TRTTTTT SR W TR

it Lt alnalt LK)

bt = T et PR N et 2 S A TTETTAN N PR MR R WIS YT AT
F\. eI TSI TR AP TSS T e SE, N e Wi F TR LT T = SN T, ST TS Oy TN T A NP 2

AD-775 795

SOLID PROPELLANT FLAMMABILITY INCLUD-
ING IGNITABILITY AND COMBUSTION LIMITS

L. H. Caveny, et al

Ballistic Reseaxrch Laboratories
Aberdeen Proving Ground, Marylard

March 1974

PRI TRV WAV FT NPT 79

DISTRIBUTED BY:

NS

Natisnal Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151

J
oL, e eow
T T N P IR Y A O T . R Ny S e P P Pt




UNCLASSIFIED

- Secunty Classi®-stion 14']) 2 2; 7 yf

DOCUMENT CONTROL DATA-R& D

(Security cli allication of title, body ol sbatract oad indesing annsiation must be entered when it evers!l repert i. clasallied;
I CORIGINATING ACTIVITY (Corporale suther)

i
"
o r swfﬂ,‘m

30, REFPORT SECURITY CLASIFICAT'ON

USA Ballistic Research Laboratories Unclassified
Interior Ballistics Laboratory . 20" Gmous

Aberdeen Proving Ground, Md.

3 REFPORT TITLE

SOLID PRCPELLANT FLAMMABILITY INCLUDING ISNITABILITY AND CUMBUSTION LIMITS

4. DESCRIPTIVE NOTES (Type of repert and inclusive detes)
BRL Report
S AUTHOR(S) (Firet name, middie initiel, loot neme)

L. H. Caveny, M. Summerfield, R. C. Strittmater, A. ¥, Barrows

¢ MEPORT DATE 78. TOTAL NO. OF ®A3KS 18. NO. OF REFS
MARCH 1974 16 13
08. CONTRACT OR GRANT NO.

86. ORICINATON'S AEPORY NUNMDEARLS)

b FRosecT Mo 1J662604AHI7 BRI, REPORT NC. 1701

€.

85, OTHER REPOART MO (Any sor numbere At aoy o sesigred
hie repen

[ 8

—a—
10 OISTAIBUTION STATEMENT

Apgroved for public release; distribution uniimited.

1t SUPPLEMENTAA/ NOTKS 12. SPONSORING MILITARY ACTIVITY

w — e
13. ARSTRACT

Studies were directed at developing an understanding of mechanisms of propcllants
burning in air and of factors that control limits of burning so that one may
rationalize choicrs of propellant formulation, charge ccnfiguration, process technigue
and special additives to reduce accidental ignition and bumming of propellants in
ambient air. Propellants were categorized in terms of convective, comductive, and
radiative ignition datz and in terms of burning rate and extinguishme:nt limit data.
The flammability of AP and HMX compositt propellants is greatly increascd by tre
presence of air; generaily double base propcllants are more flammable than the
composite provellants, both in N7 and air. Three types of additives for reducing
flammability were evaluated: coolant. (e.g., oxamide), char formers (e.g., phasphates)h
and flame inhibitors (e.g., i.alogen compounds). No practical success has been
achieved with char formers and flame inhibitors. Significant improvozents in vhe
flammabiiity limits have been achiivved using coolants (at the 10% level) witn campositeﬁ

propellants made from high decompasition-temperature ingredients (e.g., HMX and
polyurethane).

; , e 4 . i s )L pa Lot s AR
bt Nt AN E O st R 2 AR 1m0l A0 A A e Nl i ke b R AN T A AN AN 2 T F LSRN onanaind i

RTIVN

nepentased by
MATIONAL TEZHMICAL
INFORMATION SERVICE ' ;
[HES Degartmane Al Cam marze |
Spraeptett VA SNt

PR TSy

I
DD "5, 1473 oelate Ooa dmey Ude! 255 0 e e UNCLASSIFIED ;

Tecunity wlesnification i

v e m e




e TR

XYY PRSI VIR R ST Y. v

UNCLASSIFIED
Lecurlty Clasalllcation

[0 LINK A LiNg ®
XKEY AORDS

%04 € wr ROLE

Igrition
Flammability
Combustion

Caseless rropellant
extinguishzent limit

'

Cady s WA wi oS it nm‘nvrnwmwwmwwm"i“wlmwr’m\em"r'?"'vnW T T ARG Y T
1

TVEYITT TR

piNLs

o/ At 2atag Tt Yl M

l

UNCLASSIFIED

I T b .

- aahaaetass 2 Al Sy i S i A e ol




e P T § e e TR ateARTT TR | WWRTIETRA O QTR LY SRR ™ AT T e T O T T
R R T B

A
o

A £

BALLIST*C RESGEARCH LABORATORIES

tidastoi i Benin. aed R Lol ALIIESRA

REPORT NO. 1701
NARCH 1974
%
3 SOLID PROPELLANT FLAMMABILITY INCLUP'(Ns 3
IGNITABILITY AND COMBUSTION LIMIYE 3
ﬁ
3 L. H. Caveny :
3 M. Summe:field 3
: 3
i Princeton University §
% ) and %
R. C. Strittmater F
1 A. W, Barrows
E I'sterior Ballistics Laboavory é
;

Appcroved for pedlic celease: distribution unlimited.

