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\ , ABSTRACT

hree major tasks performed during the report period of inves- ‘ :.5

tigation were: i) crack propagation and branching in burning ‘solid
propellants, $ii) ignition of nitramine-based composite propellants "
under rapid pressurization,’and Fiii) ignition of nitramine-based com- {:-;

posite propellants by Ooi,lf_sff) .

\E;Jpellant samples have been recovered by interrupted burning P‘
experiments. Four modes of crack propagation and/or branching were : oy
observed._ For very . low 3p/3t, burning occurs without crack propag- '
ation. Fo /at in the order of 1.4 to 15 'GPa/s, an existing crack
propagates alol s initial direction as a single crack (propagation "}}
mode) . At high pre ization rates of 30 GPa/s or higher, multiple .-
branching ‘in various diractions is observed exclusively (branched .
mode), and at intermediate.jp/dt,.singleé\ crack propagation is accom- ;»f‘.
panied by local branching (mixed'a\) amount of surface area o
generated by mixed or branched modes is substantially higher than that
of the single crack propagation mode, and thus could cause suffi- 7,
c1ently severe bummg in the damaged zone to result in rocket motor '
failure. -

\éxe crack propagation problem is analyzed‘ through the use of ij}
basic physical principles, experimental results, and Schapery's theory
of crack propagation, . A set of governing dimensionless parameters
which control and characterize the degree of damage has been obtained. -
These parameters can be used to develop guldelmes for safe operatmg &‘
conditions of rocket motors. h ’

\" - <
: Ignition characteristics of a , i
pellants were studied. The times/for .£he onset of light emissioiWof e
different propellants under rapi preésunzatlon were compared The
pressunzatlon rates used in the stﬁdy are typical of ignition tran- ‘ P
sient in rocket motors, so that the results ocbtained are.usgful for 4
“'propulsion system design as/well/as for selection of appropriate pro- .
pellant ingredients to achieve/desired 1gn1t1on char ristics. It ' =
. is found that the time f6r onfet of light emis (t,.) decreases as !E:‘
pressurization rate incfeasef, and t s strongf'E on propellant w
ingredients and their/masg fractions. SIt is-&I®e found that propel-
lant' samples with shorter do not necessarily show higher mass '
consumption, this #xdicates t propellant vulnerability should be £

evaluated by both (g @d the fraction of mass qonsu:%
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. 1
N . ,
N - I. INTRODUCTION
- ' " This annual report summarizes progress made during the penod from
';:- November 1, 1984 to December 31, 1985, under the project entitled "Igni-
. tion of Solid Propellants and Pxopagatlon of Burning Propellants Cracks"
-
;‘_'-: {Contract No. NG@@14-79-C-@762).

:f:, , The overall objective of this investigation is to eramine propag-
s

ation and branching processes in burning solid propellan jcrack samples
and to achieve better underséanding of the ignition mechfinism of nitram-

ine-based camposite propellants. Specific objectives off this study are:

1. to study the mechanism of crack propagation &fid branching by

2 : ‘ recovering burning propellant samples; /

. 2. to observe and zecord crack propagatlon ard branching phenomena'

in burning sclid propellant samples,

"." ’ ' , .
3. to determine the effect of pressurization rate and sample
] ' : .
e : geometry on crack propagation velocity;
o " 4. to observe different modes of crack propagation under various
pressurization rates;
) | |
" 5. to develop a dimensional analysis in determining a set of
_ gg . ©  governing parameters which control and characterize the degree
of damage of solid propellant grain under rapid pressurization;
hS .
6. to observe the ignition phenumena of a family of nitramine
- . : ' . . ) ’
i’: : : composite propellants, and <o measure ignition delay under
various 'operating conditions;
N |
3
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7.

9.

1a.

to compare ignition delays of different types of propellant

samples under rapid pressurization;

to study the effect of bider and oxidizer ingredients on

ignition by comparing the ignition processes of propellants

with different ingredients;

to develop a theoretical model for the ignition of nittamine

propellants; ard

to study the pyrolysis and ignition processes of

nitramine-based composite propellants by COZ' laser.
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II. CRACK PROPAGATION AND BRANCHING IN BURNING PROPELLANTS

2.1 Motivation and Objectives

Cracks may exist in solid propellant grains as a result of

manufacturing defects, aging, or mechanical damage. In the com- '

bustion of these damaged grains, the propagation and branchiry of
cracks may significantly increase the burning surface area ‘in the

grain, thus initiating chamber over-pressure and possible rocket

motor failure. 'In seriously damaged grains, these processes

could also ihctease the chance uf deflagration-to-detonation

transition (DDT). It is the aim of this research to gain deeper

urdgrstarxdir:g of the crack pkopagation process by experimentally
examining modes of damage corresponding to various operating con- ‘

ditions. '
The specific objectives of the investigation are:

1) to create damage in propellant samples with prefabricated
flaws by rapid pressure loading and combustion;v

2) to‘stndy the degree of damage produced in the propellant
by interrupting the combustion process ard recoveripg the
samples before they are consumed;

3) .to reveal the major mudes of crack propagation and/or
branching by characterizingi the damége undexr various

pressurization rates; and




x5

.

4) to determine the key dimensionless parameters governing
crack propagatiﬁn and branching process in burning solid
propellants '

2.2 Method of Approach

Many variables govern the pzwegses of crack propagation and

'branching. These include initial pressurization rate, propellant

type, sample geometry, initial temperature, etc. The initial
pressurization rate is considered to be the most dominant parame-
ter and thus the testing philosophy adopted for this research is
to vary the initial p:e;surizgtion rate while holdirg other éa:-
ameters constant.: The propellant type under investigation i; an
AP/HTPB (73/27) composite with an average oxidizer size'of 200

um. )

2.2.1 Experimental Setup

In order to generate damage in ptopellant_;anbles under dif-
ferent initial pressurization rates, and to sx;bseqzently recover
the samples for :exanination, a modified version of the experimen-
tal setup used in previcus studies!™ is employed. Major

ccmponents of .the test setup are: 1) a crack propagation test

‘chamber to house the sample and pressure 4t.tansduc‘ers; 2) a dtiv-

ing motor to create high-pressure and high-temperature gases; 3)

a depressurization chamber which causes dynamic extinction of
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the sample after a desired time interval; 4) a nitrogen injection
system which cools the sample and inner surfaces of the test
chamber; and 5) a tixlning control circuit which coordinates the
event. A schematic diagram of the 'test rig'and control circuit is

shown in Fig. 1.

A two-dimensional sample, with a tr.iangular cavity ard an
outer taper angle of 3°, is installed in the main chamber and

held in position by three brass holders. '1‘0 seal the propellant

in the chamber and provide viewing ports for the event, a plexi-

glass window and window retainer are bolted into place over the

sample. As shown in Fig. 2, there are two window openings in the

retainer. 'l‘he reason for having two view ports mstead of one is

to avoid window buckling and retainer plate d1stortxon when the
chani:er is pressurized. The circular port is used to observe
cambustion prodbct gases as they enter the test dﬁ&er from the
driving motor.. Crac;t propagation and/or branching oan be observed

through the rectangular port.

When the main igniter is activated, the propellant sample

is pressurized by high-pressure, high-temperature gases. These
gases penetrate into the crack cavity causing preesurization,
mechanical deformation, craok propagation axi/ov- branching fol-
lowed by ignition and combustion which produces further damage.
The mass and type of charge in the main igniter determines tne
pressurization rate the sample encounters zad, consequently, the
mode of damage.
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Fig.2 Front View of the Main Chamkter and Depressurizatiocn Cham-

ber used in Crack Propagéf:ion and Branching studies
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To recover the propellant sample the following procedure is :;1

s . } ’ "".
used: when the pressure in the main chamber reaches a prescribed ::'S
s

' . ¥ W,

- value, the timing control circuit activates primer No. 2 located &
in the depressurization chamber assembly (see Fig. 1). The prod- 5,,:
+ o . ) L ."‘

uct gases from the gas generator pressurize the free space t’::
. ‘ ’ W
between the two bursting diaphragms, causing them to rupture ';'.:\
T &M

after a short delay. Rapid depressurization of the main chamber
I\.:

follows. The timing control circuit then activates primer No. 3 Ej:f-
. . ~.‘.‘

located in the nitrogen injection system. The product gases from C };‘_:)

this generator drive the flying pin through the N, injection
system diaphragm, alllowing' immediate introduction of low temper-
ature nitrogen into the main chamber for quenching. The time
interval between activating prixﬁezs No. 2 and No. 3 is preselec-
ted.‘ The fast change in chamber operating conditions leads the
system to dynamic extinction’, and allows the sample to be reco-

vered.

In some experiments, the depressurization chamber and exit
- nozzle are replaced by a number of thin braés bursting diap‘hragms
mounted directly on the main chamber. The added area provided by
rémvihg the exit nozzle is enough to cause sufficiently rapid
depressurization for dynamic extinctjon. The peak chamber pres-
- sure and depressurization rate are controlled ip this case'by the

strength of the bursting diaphragms.,

.The data acquisition system consists of two major parts: a

pressure recording system, and an event filming system. Pressure




measurements are made using 5 piezéleétric transducers mounted
on the main chamber against the rear surface of the pzoéellant at
the following' locations (see Fig. 1): crack cavity entrance (Gl),
initial crack tip region (G2), center of the sample beyond the
initial crack tip (G3). lower cavity (G4), and upper cavity (G3).
Pressure signals fram the transducers are ampiified by charge
amplifiers and captured by a transient‘ waveform recorder. A
high-speedl 16 mm motion picture camera capable of a framing rate
of 44,000 Qictures perl second is used to film the event through

the observation ports of the window retainer.

