report period of

investigation were. (I) laser ignition of nitramine-oased
composite **propellants** using a high-powered C02 laser in (ii)
crack propagation and branching in burning **solid**
**propellants**.The laser ignition of a series of RDX-based

composite **propellants** was studied theoretically and

experimentally.A comprehensive model for the radiative ignition of

the nitramine composite **propellants** was formulated.The
theoretical model was solved numerically.A radiative ignition test
setup employing a high-powered C02 laser was designed and

constructed to study ignition characteristics of a series of
RDX-based nitramine composite **propellants** Interactions between

the infrared laser beam and nitramine composite **propellants**
revealed a number of interestinC drocesses.The laser Ignition of

composite **propellants** involves many complex

thermophysiochemical processes including gasification, initiation
of a luminous flame, propagation of the flame, and chemical

reactions near the sample surface as well as heat conduction In
**solid** phases In general, the delay time based upon the onset
of light emission decreases monotonically with the increase of
incident laser energy flux

CODE CLASSIFICATION 79 01

DESCRIPTEUR(S) CombuStion*;Composite propellants*;Crack propagations;IgnitionCobs on ops rpaa o*; g' o
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lag*,Solld propellants*;Thermal conductivity*,Carbon dioxide
lasers,Chemical reactions;Delay;Emission;Energy;Extinguishing;,
Flames;Flux Rate;Formulatlons;Ignltion;Infrared lasers,Laser beams;:
Lasers,LightLuminosity;Models;Nltramines;Propagatlon;Pyrolysis;:
RadiatlonRdxResponse;Solid phases.Theory;Time

IDENTIFICATEUR(S) NTISDODXA

54/72 - (C) C.NTIS
NUMERO SIGNALEMENT AD-A189 160/5/XAD
TITRE ANGLAIS Combustion Theory and Related Questions.
AUTEUR(S) BUCKMASTER J. 0.
AUTEUR COLLECTIF Cornell Univ., Ithaca, NY.
ORGAN FINANCEMENT Army Research Office,, Research Triangle Park, NC.
CLASSIFICATION INT 000607000; 098550
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
SOURCE Final rept. I Dec 84-31 Aug 87; NP 9, OP Oct 87.
CODE JOURNAL NTIS U8812
CODE TARIF NTIS NTIS Prices: PC A02/MF AOl
NUMERO DE CONTRAT DAAG29-85-K-0022
NUMERO(S) AGENCE ARO-21306.14-MA
RESUME Modern asymptotic methods have been applied to a wide range of

problems in combustion science and mechanics. DetalIs are contained
in the 22 Technical Reports and 5 Ph D.thesis listed A list of
participating scientists is also given.

CODE CLASSIFICATION 81 01. 99 06
DESCRIPTEUR(S) Combustion*.ExplosivesFlames,Flammability;Shear properties,Theory,

Strain rate;Solid propelIants;Detonation waves;Chemical reactions;,
Theses;Reports;Test and evaluation

IDENTIFICATEUR(S) Stephen problemsNTISDODXA.NTISDODA

55/72 - (C) C NTIS
NUMERO SIGNALEMENT AD-A187 979/O/XAD
TITRE ANGLAIS Combustion Mechanisms.
AUTEUR(S) EDWARDS T

AUTEUR COLLECTIF Air Force Astronautics Lab., Edwards AFB, CA

CLASSIFICATION INT 088843000, 417458
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT AFAL-TR-87-077
SOURCE Final rept. Jan 81-Sep 87, NP. 7,, DP. Sep 87
CODE JOURNAL NTIS U8810
CODE TARIF NTIS NTIS Prices PC A02/MF A01
NUMERO PROJET 2303

NUMERO ACTIVITE Ml
RESUME The Combustion Mechanism project covered a 6.5 year time

period.Its general goal was to use the recently developed
laser-based combustion diagnostic probes to learn more about the
chemistry and physics occuring in high pressure **solid**
**propellant** flames References to published results are included