TN R o ek v

RSN PRLITAEIPY A PR VLY (I ST

Dt ie Ay b RN AN N 2 L iy

RN RO A 1

RDTSE Project No. 1J662604AHI7

ABERDEEN PRO 'ING GROUNR, ™MARYLAND

3,

i

{4
]
3
4
-
E
(]
<
\
|
g
{
{
k
]
)]
{
A
)
5
L
9
hmm;auw.umm.m PRI NVT T LT P RICT PSR L RPePRN LU SR

R T IS




g LI —— T A g TSRS TIT? W

3
2
%

Ayt

TABLE OF CONTENTS
Page

Ansmcrl * & e & o o & o o
LIST OF ILLUSTRATIONS . . . .
LIST OF TABIES. ¢ & @ & o =

GLOSSARY * o o e o s e s o o

& ® ¢ o &4 & o 4 & s &t e o o

I. INTRODUCTION AND BACKGROUND .

@ 8 e & ¢ o & s a 3 e o e 4 13

A. Definiiions and Criteria Associated with
Nonflamssbility . . . . . ¢ ¢« ¢« ¢ o ¢ & &

B. Effect of Air/Propeliant Products Diffusion Flame . . 17

IT1. APPROACHES TO REDUCING FLAMMABILITY . . . ... .. ... 17

I11. TESTS USED TO EVALUATE FLAMMABILITY . . . . . .. . ... 22

IV, EXPERIMENTAL RESULTS. . . ¢« ¢ ¢ ¢ ¢ 4 ¢ o ¢ o o ¢« o o o . 24

V. RELATING PROPELLANT FLAMMABILITY HAZARDGS TO CONVENTIONAL
HAZARDS . . . . . P 3 |

e o 6 o & o o o o O o v o - .

VI. CONCLUSIONS . . . . ..

vI I - qum 'o“ L] - * * - * *

e o 6 e o o o e e o e a e e 36
ACKNOWIEDQMENT. . . ¢ & ¢ ¢ ¢ ¢ ¢ o o o o o o o o o o o o 37
REFERENCES. ¢ ¢ ¢« ¢ ¢ ¢ ¢ ¢ ¢ o ¢ o o o o o o s o o o+ . 38
PISTRIBUTION LIST . . . ¢ ¢ . ¢ ¢ ¢ ¢ e o s o o o e o . 39

Freceding page bank




ey —T— TR T T TR

R

AL E

LIST OF ILLUSTRATIONS

Figure Page %
l. Schematic drawing showing combustion zones of propellant 2
burning in atmospheric oxygen (Greatly sinplified one 3
dimensional section from a multi-dimensional 3
Configuration)...............o...-oo.14 é

2. NC propellants interact iess with air than MHMX composite §
propellantsoot'000000000005000’000.18 §

3. As the basic burning rate decreases the heating from the ?
air/propellant produzcs diffusion flame bszcomes more i
pmminent L] * * * L] L ] L] [ 2 L] L] ® * L] L] - L] * * - . L] L] [ d L] 'Y 19 z

4, Conditions which determine whether a coolant will be 2
effective in reducing propellant flgmmability . . . . . . . 21 ;

S. Diagram of hot plate ignition test apparatus. . « « . « « « o 23 i
6. Measured mass buming rates and pressure of seif- i
extinguishment for propeilants burning in air . « « « « . . 27 ;

7. Hot plaile ignitior data showing that unmodified double
base propellants are relatively easy to ignite and that
the HMX/PU composite propellants are very resistant to
ignitimoooaooo-oooQQQO..-.oo.o.-ozs

b

i b ok

8. 1Ignition data obtained using the radiatior source at

1 ate showing conditions for which coolamus are
effective * ® L ] L J L] L] . . - L 4 L] * L] * * * L ] L] . * L d L] - *

EPRURYRSVARI N ]

. 30

€. Decrease of ignitability and burning rate of AP composite
with increased phosphate 108ding. « « « « o« o o o o o o = o 32

SUCTPRAE TR IR PN WL L LTS

10. Burning rate versus pressure of AP/PBAA composite propellant
modified with ethylene dibromid: showing that ethylerne
dibromide does not affect the burning rate character-
istics in the 1oW PreSsure r2nge. . « « « o o o o o o « . , 33

i1,

Burning rate versus rressure of nitrocellulose prupellant
modified with etnylene dibromide showing that ethyiene
dibromide does not result in a useful self-extinguishment

wint.......o.."..o.....ooo'o 03‘

et A P b a2 LY

Preceding page blank

B RAR

+
Lﬁ tuidad’ b b Lol b € e AR S b

. o oy A O - R i
~ . R T P g S s o,
PP Xl




ini Bua bk uand

ISy PRI RS AT TR TR

v

TR T

VORI T A e vy vea v FPATTE T

MLaaS cati ik ald

e - Cmm T T < T SETWREE T RIR WTETT 5T S TP TR R A T =
B S I N

LIST OF TABLES
Fage
I. Scope of Laboratory Evaluation of Candidate Approaches. . . 25

II. Deflagration Pressures in Air are Below 1 atm for HMX
Composite and NC Formulations . « « « o« o o « ¢ o o o o « 26

I/I. S»veral Propellants and Outer Layer Materials are More
Difficult to Ignite than Conventional ltems . . . . . . . 35

Preceding page tlank

TR S periialacaty

K
1
A
N
E
-
r)
3
E
El
E
3
k]
3
3
;
3
3
3
i
3
3
r‘j
4
i
i
H
{

NPT IPPROR TR W TR I AF TS 288 LA LR

Lo akasd 402

Ae

Cantkades

RXTCTR RIIve

PRURIV'L SN IR IR L

FRERS%

awanwdh MG et e

PE NP PIUTISPT TN It P U

.
Lﬂmuﬁ(muum.zul, ey




TINYR ATV TT R R R

b asaed

TV

AT LS ot

AR sV g

Bt T

MIN or TMEIN
TEGDN

PNC

PbSa

CuSa

NG

HMX
Phoschek-30
Oxamide

PU

TAGN

SEAP

TCC/W

EC

B o

TSI enT E T TTETE ST RIMRSIRI TN Y T SIS R < R T P T e X TN

GLOSSARY

trimethylol ethane trinitrate (metrial trinitrate)
triethyleae glycol trinitrate

particulate nitrocellulose (typically 12,6%N)
lead salicylate

cupric salicylate

nitroglycerine

(CHoNNO,) 4

amwonium polyphosphate NH,(PO3H),NH;
(NH,COCONH, )

polyurrthane binder system

triaminoguanidine nitrate

self-extinguishing at atmospheric pressure
Wasatch Division of the Thiokol Chemical Corp.
ethyl centralite (a stabilizer)