2.3 Experimental Results

Depending upon the fnitial pressurization rate, four dis-
tinct modes of structural damage (Modes A, B, C,_and D) at the

tip region were observed. The first, Mode A, corresponds to vety

low 3p/3t (muéh less than 1 GPa/s) and involveé no mechanical

damage. The displacement of the crack tip is due solely to
recession 'of the propellant surface by burning. Under this
condition, an existing crack will not ca\ise any departure from

normal operating conditions. The upper limic of the p:eséuriza—

.tion rate for this mode depends uwon propellant formulation, '

confinement state, and initial conditions., Since this represents

the normal or trivial case of crack propagation, no specific

investigation into this area was conducted at this time.
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2.3.1 Mcde B: Single Crack Propagation

1

At low pressurization rates, as measured at the ent-ance of

the crack cavity (of the order of 1.4 - 15 (GPa/s), single crack

propagation was observed. The p-t traces reccrded at various-
locations are shown in Fig. 3. Pressure at the crack entrance

increases almost linearly, then decays monotonically after the

bursting diaphragms rupture. The maximum pressuriéation rate at
the crack: tip (G2) is much higher than that at the Gl location.
This indicates that the burning at the crack tip introduces local

gas acéumlation and damage. However, since the area generated

by single crack propagation is limited, it 'causes no significant
pressurization in regions beyond the crack tip, as revealed by

‘the flat p-t traces at locations G3 - G5. The film records of

Mode B crack propagatidn exhibit a triéngular crack tip contour

during the initial growth petiodz. The crack tip region opens to

a rounded crack front contour as a result of severe buraing in

the damaged zone. After chamber depressurization, the crack

front returns to a triangular contour.

Examination of the recovered sample reveals that under these
conditions the existing crack is extended in the direction of its
initial configuration, as shown in Fig. 4.I The characteristic
nétui‘e of Mode B is such that the damage generated by the loading
is restricted to fhg crack boundary and does not greatly affect
the overall integrity of the propellant. The vo‘id' volume gener-

ated is small and does not significantly increase the overall
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g ' burning surface area.
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A 2.3.2 Mode C: Crack Propagation with Branching
- At intermediate pressurization rates, single crack propag-

‘L.,‘ ation can be initiated and followed by local bfénching at various

axial locations (see Fig. 5). The damage generated in Mode C is
‘..‘, \ . . i
;:: much more extensive than that of Mode B. Figrre 6 shows a number

of interesting portions of the film event. Detailed interpret-

i$ NX

ation of these film excerpts is presented in Table 1. The

:; recovered vpropellant sample surface and crack cavity iegs are
marked by numerous erosion ditches. The surface roughness on the

i ‘ legs before the crack tip is caused by the high-pressure high-

~ temperatu;:e gases, which erode the piopellan’t sample as théy exit

¥ the high pressure ?one. The total specific surface area created

. in Mode C is higher than that of Mode B. Local branching is

caused by the evcess amount of enesgy supplied by the driving

\_’; motor ga'ses“aboye the energy level that a single crack can dis-

- sipate. |

B

(:z 2.3.3 Modé D: Crack Branching

:.::: The crack branching mode involves the development of

i multiple cracks originatidg from a Icentr:al point. Crack branches

E' | emznate from ‘this camon point and propagate in different direc-

o tions. This mode can be subdivided into two groups (ﬁode D1 and

ke |
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. Pig. 8 (con't) Pilm Record of Mode C Crack Propagation and Branching (Test Piring Wo. oNICP-28)
.
"3
&
N Table 1 .
g
[-,3' Pilm ln:uptctuion of Multiple Cnck Propagation and Branching
(Test Piring No. DNICP-28)
(a) Initial Phase of Crack Propagation ud'lu'nchln'
:'.: Picture Time (ns) Observations and Interpretations .
1 -6 0~ 330 Hot ges penetration into the trisnguler crack cavity.
. 7-10 396 ~ 394 ‘ Initiation of Crack Growth (propagatioa).
11 660 . Tendency for bifurcation (Initiatiom of crack braaching).
:"-,‘ 12 - 24 726 - 1,518 } Severe burnin; is eviden2 in damaged region where crack has splitc
3 into two major branches. The left branch further splits into:
. .-oral smaller -ubbtnchu while it continues to propagate.
» As a result of the enotwous smouat of local gas gensration, high
:.' pressure gradients exist between burned and unbuzrned sones. This
< csuses luminous gaser to fiov beyond the crack front sad iato the
space betwveen sasple and window.
:-': Penetrating combustion gases in the side cavity are less
¢ ifuminous. Mushroomed region flattens out and becomes less
visible on the edge, due to heat loss and, possidly, closfag of
) gsp between window and propeliant. The left sida of sample
o buras severely and causes more Zamage t3 the propellant.
. .
¢S
(b) Extiaction Phase
Picture Time (ps) Observaticns sne Interpretatioms
»
:l 25 - 62 1,650 ~ 4,026 " Plawme peaetrated region between sample snd plexiglass window
-¢ : diminishes, thus enhancing visidility of crack tip locatioa.
e 63 - 100 4,092 - 6,524 The luminous region decresses as depressurizatiom of the chamber
t coatinues.
~
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Mode D depending upon the number of major crack branches.

2)
Mode 'Dl is associated with fewer branches, sometimes only two,
where it may be called bifurcation (see Fig. 7). Mo‘de'D2 is
associated with numerous branches (see Fig. 8). A typical set of
p-t traces representative of Mode Dl branching - is shown in Fig;
9. This test run co'rxes,por\ds to a very high pressurization rate
(42 GPa/s) at 'location Gi. The recovered sample shown in Fig. 7
reveals that the crack branches and propagates into two major
cracks with several short éecorﬂary macrocracks. The high initial

gas loading rate generates pressure waves which oscillate within

the crack cavity and throughout the propellant sample. As a
result of the large increase in specific burning area generated.

from crack branching at the tip, the pressure hisfoty at the

' center of the sample (G3) is substantially different than the

previous case shown in Fig. 3. The p-t trace at G3 shows that the
sample in the damagér] zone sensed significant pressure loading
caused by the partial burning and flame penetration in this

region.

Film records of test firings with branched Mode D, or D,
show tapid changes in crack contours, followed by flame penetr-
ation between the propellant sangblea vand the sacrificial‘vindows.
The flame penetration is caused by steep pressure gradients which
exist between the burned and unburned regions These fiim rec-

.ords are omitted in this pmper; more detailed information is

available in Ref. 2. A set of instantaneois crack confom:s for

Mode D) is shown in Fig. 1. It is evident that the crack front
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Fig. 10 Instantanecus Mode Dl Crack Front Contours
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transforms from a triangular shape into a round contour and then

becames jagged as branching occurs.

Recovered Mode D, and D, sumples (Figs. 7 and 8) with those
of Modes B (Fig. 4) reveals an area of much greater dasmage near
the crack tip can;;ated to singlé crack propagation. The gener-
atiqn of multiple cracks at very high pressgriiation rates is
mostly a result of the simultaneous‘ attainment of critical stress
for fracture at numerous points in the' same central area., Fol-
lowing the | cfea'tion of flow channels, high pxéssure gases

penetrate the local void regions and cause additional damage

'along the crack bi:anches. This is fundamentally different from

the opening mode of single ciack propagation which takes place:

via a relatively slow splitting action.

2.3.4 Comparison of the Crack Propagation Modes

By 'éxanining film records, the advancement of crack front
location as a function of time is determined and shown in Figs.
11a, 11b, and 1llc for Modes B, C, and D respectively. It is not

evident that the crack propagation speeds for Modes C and D are

higher than for those of Mode B. The reasons are discussed
below. |

To facilitate analysis of the dependence of crack propag-
ation speed on pressurization rate, the steady state crack front

velocities are plotted against the initial pressurization rate as
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measured at 1'cccation'Gl for a series of test cases (see Fig. 12).
The steady state crack propagation velocity is determined from
the best linear fit of the data after the attaimment of relati-
vely constant crack front ‘Qisplaceﬁtent. It is clear that for
‘single cra;:k propagation (Mode B) the steady state crack front

velocity, , increases linearly with 3p/3t. At a pressuriza-

vp,ss
tion rate of approximately 15 GPa’/s, the energy input from the
driving motor is ;;reatex: than the maximum dissipatior; rate for a
single propagating crack. Consequently, a transition to a new
failure mechanisn becames apparent. In this transition region;
eithet Hbde C or D may occur. The factor regulating which mode
occurs is believed to be the inhomogéneity of the propellant.
The existence or lack of flaws and inclu‘sions within the propel-

lant affect the branching mechanism.