CODE CLASSIFICATION 81 01
DESCRIPTEUR(S) Combustion*;Probes*;Chemistry;Diagnosis General;Laser applications,

Laser induced fluorescence;Physics;Solid propellants
IDENTIFICATFUR(S) NTISDODXA

57/72 - (C) C.NTIS
NUMERO SrGNALEMENT AD-A187 119/3/XAD
TITRE ANGLAIS Correlation of HMX (Cyclotetramethylenetetranitramine) Particle

Characterization Techniques to **Propellant** Burn Rate.
AUTEUR(S) CHANDLER K. G.
AUTEUR COLLECTIF Air Force Astronautics Lab., Edwards AFB,, CA.
CLASSIFICATION INT 088843000; 417458
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT AFAL-TR-87-03e

SOURCE Interim rept. Mar 86-Mar 87;. NP. 20; DP Sep 87.
CODE JOURNAL NTIS U8807
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CODE TARIF NTIS NTIS Prices PC A03/MF AOI
NUMERO PROJET 5730

NUMERO ACTIVITE 00
RESUME Present methods of correlating **solid** **propellant** burn rate

to oxidizer particle parameters solely depend upon the weight
median diameters of the particle distribution.With the broad and
variable distribution of the oxidizer particle, vastly different
particle surface areas may results in variations in **propellant**
burn rates.This study compares the burn rate of **solid**
**propellant** to weight median diameters, calculated surface
areas from size measurements, measured surface areas, and a new
surface area distribution dependent solvolysis method.Comparison
of the characterization techniques is performed to determine the
role of surface area in the burning process, and the best

parameter for **propellant** burn rate correlations.
CODE CLASSIFICATION 79 01, 81 08
DESCRIPTEUR(S) Burning rate*;Hmx*;Particles*;Combustion.Correlation;Distribution,

OxidizersPropellant burn out;Rates;Solid propellants,Solvolysis,
SurfacesVariables

IDENTIFICATEUR(S) NTISDODXA

58/72 - (C) C.NTIS
NUMERO SIGNALEMENT AD-A187 000/5/XAD
TITRE ANGLAIS Holographic Investigation of Metallized **Solid** **Propellant**

Combustion in Two-Dimensional and Three-Dimensional **Rocket**
**Motors**

AUTEUR(S) WALKER J 0
AUTEUR COLLECTIF Naval Postgraduate School, Monterey, CA.
CLASSIFICATION INT 019895000,. 251450
TYPE DE DOCUMENT Thesis
CODE LANGE ENG
CODE PAYS D'ORIGINE US
SOURCE Master's thesis;. NP. 46; OP Sep 87
CODE JOURNAL NTIS U8807
CODE TARIF NTIS NTIS Prices: PC A03/MF AOl
RESUME This experimental investigation included the design and

construction of a new, two-dimensional, **rocket** **motor** that
could be used to obtain better holographic data than obtained in
previous investigations using a small three-dimensional
**motor**.The **solid** **propellant** used during this
investigation was AP, HTPB, with 2%, 40 micron aluminum particles
and 0.25% iron oxide.Good quality holograms were obtained using
the three dimensional **motor** at operating pressures of 93 and
94 psia.Successful holographic recordings were also acquired using
the new, two dimensional **motor** at pressures of 45 and 183
psia.System limitations and suggested improvements to the
apparatus are discussed

CODE CLASSIFICATION 81 07; 81 01;. 81 07
DESCRIPTEUR(S) Holography*,Rocket engines*,Solid propellants*;Combistion,,

Holograms,L mitations,MetallIzing;Motors,Qual ity;Recording systems,,
Three dimensional;Two dimensional