Preceding page blank 1

ke e 3 - ez o -

P U bl A8 B,

PORSVALE <

Asbstre

s s MR YL

DA a L abadd N

X
)
,
!
|
1
Py
1}
|
k
m&m_\u
HALuit as




- e e s e s e e ————— T Y T TR TN T TR L TPV

e,

I. INTRODUCTION AND BACKGROUND

Accidenta. ignition of solid propeliants in ambient air and the
modification of soiid propellants to reduce their susceptibility to
accidentzl igniticn: were investigated analytically and experimentally.
The susceptibility of solid propellants to accidental ignition in
- ambient air is a consequence of an interplay among factors inherent in
3 the propellant make-up and circumstancial elements of the immeliate

£ OKE 2 0 e e e M €t b2 3B i 8 LRI,

1

{

environment. At the heart of this interplay is the oxygen is the air 3

F which greatly modifies the ignition and burning characteristics of the :
] propellant. However, the extent of the influence of atmospheric oxygen :
i is very dependent on items such as wind velocity, propellant geometry, :

propellant container geometry, and propellant formulition.

Figure 1 is a schematic drawing showing a represcntation of a
two-stage flame which results when propellant is burned in air., The

3 reactions can be considered to occur in three zones as shown in Figure 1.
Under conditions of slow heating and slow burniing, an appreciable fraction
of the heat release may occur in the condensed phase. Adjacent to the
surface is a premixed flame (i.e., a self-flame) which under high

L pressure conditions does not depend on an external oxygen supply. The

' reaction products from the self-flame undergo further reactiun when they
com® in contact with the atmospheric air. The result is a diffusion flame
(i.e,, the second flame) between the products of the self-flame and the
surrounding air, At pressures near cne atmosphere, this second flame

3 increases burning rate and flammability. In most situations, air is

: supplied to the second flame by a combination of several processes

3 including natural convection, (i.e., buoyancy forces), forced coavection

(e.g., wind), and currents set up because of the unsteadiness of the
flame.

(g KNt

The goal of the study being reported here is to develop understanding
of mechanisms of propellants burning in air and of factors that control
the limits of burning 50 that one may rationalize the choice of propellant
formulation, charge configuration, process techniques, and special
additives to reduce flammability. (This study was not intended as a
propellant development program; several propulsion companies have been

awarded contracts to develop propellants resistant to accidental ignition
and burning.)

Vaaal b

Lacdas LIl atiaty

The emphasis of this report is on:

T

(a) How the burning of propellant combustion products with

air affects propellant igniticn, burning rate, and flammability limits,
and

(b} How additives intended to reduce flammability affect
the flammability limits.

Preceding page blank

13

'y

q
ty
2ot e o B s AN, o td Saat e ‘o 4 < PRI TP 1% LS e ki - " i B Asthoul e, ha whdue. mtoibee
5 T TV T S I SR W S U TE S NP  S R SV LR
hﬂ A Aakh. t4 b o bl ot $ AP v a0 PR B A RRMANYC B Rt P & b a sl s Lt tlea dd Lo PEC PNV AP I o D
L A LA bt b Ao b VRSN YSRNYI N 1

. o e e
O Z




Pl — T T T P TN (1 AT

z |
| ge EE |
| 35 3F : |
3 & 3
3 o &8%0 Sg % 3
3 . H® O A4+ c :
; g zz<§ 2oE & |
g g%. 5 Sk BT %
E Ls i .5382__“d%§§£2' ~ e ;
o ~ E

E ggg Sgﬁo .:55:'5.4
E Red | 94 LR %
« * & ?

£ CIRCULATION
; INDUCED BY
RATURAL OR

: FORCED :
; CONVECTION ;
]

" Tgow/0 air

1 FL U DS U e sk A ] DA e S,

REGION OF DIFFUSION WITH 4
3 AMBIENT AIR
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In general terms, propellant flammability is a measure of three
component processes: ignitability, flame retention, and flame spreading.
Ignitability here refers to the ability of the propellant to yield (sconer
or later) sustained exothermic reactions under the inflvence of an
external heat source. Flame retention refers to two factors: whether
the conditions at the time subsequent to thermal ruraway are within
the combustion limits for steady burning and whether the flame is
sufficiertly stable to survive rapid removal of the external heat source
(if removal occurs). Flame spreading refers to subsequent ignition of
propellant regions adjacent to that first ignited, as influenced by
both the external heat source and the heat supplied by the existing
flame. All of these component processes are subject to significant
alterations by ambient oxygen and by propellant formulation variations
{e.g., oxidizer percentage, oxidizer type, use of coolants and flame
inhibitors).

