0Q005%0.4-E
- ~ (12

. IGHITICN DYNAMICS IN

RELATION TO COMBUSTION DYNAHMICS
OF DOUBLE BASE PROPELLANTS

1 February 1971 to 31 July 1975
by

M. Summerfield, L. ¥. Caveny, T. J. Ohlemiller
and L. DeLu:ra

Final Report to
U.S. Army Research Ofiice on
Grants DA-ARO-D-31-124-71-G51
DA-ARO-D-31-124-71-G184
DA~ARO-D-31-124-73-C109

DAHCO4 74 G 0125
DAHCO4 75 G 0124

Novemper 1275

Transmitted by:

?7L¢mt%ﬁ S.uHW4n¢ﬁ40¢2g, . ' h

— et /EiC . ST
Martin Summeriield e . z‘
Principal Investigator AR - 1076 4,‘1 ,
¢ A0 ﬁu i
\\‘h\‘ y b
i __l,-«T" U
* 2l

D:partment of Aerospace and Mechanical SCS;%Les
PRIMCETON UNIVERSITY
Princeton, Yew Jersey

Aporoved for public release:; distribution unlimited.




DISCLAIMER NOTICE

THIS DOCUMENT 1S BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT

'NUMBER OF PAGES WHICH DO NOT
 REPRODUCE LEGIBLY.



The findings in this report are not to be construed
as an official Department of the Army position, unless
so designated by other authoirized documents.




UNCLASSIFIED ii
SECUR!T" CLASSIFICATION OF THIS PAGE fWhen Date Entered)
READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
-“r:" M B ER GOVT'ACC!S’S 3 RECIPIENT'S CATALOG NUMBER
T( ol z‘uFi /ZIL 7/-—@/ /J,)? AMS Report No. 1253 —
) ) T - S. TYPE OF REPORT & PERIOD CCVERED

LGNITION DYNAMICS IN RELATION TO Final
COMBUSTION DYNLMICS OF DOUB E BASFE )

,EQOPLLLANTT =. 7 /m * [ T /Q/é’ jJMBER

ALY

Mdyéummerfield, L. H. fLayeny,
. K, ]vDA ARO=DN=31-124-71- C..LS‘:
T._g.jéhlemlller aﬂé~b./beLuca “|DA-ARO-D-31-124-73-G103,

| T T FRRBLY)
PREL ]; 'DA ARO-D-31o12d-91-C31 WU

9. PERFORMING ORGANIZATION NAME AND ADCRESS DAE’%COLL 7‘}_ G 012% !
Dept. of Aerospace and Mechanical Sciences|PRHCO4 75 G (125
Princeton University

Princeton, N.J. 08540 e s

1. CONTROLLING OFFICE NAME AND ADDRESS / f‘.E, PR

U.S. Army Research Office q '\xov*r 3757 O

Post Office Box 12211 MR MBE RO RO ES

Research Triangle Park, N.C. 27709 20 /5240. Rf
14, MONITORING AGENLY NAME 3 ADDRESS(«f ditlerent from Controlling Otlice, 15. SECJYRITY TLASS, [o!f *his

A ? 2 [ /= Unclassified
ﬂﬂﬁﬂ/ '/é‘g’lél' V ’é___,' 15a, DECL ASSIFICATION: DOWNGRAGING
R ERINE SCHEOULE NA

= h
EA ¥ or

16. OISTRIBUTION STATEMENT “of this Repoer)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT 70f the abstract enter»d in Bleck 20, if different from Rapor:)

NA

18, SUPPLEMENTARY NOTES

The findings in this report are not to be construed as an official
Department of the Army position, unless so designated by other
authorized documents.,

-.21- ﬁs?‘ RACT /Continue on reverse side If necessary and :dentily by block number)

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

Solid Propellant Ignition CO, Laser Heating
Radiative Ignition Arc Image Furnace Heating
Nonsteady Combustion

Double Base Propellant

quposite Propellants

The objective of the research was to elucidate the physical and
chemical factors that control ignition of double base propellants.
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ignitability. As a result of these investigations, radiative
ignition processes have been explained for a wide variety of
propellant and test conditions.
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PREFACE

This research was carried out under Grants DA-ARDO-D-31-124-
71-G51, DA-ARO-D-31-124-71~Gl34, DA-ARO-D-31-124-73-G10Y%,

© e o — wm— e — = - =

DAHCO4 74 G 0124, DAHC.4 75 G 0125 from the U.S. Army Research
£fice in Durham, North Carolina. The technical -"anitors were

-

Dr. James J. Murray, U.S. Army Research Office a:d Drs. I. W.