IDENTIFICATEUR(S) NTISDODXA

61/72 - (C) C.NTIS
NUMERO SIGNALEMENT AD-A186 215/0/XAD
TITRE ANGLAIS Effects of Turbulence on Stationary and Non-Stationary Processes

in C-Systems
AUTEUR(S) ROBERTS T. A.; BEDDINI R. A
AUTEUR COLLECTIF Illinois Univ at Urbana-Champaign.Dept.of Aeronautical and

Astronautical Engineering.
ORGAN FINANCEMENT Air Force Office of Scientific Research, Bolling AFB, DC
CLASSIFICATION INT 034597070;. 176005
TYPE DE DOCUMENT Report
CODE LANGUE ENG
CODE PAYS D'ORIGINE US
NUMERO DE RAPPORT AAE-87-1; UILU-ENG-87-0501
SOURCE Technical rept. (Final) I Sep 85-30 Nov 86; NP. 36: OP. I Jun 87.
CODE JOURNAL NTIS U8806
CODE TARIF NTIS NTIS Prices: PC A03/MF A01
NUMERO ALLOCATION AFOSR-85-0348
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NUMERO PROJET 2308
NUMERO ACTIVITE Al
NUMERO(S) AGENCE AFOSR-TR-87-0980

RESUME Turbularization of an acoustic boundary layer (Stokes Layer) on
impermeable and permeable surfaces is analytically considered The

theoretical approach uses a second-order closure model of
turbulence Both an approximate, closed-form solution and a more

comprehensive finite difference solution of the time dependent,
parabolic, one-dimensional governing equations are obtained.For

simple acoustic boundary-layers on impermeable surfaces, both the

approximate solution and the numerical results for the critical
acoustic Mach number required for turbulent transition are
qualitatively confirmed by experiment.Calculations for acoustic
boundary-layers with transpiration (injection) indicate a
substantial reduction of the acoustic Mach number required for
transition,, up to a limiting injection velocity that is frequency
dependent.The results may provide a mechanism for flow-related

combustion instability In practical systems,, particularly
**solid** propellent rockets, since turbularization of the

near-surface combustion zone could result at relatively low
acoustic Mach numbers.This report documents a completed phase of
work which is concerned with the analysis of turbulent flow and

heat transfer behavior in rocket chamber flows
(C-systims).Keywords: Acoustic instabilityAeroacoustics,.**Solid**

propellent rocket engines;TranspirationTurbulent boundary
layer;Acoustic boundary layer;Combustion instabilityLaminar

boundary layer.
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AUTEUR(S) HSIEH W. H., CHAR J M ; ZANOTTI C.,, KUO K K
AUTEUR COLLECTIF Pennsylvania State Univ., University Park.Dept of Mechanical

Engineering.
ORGAN FINANCEMENT Army Research Office, Research Triangle Park, NC.
CLASSIFICATION INT 009222071,. 401929
TYPE DE DOCUMENT Conference
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CODE PAYS D'ORIGINE US
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RESUME A theoretical model was solved numerically for simulating

erosive-burning processes occurring inside the center perforation
of an unslotted NOSOL-363 stick **propellant** Results show that

the erosive-burning phenomenon is caused by the enhanced heat
feedback from the gas phase to **solid** phase resulting from the

combined effect of increased turbulent mixing ard reduction in

flame stand-off distance from the burning surface The real-time
X-ray radiography system was demonstrated to be a powerful and

reliable tool for nonintrusive measurements of instantaneous

burning rates.A model was validated by experimental data in terms
of time variation of internal diameter distributilons.Thermal wave
structures of NOSOL-363 stick **propellants** under erosive- and
strand-burning conditions were measured by fine-wire thermocouples.
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TYPE DE DOCUMENT Report
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SOURCE Trans into Engl:sh of Parusu Xsen Kanketsu Syashinho Niyoru Kotal
Puroperanto No Nensyou Nikansuru Kenkya,, Tokyo. Japan. National

Aerospace Lab , Sep 78 Original langua document was announced
as N79-77192. Trans by Kanner (Leo) Associates. Redwood City, CA.
Original document prepared by Aerospace Research Group;: NP. 31,