Variogs4§tudies of the normal, low pressure burning limits have
been made. The ultimate causes a~e usually taken to be radiative heat
loss from the propellant surface and incomplete reactions corresponding
to low pressure. Different classes of propellants show widely varying
limits., Ammonium perchlorate (AP) composites generally have sub-
atmospheric burning limits which, for certain binder types, may exterd
as low @s 1/200 ata (in Nj); double base propellant flames tend to be
much less tenacious in this respect and have exhibited limits above one
atmosphere (in N2). Indeed, AP composite propellants have been specially
formulated to extend chis limit to above three atmospheres.3>4 The key
factor here is the balance between heat loss and heat generation in the
immediate neighborhood of the propellant surface. This balance can
clearly be tipped in the direction of persisting combustion if oxygen
can approach the surface and react strongly with the emitted gases; ia
this view both the oxygen supply rate and its reactability with the gases
dictate its influence on flammability limits,

A. Definitions and Criteria Associated with Nonflaammability

We have found it useful to categorize and critique several of the
requirements and criteria for nonflammablie propellants, The requi. ments
for the sought after, nonflammable propellant are summarized as foliows:

}. Shall not ignite or if ignited shall not rctain flame (Note:
two separate possibilities) under ordinary ambient conditions:
P =1 atm; Tagp = up to 140F; 21% Oz; possible winds,
possible radiation.

2. Shall burn readily at elevated pressures in hot, inert
atmospheres (combustion products) in chamber, after ignition
and produce normai ballistics.

*Refenences ane tisted on page 38
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3. Other requirements not directly relcvant to principles of
nonflammability: smokeless, no chamber residues, high encrgy
resist premature ignition (ccok-off), etc.

A suitable criterion of nonflammsbility must account for the relative
importance of three component processes: ignitibility, flame spreading,
and flame retention. The following criteria which cover each of three

component processes are followed by an assessment in terms of the uvcrall
objectives of this study:

N FEFOTY, PRI YT

1. The sought-after propellant is very difficult to ignite. This
means that “ignition temperature" is very high, or that required
ignition energy is very large. Evaluation of this criterion:
severe exposure conditions will initiate custained burning.

Ll Ay

] 2. Even if the propellant is ignited, it resists flame spreading-

: Evaluation of this criterion: if the propellant can be ignited,
3 the fiawe will eventually spread, especially in a breeze oz in

;

combustion-zenerated air flow in a confined space.

3. Even if the propellant is ignited, the flame will die out promptly

j
3
E
E
3
3
3
3
ki
,g
F
3
%
]
3
3
i

3 after the ignition source is removed. The element here is
3 non-retention of flame under free atmosphere conditioms.
A This criterion is the most acceptable goal in terms of the

3 objectives of this study: if the propellant will refuse to continue
3 burning, tken it is immaterial how intense an ignition source
g was used or whether conditions favorable for flame spieading way

exist -- the flame will go out. (This is self-extinguishment
at atmospheric prassure, ""SEAP",)

PRI LIV

When attention is focused on Criterion 3, then we examine propellants
already burning steadily and ask whether they will go out. For example,
we ask whether the flame will generate an internal impedance element

: that may upset the steady-state energy balance, or whether the presumed

1 steady flame is indeed stable under possible small perturbations (non-
steady perturbation theory). Following this criterion studies of ignizion
transients (start of the flawme) and the study of flame spreoding rates

are set aside. Instead, emphasis is placed on the nonretention of the
flame under atmospheric coaditions.

Ciiu s s sk S i

There are two types of flame zone/condensed phase interactions
leading to self-extinguishment:

o Atk Sk 3 Ly e a0 sVt ALt s WA ot kv 2 €K D Lt e 58 80

1. Failure to satisfy the steady-state energy balance at the

burning surface (or 21sevhere) due to heat loss or incoxplete
combustion,

PORVIT T RTR Y

e

IR

2. Failure to satisfy stzbility conditions under small perturbations,
wlien Luming under constant ambient conditions.
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‘n principle, combustion limits or flame retention limits exist for all
solid propellants. In some cases, they are of type 1 extinguishment, and

in at least two propellants the type 2 extinguishment has becn unambiguously

identified., The aim ~f adding char-formers, coolants, and/or rate
retardanis (to be discussed later) is to move the extinguishment
boundaries above 1 atm pressure at the 140°F ambient temperature.

B. Effect of sig/Propellant Produits Diffusion Flame

Equ librium thermodynamic flame temperatures were calculate.dS to
estimate the temperature of the second flame (Figure 2) of two propellant
types. Rebuming the HMX composite prope.4ant products greatly increases
Tg (~800°K) while the T¢ of the double basc propellant increases
slightly. An examination of the H,0 and CO; concentration aad ‘.iie amount
of air required to achieve the maxamum T¢ indizates that double¢ base
propellant is a more nearly balanced system; thus, flammabi'ity of the
couble base propellant is less likely to be affeci~d by ambient air
(this will be emphasized in subsequent sections).

Anoth¢ r realization in the search for a low flammabiiity propeli-..t
is that the very modifications that tend to decrease the :.ntensity of
tne self flae increase the relat.e heat feedback contributions uf the
second flame. As the self flame decreases, the burning rite decreases.
This in turn decreases the blowing away from the surface ind permits
the ambient oxygen to diffuse closer to the surface, hringing the
secoiid flame closer to the surface. This is illus*rated by the asnalytical
results of Figure 3 in which the burnirg rate is decreased by lowering
the initial temperature of the propeifant, Nete that .<low 300°K in N;
the burning rate decreases rapidly, while in air the heax feedback from

the second flame has a dominant roie. Furtheraore at ths Ligher burning
rates corresponding to the higher teoperstures, thc ambien air has a
diminishing effect on burning rate becaus: of the previously explained
blowing away (from the surface) of the second flame. The calculations

of Figure 3 were performed using the anilytical model which will be
described in Refereun.2 6.

II. APPROACHES TO REDUCING FLAMMABILITY

Fire retardants whick have been used by the textile and plastics
industries in various commerical applications cen be class’fied into
three categories7 acccerding to the mechanism by whica they act: (a)
coolants which absorb a large amount of energy near the burning surface,
(b) flame inhibitors which suppress the gas nhase reactions near the
burning surface, and {c)} compounds which promote the formation of
carbonaceous surface layers that block heat feedback from the flame to
the surface. In addition, binders and oxidizers with nigh decomposition
and ignition temperatures huve been found to reduce flammability.