E ‘ May and X. J. White, U.S. Army Ballistic Research Laboratories,
; Aberdeen Proving Ground, MD.
‘ This report is primarily an administrative document. TFor

the details of the research, the reader is referred to the
publications and reports listed on rage 2.
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Introduction

The research carried out under the grants was directed ak
elucidating the physical and chemical Zactors that control
ignition of double base cropellants. During the first phase
of the research, emphasis was on detailed experimental investi-
gations of the processes that occur at and near the propellant
surface, in both the subsurface domain and in the adjacent cas
pnase domain. During the second shase, studies were conducted
to establish the connecticn between the ignitability of a pro-
pellant and its other comb.stion characteristics. Also, emrha-
sis was placed orn guantifying the peculiarities of radiative
ignition in comparison with other modes oZ ignition.

With resrect to the connection beitween the ignitability
of a propellant and its other combustion characteristics, the
work has shown for double base propellants that approsriate
measurements of dynamic combustion phenomena can be emploved
as a quantitative measure of ignitability. Indeed, this
research cdeveloped an approach in terms of both theory and
varatus that bypasses the need for difficult to obtain physi-
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instead, uses properties that ce. be measurad directly.

The ignition trends of different propellant types (e.g..
AP composite vs double base) and of several modified propellants
e.g., noncatalyzed vs catalyzed cdoukle base and transparent vs
opvague propellants) have been rationali

d in terms of basic
agration wave in the

ze
differences in the structure of the defla
solid and gas phases. 1In addition, for each propellant the data
clearly isolate the domains (pressure, ignition stimulus, and
propvellant type) where simple thermal theories Zail and those
domains where theories taking into account the interaction of the

incipient gas phase with the solid phase are reguired.
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Puplications and Revor:s

g

The resulits of our researcnh on solid propellant ignition
and related topics were the subjects of technical papers and

stributed as they

reports. Since the technical papers were 4i
ins the title of the

became available, this report merely conta
publications.

The publications have been archived by the approp

r
[ R

a
agencies. Some types of publications (i.e., progress reports,
administrative sumwary reports and informal presentaticn
summaries) have not been Included if the results reported in
them are also contained in a more comprehensive archive publi-
cation. It should be noted that the interplay among the publi-
cations is great since there has been a commeonality of progel-
lants, fuels, data reduction techniques, etc. throughout our
investigations.
The results of this research have been reported in the
following reports and papers:
1. "Temperature Sensitivity of Double-Base Propellants,”
roceedings of 8th JANNAF Combustion Meeting, Nov.
1971, CPIA Publication 220, »op. 387-101, N. Xubota,

L. H. Caveny and M. Summerfield.

2. "Rate Controlliing Processes in Couble 3ase DNropellant
Ignition," lst Review of AMC Fundamentals of Ignition
Task, Nov. 1971, M., Summerfield, T. J. Ohlemiller,

L. H. Caveny, and L. Deluca.
3. "Sheet-Form Nitrocellulose-sqsed Propellant Reinforced

by Cotton Fabric," Memorandum Report, July, 1972,
M. Summerfield and L. H. Caveny.

4. "Dynamic Effects on Ignitability Limits of Solid
Propellants Subjected to Radiative Heating," Proceed-
ings of Foivrteenth Symposium (International) on

Combustion, 1973, op. 1269-79. T. J. Ohlemiller,
L. H. Caveny and #. Summeriield.
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'Ignition Dvnamics of Double 2ase Proze
Report do. 1150, January, 1974, Princ
M. Summerfield, L. H. Caveny, 7. J. COhl
L. DeLuca.

"A Comparative Study of Radiative Ignition Charac
tics of Solid Prorellants. Par:t I. EfZect of Propel-
lant Formulation," L, Deiuca, L. #H. Cavenv, 7. J.
Ohlemiller, and M. SummerZield, to appear in AIAA
Journal.