Just beyond the transition point, the crack front velocity -

reaches its limiting value and bégins to decrease., With the exi-

stence of multiple cracks, the crack front velocity can be less

than that of a single crack; multiple cracks propagating at a’

slower speed can dissipate higher amounts of energy compared to a

single crack propagatig at a faster rate. !j'or‘test: firings at’

initial preSsuriV:cioh rates in excess of 30 GPa/s, the crack

branching mechanism daminates.

The shaded region shown on Fig. 12 represents a range of

variations of Vp , ss‘ with 3p/5t. This variation is caused by
' i 4

uncertainties of material properties and geometric factors near
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Fig. 12 Steady State Crack Propagation Velocity as a function of Initial

Pressurization Rate




% | ”
g_ the damaged zone. Multiple cracks originate at very high pres-
. surization rates i_ndicatiné that critical stress for fracture
-:: oecured simultaneously at many points in the same local area.
;i | With the existence of multiple branches, the crack front velocity
) decreases slightly as the initial pressurization rate increases.
; However, if the pressurization rate is increased beyond the maxi-
mum value tested, Vp' gs a3y start to inctease again.
Pigure 13 illustrates the time delay for onset of crack
r . prdpagation and branching as a function of initial pressurization
- rate. As expected, the time delay associated with single crack
: propagation is longer than those for Modes C and D. With
.— : | . increasing pressurization rate, and hence energy input ratevto
| the propellant, the delay time aecreas;es for all modes. When the
’ transitio_n point of 15‘ GPa/s is reached, the delay time var‘ies
) depending upon the mode of damage. Again the shaded region
' " represents the m)certeinty due to material inhdnogeneitf and geo-
R metric factors.
‘The number of observed macrocracks as a function of initial
. pressurization rate is yiven in Fig. ié. As expected for single
3 " crack propegation, n is unity uwp to the‘ &msition point. Af.tez
o the transition poiht, n varies depending upon the mode of d&n'age
:: o and uncertainties mtiened above. The number of cracks prod'dced
- is predominately a function of the mergy‘ input rate and the
ﬁ B maximam dissipation rate’ of a single crack. The energy dissip-

ation rate is dependent upon the product of the number of cracks
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and the crack front velocity. Since for a given eneri;y dissip-

ation rate there are many possible combinations of n and Vp ss
’

there is an envelope of possible values of n after the transition

point.

2.4 Analysis

The crack propagation and branching pccoess is inherently a
coupled s0lid mechanics - cambustion problem and presents a for-
midable challenge.  However, using a combination of basic
physical primipies; experimental results, and échapery's t\’lneory

of crack pl:cspaqgat:ic:ma

(which was developed from an earlier work,
of Mueller and Knaus;’ and has been verified by comparison with
their data), a set of governing dimensionless parameters are

deduced through the use of the Buckingham N Theorem. Five

dimensionless parameters and two shape factors are evolved from

this approach. Piguies 15 and 16 show the damaged sample geo-
metry and the crack tip failure zone considered in the analysis.

2.4.1 Punctional Relationships between Physical

Parameters

To establish the functional relationships between the
pﬁysical parameters of the problem, the energy e@mtion applied
to the control volume shown in Fig. 17, Schapery's theories on

crack propagation in viscoelastic materials, and interpretations
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of results from the crack ptopagation'experi.mmts are used.
The basic Assmptions in the analysis are listed below.

1. The heat loss from the control volume to the
surroundings is negligible since the damage occurs in
an extremely short time interval of the order of 19

2. The hot combustion gases of the driving motor are
' considered to follow the perfect gas law. This
assumption is valid since the gas temperature is very ‘
high (zoéox) and the maximum chamber pressure is less
than 35 MPa.

% o SRADAIY o | AN g il BAARAAA A

3. Since the initial damage occurs before the bursting
: ' diaphragme nptuze}mm = @ for the time of
) interest. ' '

4. The gas-phase ccantrol volume can be treated as

N constant since the actual 'volgine iﬁ:tease‘dua to flow
t work and surface burning is extremely small compared
; . to the total control volume during the time of

f ; : _ interest. - ”

The energy equation for the gas phase in the control v'olune

can be written as:

by Y Y

%
-
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dt dt : ‘ '
. v (1)
- - dc
.ignht, ign + nphp "outcpr ' Q - p.at_
Using the basic assimptions, Bg. (1) reduces to:
\' .
S 3P ' 1
T°1 3t~ “ign"c.1n T %" (12)

‘After replacing D with Dp I and burning surface area, which
can further be expressed in terms of geometric perameters, Eq.
(1a) has the following functional form:

oP o
_E I » ) ' oA ’h 1b
et (vc"ign'ht.igu'tb’v-’"o’x‘d pp "1 s p) (1b)

Following sd\aperys'm and Meeller and maussg, the rela-

tionships between the material properties, damage zone length and
' the crack ptépagatim velocity are given by:

‘T = ”"I'Vp"’fn) ‘ S 2)
Ly = Ly(K;.0.0) : 3
vp. - Vp("r‘rr'cef"‘a) (%)

Since the K  effect is not well defined and measured!?, its inf-
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luence on crack propagétion'is neglected in the present analysis.
In the future when data becomes available this effect could be

incorporated. Equation (4) then becomes:

V)= VGG L) -  (4a)

Fram evidence cbtained in the crack propagation experiments,
the crack propagation velocity is related to the following param-

eters:

ap ' R '
vp - vp(-a—f’r’wi’vo’Aq'vc’P'-ign) . (5)

The burning rate of the propellant with a fixed initial
tenvezatuzé deperds upon the instantaneous chamber pressure and
p:esmiutim rate, f.e.:

)4

T, - tb(P'at) . | | | (5)

The stress intensity factor for opening mode fracture can be

expressed in the following general form'l: .

Rp = Ky(a,,0;.0,,P,0) | )

where the half sample width, w, may not be an important parameter

since the stress wave propagation in the transverse direction
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does not cause the side surfaces of the crack sample to oscill-
ate. Also, expei:imental cbservations from the test results show
that the inner side surfaces of the crack are flat and spatially
fixed. Hence Eg. (7) can be simplified to yield:

Kr " Kplag byt ) 2

From the geometric relationships, the affected volume \'A)

and specific surface area (A)) can be written as:

Yam Tt o . ®)
A = A, 0L - 9)

, The enthalpy of the propellant product gases can be related
P : to the stagnation enthalpy of the ignitet‘gases if the ignition
cha:ge‘ is made of the sume propellant, i.e.:

2

B * ¥ +1 P,ign oy

This equation is arrived at by assuming the flow is choked at the

igniter exit port.

The propellant density can be treated as a constant since

most propellants are incompressiltle. Alsb the variation in den-

'9'; ¥ -
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sity from one propellant to another is usuzlly very small.

Hence:

pp = constant | o (11)

Eq.‘xations (), (2), (3), (9, (5, (6), (7a), (8), (9,
(16) and (11) relate the twenty-one parameters affecting the
crack propagation process. These eleven eguations may be teduced

to one equation involving the eleven more significant' parameters

of the form:
v =y 22 v ,h T,V 0.0 AL (12)
¢’ t,ign’" * 2’71’70’ '8’ d ,

p . 'prat "Mign,

. -

It should be noted that the rate of increase of the gas-

phase temperature can be related to 3P/3t, mign,'and v, through

' the use of mass continuity. However, this relationship is not
considered important during the initial phase of crack propag-

ation.

2.4.2 Arrangement of __th_e_ Parameters Governing Crack

Prepagation into Meaningful Dimensionless

Groups

Equation (12) relates the ' ixi\portant parameters governing the

. crack propagation and branching process. By performing a dimen-
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sional analysis, these eleven parameters can be resolved into .

five dimensionless M's and two shape factors ¥, and ¥ .
Four of the dimensionless M's characterize the damage produced.
in the propellant by the energy input from the igniter which is
represented by the fifth I , N, . The N's are defined as

follows:

Ly
I = -
AC 173
c

Length of Representative Macrocrack 13)
Characteristic Length of Free Chamber Volume

<A @y
T Ld
Rate of Increase of Crack Surface Area

Rate of Increase of Crossectional Area
of the Affected Region

(14)

v
JZ -
h

I 1
t,ign

¢

Crack.Propggation Velocity ' (15)
Speed of Sound in the Igniter Product Gases

Number of Macrocracks with Length,Ld, '
and Depth,b (16)
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3P
QTE)‘ gnht,ign -
c

W

Mg

&

Energy of Pressurizing Stream per
Unit Surface Area (17)
Failure Energy of Material in the
Damaged Zone

Even though the exponent of 3P/3t is unity in Eq. 17, /3t
has a very strong influence on crack propagation. It can be seen

from Eq. (1)a that 3P/3t is proportional to m if the energy

gn
input from the propellant sample is negligible. From the func-
tional form of Ny , it can also be seen that I is highly

sensitive to the fracture energy of the propellabt.

2.4.3 Anticipated Functional Relationships

Since not all of the material properties of the propellant

are yet detetmined, the values of the dimensionless functional

relationships are unknown at the present time. However, from the
experimental results and the plots shown in Pigs. 12 and 14, tne

functional relationships can be conjectured.