T T A e

N g R S e i,
S aida e el

e et ol bl

oo et e 3

PIRTSTH R N o V) S TLARCER

TR IS 3

Lt X

PRRSTRVTVOPLLY PR WPRTR LE RRP SR RN

e Birn el o A Y e

fi b

b e kuldind st wlaal

3
3
E)
H




ATV T TN T TR I A

o pror - e R T e AT SR R R W TR A AT~ VTR ATV SV TR
——mremryn -y T R AL e 5 xauiais £ LA A TR AL ARt A O LA O e TTVTISTE FT TT ROVT S R AT “ "
A N AT ST LTV RY B T R T
1
'
+

T e S O .

o b
o
] 7 o%H + %00 40 NOILOWMJ I'IOW w
; "
: z 9 ¥°0 z*0 1°0 0 58
4 0 -« L -
3 Cm b W
v E D -y
N g8
: o» m o ~ K
N = [ XY 4
: ~ ® ] B
: n o8
3 2o~ = m m-
\ T v
N D w9 o
A & vl [
W . g l
9P w
: © o e v
e N (o] Loul ;
o~ & m.m
wn [ .m
/ N
M y £ ~ & o _L
3 < Zz o m
1, | N !
[ I % W
§ st
| _ R a ,_
Mo * N.H. ‘IWVIS NOISNIITA INVITIGOUd/¥IV
JO FUNLVHI4AWHL

sl st Lt

S aptunat 28 al il LTR Y TIVE FUTI SIS VS AU SO e sV TE A e




o e
5 S e —
R od - O‘“ M
. ,
> e . .
i » -
.l - U = b .y - LIy " - gt A ate

:
z
3
4
;
F
E
3
i

0.6

A M AL T L g o i i et a i A G AL LN 2 B e
ara L2 s

NORMALIZED BURNING RATE

r(p,T,) BASED ON STRAND
DATA
{

~ DOUBLE BASE PROPELLANT _

°

- - :

; S ] 1 1
4 e 280 300 320 349
INITIAL PROPELLANT TEMPERALYURE. TO' °K
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E The following are examples of compounds which can be corns’.dered
: as coolants when added to propelliants:

00

1"t e

L goih 2.

2

ok ANy

Oxomide NH -»t':--C-hll'l2

Amsonium Oxalate (NHg), €20, 3

ST FTER T AR

Hydroxy L: maonium Oxalste (hlis(liz) (:204

ARt P 1 i

1 To realize fully the flammability reducing capacity of i coolunt
: added to propellant as a3 powder, the ccolant must endotherwically
decompose before it leaves the surface of the matrix propel ant. Tris ]
is the premise which will be consiiered in this section. Figure 4 :
illustrates t* o situations: (a} the undesirable situation of a coolant
decomposing after it leaves the propellant surface, and (b) the desirable
situation of the coolant endotherm.cally decomposing at the praopellaat
surface. The difference between the suiface teaperature of the wat:ix 3
propellant and the decr .position temperature of the coolant is th: E
important consideration in terms of the above premisc. The te.yv rature :
of decomposition at slow heating rates is a secondary considerafio.
since the low temperaturc decompositions that cccur during slow heating
are not indicative of the higher condensed phase temperaturcs th-ot
accompany rapid ignition and self-sustaining combustion.
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3 The hoped for fire retardant mechanisa of various halogen compounds
is considered to be a flame inhibition action by means of radical

trapping in the vapor phase., For example, consider the free radical 1
reaction of a bromine compound: 3

Caddd

] RBr + He * HBr + R . (1;

which removes a very active species H» , and replaces it by a less
reactive species R. It shouid be noted that while such flase inhibirors
( have the desired affect of decr:asing the flame spreading rates® they

do not greatly altex (at high pressure) the energy released by the
burning propeilant., :

: Several phosphorus containing c.apounds have been identified as

: promoting surface char layers.7 As the pareat material burns, these
phosporous compounids react to yield long chain carbon compounds and

E eventually a cthar layer. As this char layer develops it was hypothesized

that it would tend to insulate the surface from the heat feegback from

the flame and to isolate the surface reaction zone fron atmospheric

oxygen. During the early stages of burning, the char isyer shouyld
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wd ENDOTHERMIC DECOMPOSITION
39 OF COOLANT OCCURING IN :
< ZONE THAT HAS ONLY SEC— 5
i p ONDARY INFLUENCE ON HZAT i
3,8 ..,/ FEEDBACK TO PROPELLANT ]
wii o ), SURFACE. 3
L3
s i
=9 :
d"‘g B
=0 ZOOLANT DOES NOT :
. OFFOMPOSE ON SURFACE.
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MATRIX PROPELLAN,

COOLANT
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a) Coolant decomposition temperature higher than surface
tempercture of basic oropellant. Thus the endothermic
decomposition does not anprecicbly affect the zone
that influences ignitability and burning rate.

NTTTRIT ISR 70 TETT VI

ENDOTHERMIC DECCMPOSE-
TION OF COOLANT OCCURS
AT PROPELLANT SUFACE.

PR N POy P PP VR T PR

b) Coolant decomposition temperature is lower than the surface
temperature. Thus, the endothermic decomposition occurs in

a zone where it has a profound influence on ignitability and
burning rate.