"A Comparative Study oZ Radiative Igniticon Characher-
istics of Solid Propellants. Part II. Pre-Igniticn

Events and Effecits of Radiativa Source," L. Delucz2,

T. J. Ohlemiller, L. H. Caveny, and M. Summerfielg,

Aerospace Sciences Meeting, Jan. 1975,
Paper No. 75-231, L. H. Cavenvy, M. Summerii
I. W. May, to be submitted Zor vpublication.
"Ignition and Cther Unsteady Combustion Phanomena
Induced by Radiation," Ph.D. Thesis in preparation,
April 1975, L. DeiLuca.




Summary Of lResearch

The several classes of propellants that were examined
exrerimentally include:
Four ammonium perchlorate (AP)/hydrocarbon binder
composite progellants:
Nonmetallized -
1. 753% AP (43:¢) without C
2, Same as 1l but with 1% C
3. 85% AP (30% 7.5u & 70% 130u.)
Metallized -
4, 24% AP and 51% boron
Six double base propellants:
. tandard U.S. Army M-9
NC vlastisol (53.7% NC, 39.2% MTN, 7.1% TEGDYN)

-

Opacified uC plastisol, Wo. 6 with 0.2% C

Opacified IC plastisol, No. 6 with 1.0% C
Standard U.S. Navy N-3

O W W~ O U
.

| ead

. Catalyzed NC plastisol No. 6 with 2.0% Pb
and Cu salts.
Nitramine/Folyurethane (PU) propellants:
11. High energy cool propellant (83% HMX, 15% PU)
12. Fire retarded Propellant (73% HMX, 13% U,
10% oxamide)
The experimental techniques and measurements included: ignition
i

time versus radiant heat flux and pressure; radi

Q)

induce extinction; highspeed shadowgraphs during the ignition
seqguency; temperature measurements by means of micro-thermo-
couples (3u wire size) placed on the surface and embedded below
the surface; iR detection of first Zlame; and preignition gasi-
fication rate versus heat f£lux and pressure. From these
experiments we obtained information concerning the thermal
processes leading to stable burning, i.e., heat-up to surface

~

gasification, g Zication prior to flame development, IZlame

i
development, transient burning as the Zlame is sstablished.
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During the £irst phasa of our studiss, the data from the

experim

ents were used to establish the following observations

concerning the flame structure of double base »ropellanis

1.

o

At high pressures, the modeling process may ke simpli—
fied to a condensed phase ignition theory explicitly

N

incorporating only the kinetics and energetics of the
surface reactions.

At low pressures (and very high fluxes at high dres-
sures) the above simplification is not possible since
flame reactions are imgortant for the development to
the coint of stable ignition; under these conditions,
the model nust incorporate a dsscription of the

and energetics of the full £cam and £

The effect of platonizing catalysts on igni

is considerable -- Zdynamic extingui
eliminated and stable ignition atr 1
possible., These efifects 0f such cataly
largely due to acceleration of c¢as pha
above the ignition surface. The st

a need to ascertain the nature o the new Xinetic
pathways in platonized propellants
pehavior is to be understood completely.
Radiation-assisted burning studies provide 2 means for
obtaining absolute values for the impo

gaseous feedback energetic terms (and th i
with composition) when supplemented with temperature
sensitivity and thermocouple survey studies. The
results from these studies tend to confirm that the
major effect of piatonizing catalysts is acceleration
0of gas phase reactions near the propellant surface; an
ultraviclet vhotochemical mechanism does not appear

to be involved.

1}

Many of the observed ignition processes were exdlained by

the math

-

ematical model which is an extension of the approach




taken by Zeldovich, The significance of these studies goes
beyond an explanation of observed ignition and extinguishment
limits. By develooing the capability of correlating the trends
observed in the relatively —ncomplicated go/no-~go ignition test,
the analytical method simultaneously qualifies 1s being suitable
for considering more complex practical situations that involva
nonuniform heating, transient pressure fields, complex geometries,
etc.

During the second phase of the flame structure studies an
gnderstanding of four effects that seriously alter relative
ignitakility of diffarent propellant classes were develoved:

1. Radiation penetratiocn {even slight) lengthens ignition

time significancly; opacity becomes an important

= d
zalwor.