OP Aug 87.
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RESUME Pulsed radiography was applied to observe **sOlid** **propellant**
surface regression during **rocket** **motor** operation Using a
150 KV flash X-ray system manufactured by the Field Emission

Corporation and two kinds of film suppliers,, images of the
-*oropellant** surface of a 5 cm diameter end burning **rocket**

**motor** were recorded on film The repetition frame rate of 8
pulses per second and the pulse train length of 10 pulses are

limited by the capability of the power supply and the heat build
up within the X-ray tube, respectively The experiment demonstrated
the effectiveness of pulsed radiography for observing **solid**
**r-',ellant** surface regression Measuring the position of
burning surface iuages on film with a microdensitometer,
quasi-instantaneous hurning rate as a function of pressure and tne
variation of characteristic velocity with pressure and gas stay

time were obtained Other research items to which pulsed
radiography can be applied are also suggested
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TITRE ANGLAIS Measuring Combustion Advance in **Solid** **Prooellants**. The

**propellant** forms a dynamic nart of capacitors

AUTEUR COLLECTIF National Aeronautics and Space Administration, Washington, OC

CLASSIFICATION INT 011249000
TYPE DE DOCUMENT Report
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RESUME This citation summarizes a one-page announcement of technology
available for utilization A set of gauges on a
,*solid*-**propllant** **rocket** **motor** with an electrically

insutating case measures the advance of the combustion front and

the local erosion rates of the **propellant** and insulaticn.The
data furnished by the gauges aid in -motor** design, failure

analysis, and performance predictiu,,,.The technique is also useful
in determining **propellant** un". :'.ty and electrical properties

.4i i''
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Of the exhaust plume The gauges can be used both in flight and on
the ground The foil-gauge technique may also be useful in basic
research on pulsed plasmas or the combustion of solids Each gauge
consists of a small metal foil on the outside of the **rocket**
**motor** case Each gauge constitutes one electrode of a

capacitor, while the combustion products constitute the other
electrode Since the flame in the **motor** cavity is extremely hot
- 2,000 to 3,000 K - the gaseous combustion products are Ionized
and, therefore, electrically conductive Because the Components are
located outside the combustion chamber, they do not affect the
combustion process
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TITRE ANGLAIS Combustion Instability in "Solid" "*Propellant** **Rockets**
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AUTEUR COLLECTIF Georgia Inst of Tech . Atlanta School of Aerospace Engineering
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TYPE DE DOCUMENT Report
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RESUME This project concerns assembly. synthesis and comprenensive

oresentation of information on combustion instab'lity in *solid**
-*rockets-, in the form of a reference book The format is chosen
to make tne book suitable for a wide audience of readers including
propulsion program managers, **motor** designers. *propel l~nt'
chemists, test engineers, and combustion specialists The diversity
of audience is accommodated by opening with generpl introductory

chapters for nonspecialist, with progression into more applied
issues, such as experlmental methods and remedial measures All
chapters open with Introductions that give a relativcly
non-technical statement of tne problem and content, and end with a
qualitative summary of what was done in the chapter An extensive
bibliography is included, and supplemented by a . complete.
computer-based bibliography with searcn-retriev. .aDablI ity
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iyiE DE DOCuMENT Report
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RESUME In this paper, a numeric3l solution of basic equation for one

dimensional two-phase nonequilibrium flow in a combustion Chamber
of **solid** **propellant** **rocket** **motors** is discussed in
detail, the effect of particle size on flow field in combustion
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Chamber and pressure-time curves is analyzed, and some useful
conclusions are obtained in Comparison With results of one
dimensional two-phase constant lag flow in combustion chamber It
is useful for predicting pressure-time curves accurately and
providing accurate boundary Conditions for the calculation of
two-ohase flow through the nozzle (China, Chinese language,
Translations) Journal of Chinese Society of Astronautics (Selected
Art icles)--Translat ion
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