RPVIV PO PR VI SO CR L ST}

Fig. 4 Conditions which datermine whether 2z ccoiant «ill
be effective in reducing propellsnt flaamabiliity.
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(following the: hyvpothesis) begin to insu'ate the surface from the second
flame. If the char formation is succes<.il as a fire retardant, heat
feedbackh from the second flame .o the propellant should become
progressively weaker until the exrscts of ambient air becose unimportant.
It was contemplatad inat -~ oropellant which will self-extinguish in Ny
would also self-exiinguirh bLehind a sufficiently thick < .ar layer.

YL TR

cashil 42l laXY

One of the vurposes of the experimental studies was to evaluste

the hypothesized sffect: of the three types of flameability reducing
adiitives.

III. TESTS USSD 70 EVALUATE FLAMMABILITY

In this paper reference wili e made to ignition data obtained
from three types of ignition sovi.ces: (a) radiation using a tungsten
filament lamp (heat flux up to .0 cal/sec-cm?), (b) forced convection
using an acetylene flame (1.7 ca long froa a No. 00 Micro-torch nuzzle),

and (c) hot plate (or conduction) using an electrically heated copper
Fiate.

SRR LTV P IV VI TPV T L O R AN

The hot-ziate ignition apparatus was designed to subject the
propeli-n_ sample to a square-wave exposure by a (nearly} constant
temperature copper plate. As shown in Figure S, before the exposure
interval, the propellant sample is isolated from radiative and natural
cotvective heating emanating from the hot plat: for a predetermined
time and then it is retumed to the position shown in Figure S. The test

is a go/no-go test. A more complete description of tte apparatus is
given in Reference 9.

BTN R I PPT R I CW TP R LA EAS -

e

Impact and radistion ignition apparatus for evaluating the
flanmability and sensitivity of propellants under ambient conditions
were also developed by Shcck Hydrodynamics, nc,10

Another test for assessing the effectiveress of flammabilitv
reducing methods is to measure burning rate as a function of essure
and to determine the pressure (pj) below which ignited propellant will
selt-extinguish. The propellant can usually be ignited (at least
temporarily) by creating a local not spot. Thus a measure cf success
would be to increase pj. If pj can bc made greater than one atzosphere,
then the propellant satisfies criterion c. The tests were carried
out in a specially fabricated chamber (ID = 26 cm and height = 53 cm)
which maintains a prescribed air pressure and introduces fresh air to
prevent oxygen depletion during the test. The propellant sample jis a
0.635 cm cube mounted on a needle so as to .e exposed on all side:.
Ignition >f the sample is achieved by a carefully controlled pyrogen- :
type igniier which engulfs the entire sample in flame. In this paper, :
mass burning rates (i.e., the average mass consumption rate of the cube)

will be repcrted since they are more repeatable than the present linear
burning rate data.
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TO DELAY TIMER g
/ INITIATE CIRCUIT i
/
i
b
;
CBUFFE2 SPRING CUSHIONS
VAPACT AND HOLDS PRO-
TRANSITE :fga:qr FIRMLY AGAINST p
SHUSTER— —PROPELLANT SAMPLE
llﬂz;zm; — ‘“"lllllll’llll:l.ll"lll
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z ( A
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' -
i
!

o

Fig. Diagraa of hot plate ignition test

apparstus
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IV. EXPERIMENTAL RESULTS

The scope of the laboratory evaluation cf the approaches ts reducing
flammabjlity are summarized in Table I. The colurns on the left of the
table show the four modes of retarding combus-ion. The experiments were
carried out with chree classes of propellaats. The double base
propellants and the HMX composite propeilants are of bro~d interest to
the Army. However, the halogen additives, AF cumposite Dropellants, and
tne propellants usiig flourocarbon binders are no: suitable for many of
the Army applications since their combustion products are par:icularly
corrosive. We studied these formulations because the; helpsd us to
understand mechanisms which may lead to reduced flammability using
ingredients which do not produce corrosive products. Table I iadicates
which of the five standard laboratory measuremunts have been obtained.
lhose that are circled wili: be discussed in this rejort,

In several evaluations, additives were incorporated to che extent
that the energy level or physical properties of the resulting propellants
were nsatisractory. Such propeli. 1ts were useful in establishing the

combustion trends produced by tne additives and should not be considered
as candidate propellants.

One of the more useful observations on the efiectiveness of additives
to reduce flammability is the effect of the additive on the pressure
at which combustion cannot be sustained (i.e., the pressare ¢f the
deflagrativn limit, pj}. Table II is a summary of such da%a for a
variety of propellants burning either in air or in Nj. Note that t'e
pj values of double base propellants (1055, 1056, and 1090) are affected
oriy slightly by the atmosphere of the chamber. Conversely, the p;
values of the HiX composite propellants (which have very high p;j values
in N2) are greatly affected when the combustion occurs in air rather
than Np. Part of the explanation for the marked differsnce between
the double base and HMX composite propellants is reveajed by examining
Figure 2 which shows that HMX composite p.opellant self-flame products
are much more reactive with air than the double base self-flame products.

Anothr - useful observation is the effect of the additives on
burning ra as a function of pressure. Figure 6 summarizes the r vs o
and pj data for five propellants .ontaining HMX. As expscted the burning

rates c{ the HMX/PU/oxamide pror:llants decrzase as the percentage of
oxamide is increased.