Since I, is strongly affected by the changes of m; o, and

gn
P/ t, the anticipated functional relationships between Hc ard
nE »and rLD and II.E are sn_nxlar’ o the profiles of vp,ss
verses 3P/3t and n verses JpP/5t shown in Figs. 12 and 14 respec-

tively.
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Q , It is anticipated that nondimensional effective crack length
> will increase with mergyp input parateter L) .I As expected  for
;3 ' the trivial crack propagation case ﬁA is nearly equal to zero
> in t:he Mode A region. As Mode B single cfack propagation occurs,
B . Lg should increase monotonically as the energy input increases.
R The trends for Hodes C and D are not cbvious since the number of
- - cracks may increase drastically resulting in shorter average
:‘E | crack length. The value of Ly may therefore increase, decrease‘
B . or remain constant for these modes.
£ o
From Eq. (14), it is seen that IIB is highly dependent upon

| 'n and t a mxch lesser extent on Ly- By considering the depende-

nce of T, and m, o N , the dependence of My on My is
! o anticipated to be quite strong. For smgle crack xopagatxon,
:.; A the value of nB is expectedbonsetosanefmxte valueand
ks then decay slightly as the energy input increases since when only
- one crack is propagating, the c:lack surface area does not incre-
. ase as fast as the cross-sectional area of V,. When single crack
f. : . propagation is accampanied by branching (mixed u\ode), the amount
= of surface area vgenerat;ed by the czacksv grows more rapidly than:
w3 the cross-sectional area of the affected region. When crack
.‘;; branching occurs the amomt of crack surface area generated will
- far exceed the increase in the cross-sectzonal area of the af-
-§  fected region.
E | - The anticipated mithematical relationships between the Mg

characterizing the degiee of damage and the forcing‘ function,

B v r o A R T T A R S R A B Y T Y R T R R R SR R R RSN m
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' : TIE , are as follows:

- _HA - “A(“z""i""o) ‘ ‘ (18)

Ty = Tyigab,o¥y) o (19)

> 0
P

",

e Mg = MMty ¥,) o (20)

! HD L HD(HE,\PI.WO.) (21)
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2.5 Sumnary and Conclusions on Crack Propagation

and Branching Studies

Several important observations and conclhsiéns cbtained from t.he

crack propagation studies are summarized below:

(1) P.tqpellanf. samples recovered from test firingé exhibited four
different modes. of damage. Depending wpon the initial pressurization
rate, the mechanical damage of the sample adjécént to the crack tip
region differs éignificantly. The first mode (Mode A) involves no
mechanical damagé. Under this condition, an existi‘ng crack will not
cause any departure from normal motor operating chatacteristics.’ The

second mode (Mode B) which occurs at telatxvely low pressurization rates

(1.4.- 15 GPa/s), c:eates local damage restricted to smgle cxack preoe-

pagation. Such single crack propagation, if continued over a period of
time, may cause motor case burn through or other undesirable burning

corditions. .

(2) T2 third and fourth modes (Modes C and D) were observed at

high pressurization rates, These modes involve crack propagation and

multiple branching of the tip region in various directions, genefating

either small or large amounts of void fractions. These modes can prod-

uce high degrees of damage due to the strong interaction between the

burning and fracture processes. 1t is apparent that the

combustion/fracture coupled mechanism creates a large 'specific surface

avea for burning; and hence a real rocket motor may be highly suscepti-

bl2 to failure under these corditions.
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3
! (3) The dimensionless parameters deduced from the analysis outlined
i: above provide some guidelines as to the cause and effect relationship of
N_ the energy input to a propellant sample with included flaws and the
:‘ resultant damage produced in‘ -the sample. The fuinctional form of the
governing dim‘xsionleés parameter ( ;) has been determined. It
.. depends ‘s'trongly upon the igniter strength, the chamber pressurization
~ rate and the fracture egtéy of the propellant. These dimensionless
- pazémeters can be used to define safe operating domains of rocket motors
o with propellant grains containing cracks.
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tII. IGNITION OF NITRAMINE-BASED COMPOSITE PROPELLANTS
UNDER RAPID PRESSURIZATION

3.1 Motivation and Objectives

Most of the solid propeilant igniticn studies conducted in the past
were coﬁ‘cent:ated on AP-based canposite‘ propellants and homogeneous pro-
peilants. 'Recently. a great deal of interest has been focused on the
study of ni&arnine—based composite propellantsz’u. The use of nitram-
ine fillers in cmiposite propellants offers many advantages in rocket
motor‘s and Aztillety propulsion sttems. High specific impulse is
obtained due to the combination cf high energy and low molecular weight
of combustion product gases. Sirce the product gases are halosen-free
@ contain less water vapot and carbon dioxide, the smoke and infrared
emissions from exhaust gases are reduced. For nitramine weight percent-
age below 90, hitranine composite propellants exhibit lower flame
temperature than those of AP-based compos'ite propellants. This helps to

alleviate the problem of .mater‘ial‘ erosion caused by highly corrosive

combustion product gases. The excellent thermal stability of RDX and
HMX makes nitramine-composite propellants the best candidate for Low

,vulnerabili’ty' Ammunition (LOVA) propellants.

St\hies on nitramine p:bpellaﬁts are mostly devoted to the steady-

utate burning rate experiments and thermal Jecamposition of pure nitra-
mines. The ignition of nitramine piopellants was studied by DeLuca et
a1.13' 1 experimentally using arc-image furnace and 0)2 laser. The

effects of propellant formulation on ignition delay have been studied by

45
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using various propellants (AP- or HMX- composite, and homogeneous pro-

pellants). They found that nitramine (HMX) based composite propellant is
hazdex to ignite than AP-based composite or homogeneous propellants.

Birk and Cavenyls used a, shock tunnel to determine the site and mode of

convective ignition of propellant cylinders in crossflows. They also

found that nitramine propellants are more difficult to ignite under
transient flow conditions than single-base, double-base, or triple-base
propellants. "The site of the most luminous zone was found to occur at
same downstream statxon frem the stagnatmn point. ‘This indicate° that
the ignition mechanism is mostly gas-phase reaction dcmmated ptocesses

rather than the surface reactions.

46

" Isom et al.l® getermined the compositions of the pyrolysis products

of a nitramine propelllant and HMX cryst;al to examine pre-combustion
reactions which are important in igr.ition analy'sis. A (Dzilaser was
used to pyrolyze the samples and the pyrolyzed gaseous species were
determined by molecular bean'\ mass spectrametry. They found that at
atmospheric pressure, the gaseous product species are fairly stable
except HCN. As pressure increased, reactions have been picmoted. They
estimated rate constante for describing the combustion by a single-step
reaction in the gas phase and a separate smgle-step reaction for the
surface reaction zone The rate constants estimated are not for the
Arrhenius type rate equation. However, they sugjested that the Arrhen-
ius parameters A and E cén be deducted from ignition delay and burning

rate data.’
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To schieve mdetstgnd'ing of mechanisms involved in the pre-
combustion reactions, extensive studies have been conducted on the ther-
mal decomposition of cyclié nitramines, especially HMX and ROX.
SChroeder” -20 collected various data and reviewed dxfferent mechanisms
proposed for thermal decmposxtxon of nitramines. Boggs surveyed the
literature describing ‘the physical properties, sublimation, decomposi-
tion, ignition, and self-deflagration of RDX and HMX, and has made an
excellent summary of the thermal behavior of ni'tranine ingred'ient‘s.
Fifer?? presented a detailed review of the ignition and combustion chem-
istry of the nitrate ester and nitramine ézopellants. Extensive
discussions on kinetics 6f NC, HMX, and RDX decomposition, catalysis of
nitramine propellants, and flame-zone d:emi;try were presented by
Fifer??

Kzaeutlen' 2 conducted a series of studies on the therml decan-
posxtlon of HMX in the form of sohd and liquid phases by 1sothemal and
nonisothermal heatmg methods. 'me qualitative features of HMX decam-
position were observed by hot stage microscopy and scanning electron
microscopy. Temperature dependence of decomposition rates at atmospl'leric
pressure was determined by isothermal weight loés measurements in the
environment of various gases. ‘ |

Kubota and ct:»-wozke::szs'29 investigat.d both the thermal decamposi-
tion of nitramines and the combustion mrchanisms of nitramine composite
propellants. Major product species in various zones were determined by
sampling - probes and the ‘themal wave structure was studied by using

microthermocouples. Most of their measurements were made for pressures

LA BB DD, V.7, 5,0,
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below 30 atm, since the flame zone thickness reduces 'significantly at
higher pressures. Their s;:anning elecfixon micrographs of unused and
quenched RDX composite propellant sample surfaces showed strong differ-
ences?S, The quenched sample surface showed finely divided
recrystaiiized 'RDX which distxibute‘d‘quite homogeneously over the surf-
ace. This indicates that the DX par'ticles and binder must melt and

dif:use into each other.

'

At the Pennsylvania State University (PSU), an ignition test rig

has been developed to study igriition behavior of various composite pro-

12,30

pellants under rapid pressurization . In this paper, the previously

developed ignition test apparatus was modified to study the ignij:ion-

characteristics of v‘arious RCX-based camposite propellants.