[o %}

2. Cool gas »houndary layer in arc-image test (as against
hot layer of rockest or gun coaditions) lengthens
ignition time also.

3. For some propellants (notably NC types but not AP
types) . the boundary between go and no-¢goO 13 strongly

affected by rate of de-radiation (i.e., shutter closing

(23

me) .

i
oundary between go and no-¢o domains is sensitive

o>
o

to particular intensity profile of "Zocal Zootprint"
of the beam striking the propellant surface.
These four peculiarities of arc-image and laser ignition make
it very Jdifficult to eguate radiative ignition with practical
ignition situations. However, the peculiaritiec were used
to bring out different flame characteristics of propellants.
The ignition and transient combustion of NC propellants,
HMX crystals, and AP crystals were studied using results from
high speed (5000 frames/sec) shadowgraphs and color movies.
The ignition source was the laser. The tests were carried out

in N2 anéd CH A CH, atmosphere was used in an effort to

o

promote gas phase reactions between the decomposition vapors
(e.g., HIK and AP) and the surrounding gases. The three systems

-aa

difier greatly: (1) the AP monopropellant flame is relativelry
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cool (1200-1:100 XK) and close to the surface; (2) HMX burns

as a noncpropellant with a very hot flame (> 2000 X) that is

very nearly balanced but relatively slow to develop; and (3)

NC burns with a moderately hot flame that extends several mm

from the surface. Furthermore, the films indicated that HMX

crystals fracture during rapid ignition. This fracture is

important evidence that supports the theory that thermal stresses

contribute to the exponent shift of HMX composite propellants.

The nearly parallel plumes from AP surface supvort the theory

that AP gas phase reactions are completed at the su-face.

Expansion of gas above the HMX crystal indicates that a large

vortion of the HMX gas phase reactions occur above the suriface.
Studies were conducted that related measured reflection

and abpsorvtion properties to the measured ignition character-

ti

i s of a series of double base propellants. The measured

stic
reflectivities and absorptivities confirm that propellants
generally absorb most of the 10.6. radiation from the CO2 laser
within a small fZraction of the thermal wave thickness. Thus
the provellant optical proverties are of secondary importance
when considering the thermal effects of C02 laser radiation on
burning and igni<ion. However, the reflectivities and absorp-
tivicies in the 0.4 to l1.6L range of the xenon arc-image source
orominently affect the heat-up to ignition process. Further-
more, since the optical properties are very wave-length dependent
and are altered greatly by small percentages of particulate
carbon and by residue on burning surfaces, interpreting arc

image data is a tedious and imprecise process. The optical
property data summarized in the paper on the subject provide
guidelines for determining how reflectivity and absorptivity
should be treated. Future radiative ignition models can be
tested against the consistent sets of optical property data

and ignition maps. An important arsa of future application




LT PR e rastapset

0f the model and the optical property data is in the analysis of
the observed reduction in rocket motor combustion instability
attributed to adding carbon powder to nonmetallized propellants.
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Characterization of Ignition Events

As a means of efficiently presenting and interpreting the
experimental results, we chose to describe the ignition events
and limits in terms of the ignition map shown in Fig. 1.
Figure 1 shows a traverse of event limits (or signals) on an
ignition map. The traverse is at a fixed value of pressure and
radiant £lux intensity. The events traversed on the ignition
map are:

Lla the surface is heated to the point that it is being
gasified and a carbonaceous layer may form on the
surface but vigorous exothermic reactions are not
occurring. For any lesser heating time, no visible
eifect is seen.

le either gas phase or surface reactions begin to accel-
erate rapidly (as indicated by the avvearance of
detectable IR emissions from the gas just above the
sample surface).
iucipient flame appears.

Lig self-sustaining ignition.
L, rapid deradiation (of some propellants) between limits

L, andé L3 results in dynamic extinguishment.

L3 sustained combustion following deradiation (assured

m
(6]
rh

by flame spreading away from the target are
radiant neating).
Limits le, L,, and L3 nust be established by go/no-go
testing.