The results of hot plate ignition tests (rigure 7) producesd thizee
conclusions: (a) double base propellants are very susceptible to
conductive ignition, (b) the HMX/polyurethane composite propellants are
relatively resistant to ccnductive ignition, and (c) oxamice appears
to be very effective as a coolant for all classes of prcoellants tested.
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o TCC/w-6 HMX 85%¢, PU 15%
g Tcc/w-8 HMX 75%, PU 15%, OXAMIDE 10%
o TCC/W-10 HMX 75%, PA 15%, OXAMIDE 10%
e Tcc/w-12 HMX 65%, PU 15%, OXAMIDE 20%
¥ PPL~A-6150 TAGN 60.0% HMX 19.0%, TUFFLEX 25.5%
T3]
Z | 1 | B L AL |
. F |Im>1ca'ms SELF EXTINGUISHMENT -
0
3 L 00% OXAMIDE
§ o~ .--ﬂ-u
O PY '8 20% P
: °
"™ o
z w OXAMIDE
: 's-'
5
m
w o v ]
§ oq b
o BURNIN 'V v v
sl G AIR ONSET OF MELTING-
o
Sl , L h—mn DRIPPING
) 1 § 1
2T ﬂ*‘f 0.4 0.6 1.0 2

PRESSURE, AT™M

. dc kbbb 7 3 & Lo v e

SAMPLES WERE 0.635 CM CUBES MOUNTED ON A SPIKE AND
IGNITED ON THE BOTTOM SURFACE WITHIM 2 SECONDS.

Fig. € Measured mass buming rotes and pressures of self-

extinguishment for propellants burming in air.
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Fig. 7 Hot plate ignition data showing that unmodified
double base prcpellants are relatively easy to
ignite and that the HMX/PU composite propellants
are very resistant to ignition

28
1
|

N e




S o - e NITTTLR GNIEEEER TSI ST

¥
i
Y
:

sy

oAb G

T

Note that the HMX/polyurethane composite propellant with 10% oxamide
withstood 733°K for 18 seconds without igniting. The fact that oxamide
is effectiw; in suppressing conductive ignition and rot radiative and
convective ignition of the nitrocellulose propellants may result from 1
the oxanidc decompnsing on the hct plate adjacent to propellant surface ;
rather than in the distended flame zone of thes nitrocellulose based
propellant,

4 f ke R
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When oxamide is added to the double base propellants (which have
very low surface temperatures), the following are ohserved:

i bt L T

(3) Oxamide does not appreciably affect p; in N (Table I7).

(b) Oxamide decreases the flame célperature gradient (as measured

by 7.5u thermocouples) but has no clearly discemible effect
on the propellant surface temperature.

T T YT R R TR

WY

(¢) Oxamide does not make the propellant more difficult to ignite
s (Figure 8a). Also, the results of the ignition e:xperiment are
3 similar when it is carried out in N, (see Figure 3b).

Lokl ot n oty e S Al

The proposed explanation of all three cbservations is the same: since the
surface temperature of the matrix propellant is lower than the

2 deconposition temperature of oxamide, the endothermic decomposition

: of the oxamide is not centered at the propellant surface. However, there
is a slight contribution from the oxamide (in the flame zone), i.e.,
since at the 5% level, oxamide produces a 20% reduction in burning rate.

YT T T

N,

. )
E To further explore the effect of additives whose decomposition
2 temperatures are higher than the surface temperature of the matrix ;
3 propellant, ammonium perchlorate (AP) was added to the basic NC dcuble E
: base propellant. AP is known to have a higher surface temperature than 3
] NC double base propesllants. AP (even though it is an oxidizer) does :

not affect appreciably the ignition limit of tke NC double base propellant.

The ignition tests of AP composite propellants revealed that
adding oxami.de has no appreciable effect on the ignition boundaries.
3 Again this suggests that even though the surface temperatures of the AP
1 composite propellants are higher than the surface temperatures of the NC
: double base propellants, the decomposition temperature of the oxamide

is sufficiently high that it does not decompose on *he surface of the
AP composite propullants,

Salal il £ ek

Al a0 Lt

Finally, the ignition data (see Figure 8c) for the HMX/PU propellants
support the premise that the surface temperature of the matri< propellant
must be relatively high for the coolant to function as a flammability
suppressant. As shown in Figure 8c, oxamide has a profound influence
on the ignition characteristics. Indeed, for radiant heat fluxes less

St by 00 kA,
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Fig. 8 Ignition data obtainel using the radistion source st 1 atm
shoving conditions for which coolants are effective ;
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than 5 ca.l/sec-cm2 the propellant containing 10% oxamide (TCC/W-4) is
not ignited by radiation. The data of Reference 11 show that the
surface temperature of the HMX composite propellants is about 1050°K.
This is higher than the surface temperature of either the AP composite
(700 to 909°K, Reference 12) or NC double base propellant (about 500°K,
Reference 13). However, it must be noted that vren the propellant is
gasified and not ignited, the gases that eman-ce from the propellant

surface are easily ignitea by an open flame. The extent of this
preignition gasification is shown in Figure 8d.

Figure 9 is a typical result that shows that an excessive amount
of an additive (in this case (NH4q), HPO4, which is a chzr former when
used with commercial plastics) is required to make p; approach one atm.
Even with large amounts (10 to 20%) the (NH4), HPO4 is ineffective as a
char former and is probably acting as a diluent ind coolant. Note that
the large particle size is more effective, indicating that the burning
rate suppressing reaction is probably occurring at the surface.

Figures 10 and 11 show that large amounts of a flame inhibitor
(ethylene dibromide) are ineffective ~hen used with either AP composite
or double base propellants. The effects of adding six different bromine
compounds to the propellants have been evaluated without any indication
of reduced flasmmability. Thus, additives which are known to reduce the
flame speeds of gases8 and the flammability of commercial (nonenergetic)
plastics” are not effective in reducing the flammability of propellants.