The specific objecti"zes‘ are: 1) to observe the detaiied gas evolu-
tilon and igpition phenamena of nitramine canpositeipropellants ard gain
deeper understanding of ignition processes; 2) to study the effect of

. pressurization rate (3P/3t) on ignition delay as partially signified by

the delay'of'light emission; 3) to compare ignition behavior of a series
of vFDx-based composite propellants with different binders; 4) to conso-
lidate from piecewise information of nitramine decomposition and
pycolysis behavio; into an overall ‘pitv:ture of the ignition processes . of
nitramine gropellants;l 5) 'to propose a reactidn mechanism which governs
the iénition processes; and 6) to construct a unified theoretical model

for the ignition of nitramine proéellants'.
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3.2 Method of Approach

3.2.1 Test 'Agparatus

In the ptesént study, the ignition test chamber developed pre-

viouslyu'w has been modified to obtain sustained ignition of the

RDX-based canpésite propellant samples. A schematic diagram of the test

section is shown in Fig. 18a. A close-up view of the cylindrical pro~

pellant sample and near-infrared photodiode is shown in Fig. 18b.

Details of the test chamber and instrumentation can be found in the pre-

12,30

vious papers~“’~ . For all vighition test firings of nitramine composite
. pa

propellants conducted in the previous s?.:v.ady]’2

in which the propellant sample attained full igmtmn folloved by sus-
tained butnmg. Othez firing data represent the onset of gas evolution
follovad by extinction., This indicates that the previous test rig confx-
guration could not provide a heating period long enough for propellants
to establish adequate thermal layer thickness zeq:iréd for sustained

burning. Some modifications were made to maintain high chamber pressure '

for a longer period of time. An auxiliary propellant charge was added

. at the entrance region of the channel (see Fig. 18a). The gap size.of

the channel was enlarged to mmnnize the conductive heat loss frcm the
hot igniter gas to the walls of the flow channel, and to reduce pressure
difference between the entrance and the tip of the channel.

Figure 19 shows ‘the schematic; diagram of the data acquisition

system, The data acquisition system is comprised of (1) a high-speed

» there was only one firing

49




SEE F1G. 18b
FOR DETAILS

RETAINER BLOCK .

FIBEF OPTIC AND GLASS
. RODS TO NEAR INFRARED
SENSORS

Pig. 18a Schematic Diagram of Test Section

—

soLip
PROP PLEXIGLASS
SAMPLE WINDOW '
REFLECTED
WAVE
IGNITER GAS
FIBER OFTIC
GLASS ROD' RoO,
WINDOW :
NEAR INFRARED

PHOTODIODE

Fig. 18b Close-Up View of Cylindrical Propellant Sample and
Near-Infrared Photodicxie
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’/,,,f" CHAMBER
//
~
Wy
H1GH-SPEED PRESSURE PHOTODIODE NeAR- INFRARED|
CAMERA TRANSDUCERS SENSORS

Y
TIMING AND :
TRIGGER PULSE CHARGE AMPLIFIER

| AMPLIFIERS Y
GENERATOR
ﬁ N HiGH-SPEED n

o MaGNeTIC TAPE

A RECORDER

o]  TRANSIENT

WAVEFORM
-
D1GITIZER AND
RECORDER
) ! !
X-Y  MINI | DieiTaL
PLOTTER COMPUTER 0SCILLOSCOPE

Fig. 19 Schematic Diagram of Data Acquisition System
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photography system, (2) a pressure measurement system, (3) a photodiode
light detection system, and (4) a near-infrared sensing system. A 16-mm

Hycam movie camera is used to record the complete ignition event in the

52

test chamber. In the pressure measurement system, signals from pressure

transducers are amplified by charge awsplifiers and then recurled on:

high-speed magnetic tape recorder and a 2 MHz transient waveform recor-

der. Piezoelectric quartz transducers have rise times of 1.5 us and

natural frequency of 300 KHz. The photodiode system consists of a pho- .

tography lens mounted on an optical bed, a fast-response photodiode, and
an amplifier. In order to observe ignition of the propellant surfage, a

small region around‘the propellant surface is focused onto the photodi-

ode by the lens. Output of the photodiode can’ be amplified before '

recording. The near-ipfrared sensors are used to detect the rise of
surface temperatures of the solid propellant samples. The phétqdiode
and near-infrared detection systems are used in conjunction with the
h’igh—spéed movie camera to determine ,the. onset of light emission and

ignition.

3.2.2 Propellant Samples

A series (BLX series) of RDX-based composite propellants formulated
and processed .at Naval Weapons Center (NWC) 32 pave been used in the pre-
sent experiments. One type of propellant sample was processed at Naval
ordnance Station (N0S)33. All of the propellants discussed in this

' paper are RDX-based camposite propellants with different binders.
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Table 2 Composition of Test Propellants
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Table 3a Thermal and physical Data of Major Propellant
' Sample Ingredients

Pr.gezties Molecular|Density| Heat of | Heat of Heat of |Melting | Vapor
‘ Weight . 3 Formation [Comoustion| Explosion| Point | Pressure
' Ingredientsy (Kg/Kmol) | (Kg/m~) | (Kcal/Kg) | (Kcal/Kg) _ (Rcal/Kg) | ( C) (Pa;
T 222. | 1820. | 66.19 | 2.285 1439. 204. -
RDX ~95.9
Gap 2455, | 1300. | 13.85 | -4.854 A
BTTN 241. | 1528. | -370.2 | 2.168 1426, | -27. | 147
TMETN 255. | 1478. | -389. 2.542 1236.. | -3.00 | .017
=17.5
Table 3b Molecular Structures of Major Ingredients
INGREDIENTS| ~ RDX ~ GAP BTTN °~ TMETN
| l"JOz I'DfCl‘l#l’Di;H F&({:— 0-N~'7z Hz? -Q- N()z
MOLECULAR LN CHN; Hz.‘ _ lfs“ag.'--<t':-,<:3~lzo--s~|n‘z
CH, CH,
2. UC~ Q= -~
STRUCTURE r|‘ '!l HC' (0] NCE, Hzc 0 NOZ
N N : ' H,C—=0~NQ
NG, CH; oL | %
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)

Table 2 shows the composition of test p:dpelllants. All the BLX
series samples are RDX-based composite propellants with RDX weight per-
centage ranging from 66% to 75%. The major ingredients of BLX-4 binder
system are trimethylolethane trinitrate (TMETN) and glycidyl azide
polymer (GAPi. The Sinder system of th-9 is also the cm\binétion of
. GAP and enércjetic plasticizer. In thiS formulatidn, TETN has ibeen re-
placed by butane triol trinitrate (BﬁN).. GAP ié the only major
ingredient of BLX-8 with about 5% of poly functional isocyanate (N-100).
BLX-6 has an acrylic .binder system including 2-ethylbexy1acrylaté (EHA),
N-vinyl-2-pyrolidane (VP), and dioctylmaleate (DOM). &)S-A has a car-
- boxyl terminated polybutadiene (CTPB) binder system. ‘ |

. The thermal ptgpe:ties and physical dafa of RDX and other
ingrediénts used in various binder systems are given in. Table 3a. The

molecular structures of major ingredients are given in Table 3b.

3.3 Physicochemical Considerations for Pyrolysis and

Ignition of Nitramine Propellants

3.3.1 pescription of Physical and Chemical Processes

Thermophysicochemical processes involved in the ignition and' com-
bustior‘n‘ of nitramine composité propellant are described below. Figure-
20 shcws a Qeneral diagram composed from various studies of nitramine
propellant deccmpositior;, ignit‘ion, and combustion. It is evident that

the ignition and combustion of nitramine composite propellants involve

o m et e i e e o et it S e o i - - - e o e 4 St




Fig. 20 PHYSICAL AND CHEMICAL PROCESSES ;N THE IGNITION
AND COMBUSTION OF NITRAMINE CCMPOSITE PROPELLANTS
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- many intricate physical and chemicél processes., When heated by ambiént
::f- ' gases, the solid-phalse nitramine crystal and binder undergo inert{ heat-
™ ing in the ‘subsurface region. Near the surface of nitramine crystal,
;, phase transition may occur, Decomposed - radicals could be trapped
. between molecules or within moleécules. 'This produces the so-called
-.3 ' “Cage Effect" proposed by Fifer“. Trapped racicals can recambine due
-5 | to their close proximity and low ubbility“. This recombination process
™ is generally believed to be the reason for higher activation energy in
S solid-phase decanpoéition than those of liquid and gas pl‘xases:"4 . It was
_‘ reported by Bzill3‘5 that the phase transition ha; activation energy sim-
; ' ilar to that of solid-phase decoﬁxposition.l .He postulated that the rate
cont':rolling step of solid-phase thermal decamposition is due to the dis-
! | ruption of intermolecular forces. | .
E::: At the interface between the gas phase and ‘cbndensed phasé, a foam
= or liquid melt layer could be formed above the solid phase crystal and
‘F binder. 'l‘he foam layer may contain various sizes of bubbles. The melt
.. layer of the nitramine filler co(z.ld be formed at a temperature lower
: " o than the melting point of pure nitramine. V'mis phenomenon is considered
o) as liguefaction by éoggSZI. Béggs stressed that liguefaction is nof a
& true melting process. Melt of nitramine filler andv binder could be mixed
';:‘ .to form an energetic melt._layer. Vapo.ization of liquid melt can occur ,
on the surface of the melt layer. In the meantime, thermal decmllposi.-
E tion of the nitramine filler in the liquid phaﬁe can yield decamposed
- radicals and fragmented nitramine molecules in the iﬁibtial decomposition
t step. Further'deccmposition of the gaseous species formed at the initial
¥ |

N
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step and vapor-phase decomposition will yield slightly cxidizer-rich
gases. Same of the gaseous species from the oxidizer-rich gases could’
attack the surﬁace of the meit layer. Chemical species of the oxidizer-
rich gases will react with each other exothermically to 'fdr:n the first
stage reaction zone.. Before reacting in the final flame, the gaseous
products from the first stage reaction zone may pass a pteparati&n‘zone
where reaction kinetirs are retarded, The gaseous species from the pre-
paration zone and the decomposed fuel gases will react eventually to
form the final luminous flame.