The limits le, L2, and L3 are very specific limits
whose positions (and even existence) are strongly dependznt on
propellant type and test conditions (i.e., pressure, atmosphere,
deradiation time, spatial distribution of radiant beam, etc.).
Furthermore, as indicated on Fig. 1, the limits Lla' le, Llc’
and le may not be detectable as four individual limits since
two or more of the limits may occur nearly simultaneously,
depending on pressure, heat flux, and atmosphere. When all four
limits occur nearly simultaneously, the limits will be referred
to simply as the Ly limit.

N
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In terms of limits shown on Fig. 1, the conditions for
ignition may be treated as two essential conditions. The Zirst

-

is the development of the initial exothermic reactions, (i.e.,

linits Liar Bipe and Llc) partially within the propellant
surface reaction layer and partially in ihe adjacent gas phase
boundary layer. Corresponding quantitative theories have

evolved to treat this condition: one of the earliest was the

theory of Frazer and Hicksl which dealt with the condensed

phase; detailed physical mocdeling of the flame has come £from

1 Princeton (e.g., Ref. 2 - 4); and there have been other contri-
butions (e.g., Ref. 5 - 10). The second condition is Zocused on

' the final stage 0f the surface reactions and flame develovment

H and emphasizes the conditions for flame retention after th

! neat source is removed, i.e., limit We call this second

le.
condition a late-stage tvpe of theory in contrast to the £first
i condition which we call the early-stage type of theory. In

the late stage, attention is focused on matching of the hneat

“fhy

$ . feedback from a guasi-steady (Zully developed) flame to the
heating rate required to prepare the condensed phase for burning.

. There are many instances in which the appearance of visible

flame does not incure self-sustaining combustion. The importance

of the late stage theories was emphasized in Ref. ll.
11
L1

T
>
)

Our experimental and theorctical wor describe

TR,

a
conditions under which a nitrocellulose double base (DB)
propellant can be brought successfully to ignition in terms of
the late stage definition (self-sustaining combustion following
deradiation, i.e., le is crossed), but, if the heating time
; is increased beyond LZ' the propellant will fail to retain
t the flame following rapid deradiation and the propellant stops

burning. This dynamic extinction occurs because the heat
flux from the flame is too low to maintain the energy required
by the condensed phase during the thermal relaxation period
. immediately following the overdriven situation of radiation
assisted burning. To our knowledge to obtain such a dvnamic
' extinguishment, radiant heating Zollowing the L limit must

1d
drive the burning rate above the steady state pburning rate.
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The upper limit, Ly above which dynamic extinction does
not occur, correspondéds to the time required for flame to spread
over the irradiated surface beyond the target area of direct
exposure. Under these conditions, the dynamic extinction
(following rapid deradiation) is restricted to the portion of
the propellant suriace exposed to the radiant beam; the
unperturbed deflagration wave surrounding the target area can
reignite the entire surface. Since the long exposure times
cause the one~dimensionality of the ignition process to break
down, the subsequent disappearance of dynamic extinction is
referred to on the igniticn maps as "3-D re:ignition"

Measurement of the time to the prescribed level of IR
emission from the propellant surface reveals that the appearance
of the (incipient) flame corresponds to a well defined boundaxy,
Llc' Significantly, the beginning (le) of the rapidly accel-

IR) signal £from the vpropellant surfac
£ pressure and 02 concentration, but
and how rapidly strong surface reactions occur depend on o
Therefore, the appearance of initial surface reaction (L,
limit) 1is controlled by condensed paase and surface procsa
anéd can be descriped by simple thermal theory. However, a

previously pointed out, neither the appearance of an inci
(

o

ient

L,
EN=3

limits) are in general adeguate for declaring that sustalned

le limit) nor condensed vhase thermal theories or

B e
rh
'-—J
o) ¢}
3
(]
I

ignition (crossing of Ll limit) will occur. 1In particular

(o7}

o situvations (e.g., high pressure and low heat £lux), the con-

2 densed phase thermal profile is well established and the pro-

; pellant is able to provide vigorous energy feedback to the
surface and rapid flame development occurs; the reguirements
for a self-sustaining flame are automatically satisfied when a
prescribed surface temperature is achisved. 1In this case, no
late-stag: theory is needed and the ignition is assured by

. crossing the Ll limit.

el

~
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