V. RELATING PROPELLANT FLAMMABILITY HAZARDS TO CGNVENTIONAL HAZARDS

To obtain insights into how the hazards associated with low
flammability propellants compare to the hazards of more conventional
materials, a conventional ball powder protected by a thin (0.025 cm)
brass sheet znd samples cf cloth were subjected to the same ignition
conditions as propellant samples. A comparicon of the ignition times
for cloth (Table 111) with the ignition times for several p.ropellants,
reveals that the cloth samples ignite more easily than aany of the
propellants. Systematic testing demonstrated that because of the nigh
thermal conductivity of brass it offers little protection to the
propellant. Indeed, the brass protected bali powder ignited more easily
than the unprotected propellant containing 755% HMX,

The last two compositions on Table III 2re materials which are
intended to be used as outer layers on the main propellant charge.
Since these outer layers make up a smali percentage of the total charge
weight, greater improvements in flammability achieved by sacrificing
some of the energy in outer layers produce relatively small renalties
in the eaergy of the overall charge. Note that both of these outer
layer materials self-extinguish when the acetylene flame is removed.
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MASS BURNING RATE, GM/SEC

L | T T T
(NH,) ,HPO, ADDED TO

SE 75% ap/25% PmAA

frarLeo 10 1GNITE

0.10

0.05

0.02

0.1 0.2 0.5 1.0
AIR PRESSURE, ATM

Fig. 9 Decreass of ignitability and burning
. rate ox AP composite with increased
phosphate loading.,
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O 1103 PLULS 1% ETHYLENE DIBROMIDE
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Fig. 10 Burning rate versus pressure of AP/PBAA composite
propellant modified with ethylene dibromide showing
that ethylene dibromide does not affect the burning
rate characteristics in the low pressure range.
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Fig. 11 Burning rate versus pressure of nitrocellulose
propellant modified with ethylene dibromide showing
that ethylene dibromide does not result in a useful
self-extinguishment point.
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Table Iil. §
3 Severa' Propellants and Outsr Layer Materials are 3
4 ¥ore Difficult to Iznite than Convenitional Itens E
.
]
E --~ HEATING SOURCE IS ACETYLERE FLAME 1.7 CM LONG -~- 3
TIME TO FIRST FLAME, SEC 3
% SAMPLES FOR REFERENCE 3 10 28 30 3
: BRASS 0.025 Cit THICK i
! PROTECTING HC §4o :
120% COTTON CLOTH (CLEAN) et i
AS ABOVE BUT SOILED — i
WITH CARBON POWDER %
PROPELLANT COMPOSITIONS %
S NC 53.7%, MTN 39.2%, et ]
] TEGDN 7.1% :
3 k!
E HMX 75%, PU 153, OXAMIDE 10% 4 i
AS ABOVE BUT WITH 0.03 CM -4 :
; OUTER LAYER (50% OXAMIDE) :
! TAGN 60.0%, HMX 10.0%, I— ]
_ TUFFLEX 25.5%,... i
4 *TAGN 50.0%, OXAMIDE 20.0%, bt i
3 BINDER 30.0% ;
3 *NITROGUANIDINE 70.0%, 4
- BINDER 30.0%
3 *SELF-EXTINGUISHES VHEN ACETYLENE FLAME IS REMOVED. y
3 NOTE: The last two propellants are outer layer materials 3
3 which are intended to prxotect a main propellant y
3 charge from accidental ignition and to be consumed ;
in the chamber under operating conditions. i
5
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The r:sults of Tsble III should be a source of encouragement since
they indicate that ignition energy requirements of the low flammability

proveliants do not differ greatly from those of several conventional
items.,
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3 VI. CONCLUSIONS

Achieving a seif-e¢xtinguishing, high energy propellant is a goal 3
yet to be achieved. However, lower energy materials suitable for use 3
as an outer-layer protective coating {which is consumed as an energetic
material under the desired high pressure operating conditions) appear
to be promising. 7Two of the conventional methods of reducing flammsbility,
flame irhibitors and char formers, have been explored well beyond the
range of practical limits and found to be ineffective when used with
propelilants.
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The use of oxamide with the high decomposition temperature

2 HMX/polyurethane composite propellants is effective in reducing

; flammability. The ignition limits of these propellants is well above
s the ignition limits of conventional clothing materials and ball powder
1 propellants protected by a brass case.
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1 VII. FUTURE WORK

RIS

To date, a large part of the flammability investigations being
conducted throughout the country have been directed at finding additives
that would, when used in small amounts, make either nitrocellulose
p1opellants or nitramine composite propellants self-extinguish at
atmospheric pressure. The break through of finding such additives is ;
preoferred solution. However, it is now apparent that the usual fire :
retardants are not effective when used with seif-oxidizing, high energy
materials. Acccrdingly, to achieve the ultimate goals cf the program,
attention is being directed at obtaining an understanding of how the §
propellant decomposition processes that prcduce oxidizing species can ‘
be inhibited. Thus, a more detailed knowledge of the cheristry is required.
Several concurrent approaches are underway. Precision gas sampling :
techniques are being developed to determine how the intermediate combusticn i
products are affected by additives, which have the potential of inhibiting
flame development. A more comprehensive mathemstical model that accounts i
for the interplay among the surface, self-flame, and air/propellant
copbustion products flame zone is being applied to understand how suppress- !
3 ing the rcactions in one (or more) of the zones can lead to self- :
E extinguishment. '
1

RIS
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Th: fact that self-extinguishment is observed at 9.3 atmospheres of
air tells us that the sought after physical effect exists., The task

is to move the self-extinguishaent boundary from 0.3 to 1.2 atmospheres
of air.
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The work to date has indicats2 that a self-:xtinguishment limit
must be defined with respect t. so=e limit: on thermal abuse. For

exasple, any high energy material will bum if heated to a sufficieatly 2
high temperature over a prescribed time. Thus, attention is being ;
dire:ted at the task of developing tests for ranking thc relative 3
hazards of propellants. The tests must take inf.c account the applications

for which the propellants are intended and the ,ackaging that w#ill be 3
used in the field.
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