Radiative heat could be transferred from the luminous final flame
to the first reaction zone and the foam or melt layer. Simultaneously,
the conductive heat feedback to the condensed-phase surface will occur
near the first reaction zone. The mechanisms depicted in Fig. 20 are
based upon observations and physical understanding of ignition md con-

bustion processes.

3.3.2 Thermal Decomposition of Nitramines -

Since it has been considered that the overall chemical processes in
deflagration of nitramine composite propellants are dominated by thermal

decomposition of pure nitramine, éxtensive studies havé been conducted

on the subject. Schroeder 17-22 22

36

' Boggsw, Fifer“®, Dubovitskii and Kor-

sunskii~", and McCarty37 reviewed the literature on the kinetics and
reaction mechanisms of the thermal decomposition of nitramines, espe-

cially RDX and HMX. Despite the extensive studies on the thermal
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decamposition of RDX and HMX, the detailed mechanisms are generélly unk-
nown. Even the initial step(s). of the reactions is controversial.

Various mechanisms proposed have been critically reviewed by
17-20

Schroeder An excellent arrangement of the probable mechanisms has
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been prepared by Shaw and Walkez38. The main question concerning - the

primary step (or stép's) of thgrmal decamposition of mﬁx and HMX is
whether it is N-N bond fission or t—N bond cleavage. Fission of N-NO,,
bond has been generally considered as an initiall step of the decorposi-
tion mechanism of RDX and HMX.. Crowing evidence is shown for C-N bond
cleavage, mostly by mass spectroscopic”"o and labelling studies accom-
panying rapid pyrolysisu. The initial decomposition schemes are: ()
elimination of GHNNO,, (2) N-NO, fission, (3) homolytic C-N.clgavage,
(4) HONO elimination, (5) concerted depolymerization to 4 CH,MN0,, and
(6) transfer of an oxygen atom from an -NO2 group to a 1’n=.~ighbox::‘u’ng'-C‘.H2

group.

. A mechanism proposed by Karpowicz, Gelfand and 8211135 is auite ‘

different from those of covalent bond cleavage. Based on observation of

their phase transition experiments, it wes proposed that disruption of

intermolecular electro-static forces, . rather than covalent bond cleav- -

ége, is what controls the rate of thermal decanp.isition‘ of WX. Bs
mentioned above, Fifer also postulated the "Cage Effect”- an induced
recombination of radicals generated in the initial dissociation step. He
suggested that cage escape (the escape of decomposed gaseous species

from condensed region) might be rate controlling for the




XX
A

O |

. condensed-phase decomposition. In géheral, woth Pifer and Brill consider

intermolecular actions to be daminant factors in condensed-phase decam-

position.

3.3.3 Kinetic Model

The kinetic model presented in this study is somewhat similar to
that proposed for AP-based composite propellant ignition model developed

by Kuo and cowox:kers31

. Detailed description of the mathematical vmodel
can be found in Ref., 3l. The rcaction mechanisms used in the present
model can be extended to include various initial decomposition mechanism
discussed previously. The initial step can be mz fission, C-N bond-
cleavage, HONO elimination, or other mechanisms.

The presént investigation considers the following five representa-

tive chemical reactions: 1) vaporization of nitramine filler followed by

ther=z® decamposition to form oxidizer-rich gases, 2) initial thermal
decaupqsition of liquid phase nitramine to form decomposed radicals
(DR") and fragmented RDX(RDX'), 3) further decomposition of RDX® to form

intermediate oxidizer-rich gases which then react in the first-stage

reaction to form Ox @’ 4) binder pyrolysis to form fuel-ricn gases, and
5) reaction of Ox and F

(g)' to form final produéts in the luminous '

(9)
flame: '
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Depending upon the options considered for radical initiati_on, DR’

2! G'lZNNOZ '

Some of the kinetic data required as input for the thermal decomposition

could represent NO HONO® or any other reactive species.

of nitramine filler are available from various decanposit'ion experi-

ments. Other kimetic constants such as k's required for the above
reaction model must be based upon the kinetic data of similar reactions.
Part of these required kinetic data are émmarized in Ref. 2. In view
of the fact that not all required chemical kinetic corstants are known,
no mimerical results are presented in this paper. Experimental results

and observations are discussed in the following section.

3.4 Results ind; Discussion

Series of test firings were conducted to determine the onset of
light emission and sustained burning of propellant samples under various

pressurization rates. The peak pressures achieved in the. test firings

are in the range of 10.34 to 27.58 MPa (1580 to 4008 psi). The general

' shape of the pressure trace near . the propellant sample location can be

divided into three regions: 1) an uprising pressurization region; 2) a
region of .maximun pressure achieved;‘ and 3) a Fleptessurization region,
In order to measure the time required for ‘dﬁset of light emission, t .
from the propellant sample, the initial zero time in the present study
is definéd as the first discernible ﬁessure rise at the entrance of the

flow channel.
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The sequence of events that occur during the test can be described
as follows. Hot combustion product gases from the igniter system flow

into the main test chamber and préssurize it. The pressure gradient

_causes a part of i;ases to pénetrate into the narrow channel formed'

between the transite base plate and the plexiglass window. As pressuri-
zation of the channel begins, temperature in the channel increases and
the gases flow toward the channel tip at high velocities. Hot gases and
the front of pressure wave propagate along the vc_:hannel, reach the tip,
and reflect from the closed end. The ignition product gases in the
reflected region could react further to teleasel heat in the local
region. A part of the heat released could be fed back to the solid pro-

pellant sample. As the process continues, additional hot gasés are

"~ driven into the channel due to the continued rise of chamber presture.

Following a period of inert heating, the mechanisms described above for
ignition and cmbustxon will occur. Finally, high rates of gas-phase
chemical reactions result in onset of light emission.

For the test report;ed in this paper, pressure measurements were
made at two locations along the channel; one at ‘the entrance of channel
and ‘the other near the sample location (see Fig. 18a). The onset of
emission of luminous light near the prépellant surface is determined by
first locating the event on the film, and then by camparing it with the
photodiode and near-infrared sensor szgnals.

A typical set of time-correlated data is shown in Fig. 21. This
figure includes a trigger pulse (common time signal), two néat-infraréd

sensor signals (NI1 and NI2), a photodiode sigﬁal (PD), a P-t trace near
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Fig. 21 Typical Set of Time Correlated Data of Nitramine
Propellants Ignition Test Firing ..
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the channel tip (G2), and a P-t trace at the channel entrance (Gl). The
trigger pulse is generated by a light-emitting diode (LED) driver wnit,
and is used to correlate time between data obtai@ from high-speed
movic films and those recorded on transient wave form recorder. A dual
time base is used in this test to capture the complete ignition event
while giving high time resolution in the most interested time period.
By this arrangement, the initial pqrtions“of the recorded signals are
expanded to illustrate the time variati/on of pressurizat.ion, light emis-

sion, and sample surface temperatures. The time delay between the first

discernible pressure rise at the tip and that of the entrance is caused

by the finite time required for the pressure front to propagate from the
entrance to the txp during initial pzessunzatlon. Except for a short
penod n:medxately following the arrival of the pressure wave front at
the. t1p, the average pressunzatmn rate is generally lower near the
tip, resulting from frictional losses in the channel as hot gases travel

to the closed end.

As shown in Fig. 21, both near-infrared sensors and‘photodiode give

a rapid rise signal slightly after the pressure rise at the tip. These
signals are compared with the information obtained from the film before
determining the time for onset of light emission from the propellant

surface. Although the 6onsistency between | these three independent

measuriné devices is \'rery helpful in interpreting the data and in reduc-

ing unnecessary errors, it is not always possible to obtain totally
consistent information. For example, the near-infrared sensor NI1 of

this test yielded very inconsistent information on tEe This' is prob-
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ably due to the undersized e‘ffect of the BLX-4 px"opellant. samplé. As
can be seen from Fig. 18b, if the sample size is slightly smaller than
the cyiindrical cavity designed for the sample, the hot gaseé from the
ignition can easily trigger the near-infrared sensor due to .mechanical
displacement of the sample surface by gas compression. The rapid decay
. of NIl signal after the peaks could be by the deposit of soot particles
on the end surface of the fiber optics rod. After analyzing the motion
picture films, the onsets of light emission from two prvopellant samples
are designated on the near-infrared and photodiode signals as black dots
shown in Fig. 21, In this particular case, the NOS-A propellant begins
to emit light slightly sooner than the BLX-4 propéllant. The pzopéllant
samples in this particular firing were partially burned.

Figure 22 shows a comparison of the measured times for the onset of

66

light emission of different propellant samples under various pressuriza-

tion rates. These five different propellants have different kinds of
binders as discussed previously. The figure, clearly demonstrates the
general trend that the time required for the onset of light emission
decreased as pressurization rate increasés for all type of propellants
except BLX-6. The datz:x of BLX-6 propellant are scattéred and more
experiments are needed fo¥ this peopellant to identify i:i'xe trend of
dependerlmce of t o on 3P/3t. The figure also shows tﬁat the ease of
. obtaining first light emission increases in the following orde;f: NOS-A,
Bi.X-4,BLx-9 BLX-8. However, this order does not provide information

about the ease of ignitability of the propellant samples. From the reco-

vered partially burned samples, it appéars that sample NOS-A is the most
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TIME FOR ONSET OF LIGHT EMISSION, 1, ms

_ PRESSURIZATION RATE, 9P/#9t, GPak

Fig. 22 Time for Omset of nght BEmission as a Function of
Pressurization Rate
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~ vulnerable propellant amoy alvl the samples tested, whereas BLX-6 is the
least vulnerable.

~ In aimost 211 of the test firings conducted on BLX-6, this sample
was practically uburied or only sli_ghtly burned. Sample BLX-6 is a
plastic bonded explosive and does not contain lenerge”tic plasticizer; it
is‘ expected that thic sampls has poor burning proper:ies. BLX-4 and BLX-
9 both contzin RDX as oxidizer and GAP bi'nder, but have different ener-
getic binders. BLX-4 contains TMETN as binder whereas BLX-9 has BTIN.
Both of these enerjetin binders have very similar physical properties.
Experimencs show that BLX-4 and BLX-9 do hé?e similar ignitabilifies ‘in
terms of sustained burning. When comparing BLX-8 with BLX-4 and BLX-9,
results show that BIX-8 has a lower degree of ignitabilitj. This is rea-
sonable since BLX-8 is a pure GAP propellant wi“thout energetic bindér,
as opposed to BLX-4 and BLX-9 which have energetic binders. As mentioned
above, the time for onset of 'light emission from propellant-: surface does
not :ealiy provide information concerning the vulherabi}ity of the pro-
pellant. It implies that propellant samples with shoiter t’LE do not
necessarily show higher mass consumption. This indicates that propellant
vulnerability should be evaluated by both YE and the amount of mass
consumed. '

The _d'ecreése in tE with increasing pressurization is. believed io
be caused by enhanced heat feed back to the propellant surface at hig!"ae::
pressurization rates. This augmentation in heat feedback to the propel-
lant at higber pressurization is 'a result of a combination of the

following mechanisms: heating due to compression-wave rcflection at the

. i+ .
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closed end; heat transfer due to recirculating hot gas near the tip,

b behind the reflected compression wave; and increase in temperature of
- SR | , |
the gas adjacent to the propellant surface due to continued pressuriza-
e tion of the channel cavity.

' A scanning electron microscope (SEM) wés used to investigate the .
surface structure of the test sampl.e's‘ both befotel and after the ignition
tests. Figures 23‘ ax;-d 24 show the surface structtlxres of the test sénbles
(BLX-6 and BLX-4) before and after the ignition tests. The pretest
photograph of the surface structure of BLX-6 sample' indicates that the

filler particles on the surface were covered with binder materials. This '

(a) Before Test _ {b) After Test

Fig. 23 Microgragh of Saniple Surtace Structure (BLX-6)

ELE T B S PR R

Aa) Eefore Test o {b) After Test

"Fig. 24 Micrograph of Sample Surface Structure (BLX-4)
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© covering could pussibly delay the ignition processes and may explain the

'.l: low ignitibility of BLX-6 samples. On the contrary, the pretest sample
& |

’ of BLX-4 propellant showed no such coverage, and hence it can be ignited
G more easily.

;

3.5 Conclusions on Ignition Studies of Nitramine-based

Composite Propeliants under Rapid Pressurization

~ Some important observations and conclusions can be sunnarized as

follows: 1) cbserved ignition phenamena of various types of . RDX-based

coqbsite propellants and found the time for onset of light emission
. (tLE) decreases as pressuzization rate (3P/3t) increases; 2) tu_: depends
:f) strongly on propellant ingredients and their mass fractions; 3) propel-
3 _’ lant samples with shorter tE do not necessarily shovw higher mass
. consumption, indicating that propellant vulnerability should be evalu-
) ated by both tE and the fraction of mass cdnsmaed; 4) a unified kinetic
: mechanism has been proposed for nitramine pfopellant ignition; and 5) in
‘ Y order to test the validity of the proposed model, more kinetic data are
- needed. ‘ |
g
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IVv. IGNITION OF NITRAMINE-BASED COMPOSITE PROPELLANTS BY CO. LASER

4.1 Background and Motivation

Radiative ignition techniques have been used widely for research

and testing of ignition properties of newly  formulated propellants.

-Before the development of chz lasers, the arc imaye furnace was the most

popular tadiativé ignition device. However, many protlems were assbci-
ated with the use of .an arc image furnace, including relatively low
energy fluxes for simullatiﬁg conditions in actual zbcket motors and gun
propulsion systems, ncnuniform heating thch caused local subsurface hot

spots, inefficient heating vhich generated thicker thermal waves at pro-

_pellant surface due to in-depth absorption, anl the possibility of

introduction of photochemical reactions. As a result of low energy

fluxes, the sample must be placed so clos? to the focal point which is

located at a short focai distance from the parabolic mirror that com-

plicated geaﬁetric effects in the radiative igrition study are
introduced. | '

In the last decade, laser technology has developed to the extent
that the’ laser is now an attractive alternative device to the arc image
furnace. Use of a high-powered Cu, laser, in particular, has dealt witn
many of the problems associated with the arc image furnace. ' For exam-

ple, the high intensity of a co2 laser permits propellant test samples

to be irradiated effectively with a parallel beam, and helps to avuid

- the various geometric corplexities that accompany use of the very small

F~number systéms needed to obtain adequate fluxes from an electric arc,
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The monochromatic charact;eristics of a laser beam also alleviate Ithe
canpléxi_ties involved with many absorption coefficients which vary with
wavelenath, . Because low quantm\‘ energy of a co2 laser is about one
order of magnitude less than the energy of chemical bonding in samples,
photochemical effects are largely excluded. |

A 002 laser is especially usefui as an energy source in heating
samples to produce pyrolyzed gases. These gases are then analyzea to
determine pyrolysm mechamsms, which are very nnportant in understand-
ing the mechanisms and in mdelmg solid ptopellant ignition and

cambustion. The use of a Co2 laser in studymg ignition is not totally

ideal due to several minor drawbacks. These include (1) in-depth

absorptidn and scattering of radiative enezgy fluxes, (2) interaction of

the laser beam with pyrolyzed gaseous products, and (3) spatial nonuni-
formity of the radiative energy flux. These difficulties do not
necessary destroﬁr the usefulness of the technique; for example, the spa-
tial nonuniformity can be eliminated by using laser beam devices, such
as a kaleidoscope. Purtbermote, due to the 'long wavelength of a 002
laser, most of the 002, laser energy is absorbed in the region near the
suzface of the sample.

Ohlemlller and Sumerfield®? used a ®, laser to study radiative
ignition behavior of a heterogeneous system (with special reference to
solid propel‘lants), and to glarify w:ﬁin aspects of the effect of

radiation on thel observed behavior. Polystyrene and an epoxy polymer in

~ oxygen/nitrogen mixture were studied. Ignition delay time was measured

as a function of radiant flux, pressure, oxygen percentage, and absorp-
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tion coefficient of the fuel. They found that the radiative ignition of
a pure fuel in an oxydizing gas is much slower than jgnition by an
identical heat flux applied by a hot gas source. Two main reasons for
the retardatxon were summarized: (a) the radiative transparency of the
fuel results in slower surface heatmg, and (b) the cool gas envirorment
in the usual radiation igmtxon test rig suppresses the incipient igni-
tion. ‘

saito et al.** studied the ignition of oon\p;:site propellants by
means of a 0, laser under ‘subatmospheric pressure. They devised a
means to intermingle the coherent rays emitted from a laser tube with

two osciliating polished flat reflectors. They found that the ignition :
site of a laminated ptopellan£ cposed of an AP crystal and a CTPB slab

was located near the interface between AP crystal and CTPB binder, and
on the AP surface when a far-infrared beam of Q0, laser was irradiated

at low heat flux (<7 cal/cm®sec) and low pressure (<109 torrs). They

‘also reported that a belium environment p:m)ided remarkably longer igni-

tion time compared with an enviromment of Ar and Nz gases. Harayama et
. 5 used a composite propellant as a sample which is embedded with

fine-wire thémocoxples. On the plot of pressure versus incident heat

flux, they divided the ignition map of the composite propellant into
four zones: (1) the self-sustaining ignition zone at high pressures and
heat fluxes, in which stable combustion is followed spontane'omly;v (2)
the mon self-#ustaining ignitibn zone at lower pressure ranges, in whfch

the sample extmgmshes after the laser beam is cut off; (3) the pulsat-

~ing ignition zone at lower incident heat fluxes, in which the propellant
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burns in an oscillatory manner with repeated ignition and extinction

processes induced by the delay of the decomposition and surface pyrolys-

is; and (4) mo 1gmt10n zone at either extremely low pressure or low,

heat fluxes. They enphasued the non self-sustained mode of ignition of
AP/CTPB camposite propellants, and defined the boundary of this zone as
a function of pressure and radiant heat flux. In terms of exposure time
versus incident heat flux plot, the boundary between non self-sustaining
ignition zone and no ignition zone is demarcated by the minimum exposure
time which decreases with the increase in incident heat flux. The boun-
dary line between self-sustaining and non self-sustaining zones is
almost ve:tilcal at a critical heat flux (boundary irradiative intensity)
below which self-sustained ignition is obss.;rved. They concluded that
the non self-sustaining ignition mde exists at the low pressure and
high irradiative inténsity region. On genezaiing the incipient flame,
the sub-sﬁrface temperature profile for the non self-susfainiﬁg ignition
becomes steeper than tihat for the self—sustammg mode. For almumzed
propellants, the ignition delay time is longer, and the bomdary irra-
diative intensity between the self- and non self-sustaining ignition
modes is higher than &at for non-aluminized propellants. The ignition
modes were controlled mainly by the temperature profile at the instant
of the incipient flame appearance.

Cook46

applied CO, laser for ignition studies. He used a laser
xgmtmn setup to test the relatxve 1gn1tab111ty of various grains and
to monitor formulation vanables of LOVA ptopellants. The evaluation of

ignitability was based on ignition delay, heat flux, and total ignition
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energy. Several environmental parameters, such as pressure, temperat-

ure, and gas ccmposnxon, were varied. Several sample sizes and sample

onentatl.ons were also considered. The optical propecties of sanples

were determined by a specxally deszgned optical property analyze: using

an mtegratmg cone concept.

47

Kashiwagi studied radiative ignition of polymethylmethacrylate

(PMMA) and red oak using a 0, laser with incident flux up to 20 W/cm®.

Strong attenuation of the incident laser radiation by the gaseous plume
evolved from the honzontal sample surface wa3 observed. It is postul—.
ated that, under autoignition, PMMA ignites through the absorption of

incident radiation by the decamposition products in the gas phase. In a

subsequent work, ltashimagi‘8 studied the effect of sample orientation on

auto ignition delay time. He concluded that ignition delay times were
shorter with the horizontal sample than with the vertical sample at the

' same external radiant heat flux, since the decamposed gaseous products

.above the brizmtal'sanple absorb more radiant energy to achieve igni-

tion.

49

ltashxuagx used a high-powered CW CO lase: (max heat flux = 5000

2
H/cm ) to cbtain a fundamental understanding of the ignition mechanism
of a liquid fuel (n-decane)'.' The events fram the preheating 'period

through ignition were Irecox:ded by high-speed photography. Kashiwagi

stdied the effect of the container size and determined the appropriate

size to avoid wall effects. He also studied the effect of incident
angle (between' the beam axis and the liquid surface) on ignition, and
fourd that upon reduction of the incident angle the ignition delay time
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' becomes longer and the minimum incident flux for ignition increases sig-

nificantly. He proposed that the autoignition mechanism of the liquid

fuel by a CO, laser is the absorption of the incident laser beam energy

2
by the plume of fuel vapor.

>0 ‘successively -used the coz laser

 Kashiwagi and his co-workers
adjusted at a relatively low enei:gy heat fiux (about 1000 W/cnz) to
study the ignition mechanism of liquid fuels under radiative heating.
Three parameters ,(laser flux, incident laser angle with respect to the

liquid surface, and absorption coefficient of the lijuid) were varied.

The phenomena in the vicinity of the liquia fuels were observed by both

high-speed schlieren and direct motography.‘ In time sequence, the pic-
tures revealed the formation of a radial wave on the liquid surface, a
central surface dJdepression, bubble nucleation, growth, .and .bursting,
followed by complex surface motion, further bubbling, and ignition of
fuel vapor. An order of magnitude analysis was developed to interpret
the phenomena. Based upon their studies, it is concluded that the dif-

ferences in absorption coefficient between the different l‘iquid fuels

and their vapors have a major effect on ignition delay time.

Mutoh et a1.3!

PMA by examining the ignition delay and the 'tenperature and fuel con-
centration distributions in the gas phase during ignition. A ooz laser
was used as the  energy source. A .Mach-Zehnder interferameter was

employed to determine the temperature and fuel concentration distribu-

.tions. They found discontinuity in the ignition delay time at a certain

critical radiant flux. For a radiant flux beyond the critical value,

explored the behavior of the radiative ignition of
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ignition occurs at the plume axis away from lt:he sample surface; however,
for a radiant flux below the critical value, ignition occurs near the
saméle sﬁrface close to the plume boundary. ’me ignition mechanism
changes from gas-phase to heterogeneous reaction as the incident radiant
energy flux is rediced from a level above the critical value to a lower
level than critical. ,

Beckel and mtthewssz used a mz laser as an ignition source to
investigate the effects of ignition .squtée intensity, oxidizer flow
xa&, and oxidizer cmpositi;m on the ignition of PMMA. They used a He-
Ne laset/phot'od‘etecto.:. servamechanism feedbaci( system to ‘hold the sa;xf-
ace of the sample at a specified position. An opposed flow diffusion
flage system supplied oxidizer gas flow petpendicular‘bo,the sample
surface. 'In this arrangement, a stationary diffuaion, flamé is esta-
blished at a certain standoff poéition from the fuel sample. They found
that the polymer surface temperature at ignition is independent of
source intensity, oxidizer composition, and ox'idi'zet flow rate. They
also found that the ignition delay time is independent of oxidizer velo-
city over the range of velocities as lod; as a flat flame can be
established in the test rig. The gas-phase awsox'ptxon of radiation,
however, could affect .the' ignition ‘ptocess signifiqantly even for rela-
tively small cptical depths and at low-energy sourcé intensities, |
| _ Using a cozilaset, Isom et al.»16 determined the camposition of the
pyrolysis products as a function of distance from the surface of a cros-
slinked double-base (XLDB) propellant, HMX, or an - energetic binder

containing nitroglycerin. They emphasized precambustion reactions,

‘\v‘ - . 7/ PR
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which are important in transient combustion problems. The pyrolized gas
was analyzed by molecular beam mass spectzome.flzry. Realistic pressures
ranging from at:molspheric to‘ 1.379 MPa (200 psi) were used in the pyro-
lysis experiment, They fdund that at atmospheric pzéssﬁ:e the
propellant product composition remained faitiy constant with distance
except for HCN. At 1.379 MPa (200 psi), the propellant reactive species
(HCN, NO) were consumed within a sﬁo:t distance.. At atmospheric pressu-
res, the HMX ring fragment CH,N was observed in quite significant
anount# and is consumed more :apidly than formaldehyde. | |

As can be seen from the above survey on. o0, laser induced ignition
of condensed phése materials, most previous studie's' focused on ingllre-
dients of sblid propellants rather tfén on real solid pzoéellants. " The

energy fluxes of most 0)2 lasers are relatively low in comparison with

those in actual rocket motors or gun chambers. The pressure range
covered by the previous sltztxiies is limited to the low pressure regime

{<1.379 MPa (200 psi)]. Even though these pioneering studies have con-

‘ tributed to the understanding of radiative ignition of condensed-phase

materials, a large gap still exists in the thorough understanding of
sol id ptopelfant ignition behavior under laser heating. In the past,

the O laser has been used as a laboratory device for simulating con-

2
vective or conductive ignition of materials used in propulsion systems.
However, the actual application of the (!)2 laser as a practical ignition
device could be realized in the foreseeable future. The interaction of
laser beams with pyroiyzed gaseous plume would be realistic in the laser

ignition process. In view of the availability of a high—powel:ed.(x')2
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' laser and the potential application for solid propellant ignition, laser
induced pyi:olysis and ignition studies of nitramine-based composite pro-

pellants have been initiated and conducted.

4.2 Method of Approach

4.2.1 Test Apparatus

A new 00, Leser Laboratory has been estzblished to study the

interaction of a high-powered oo, laser beam with various materials.

79

Figure 25 shows the schematic diagram of the experimental setup, which

includes a QO llaser, a beam delivery system, a test chamber, a t_low

2
visualization system, and a data acquisition system.
Figures 26a and 26b show the side and the front view of the Coher-

ent Super 48 OO, laser system.  This laser can be operated at a maximum

2
power of 888 W in the continuous wave mode, and a maximum power of 3500

W in the pulsed mode. The beam deiive:y system includes a beam combiner
for He-Ne and (1)2 1ase:§, a set of wate;r-cooled mirrors, and a Kaleido;-
scope ﬁi& is specially deéigned to wmiformize the laser beam. The coz
laser beam is totally confained in the bean déi‘ivery system all the way
to the test chamber. Two different test chambers, one for high-pressure
ignition and the other for low pressure ignition, have been designed and
fabrica'ed. Figure 27 shows the exploded view of the high pressure win-
dowed test chamber together with the Kaleidoscope attachgd to the frame

close to the ceiling of the test ‘_cell.
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Fig. 26b Side View of 0

2 Laser System
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A He-Ne laser is used for the laser schlieren photography to assist

‘;:I with flow visualization of. the ignition events. A high-speed pﬁotogra-
- phic system is used in ,conjgnction wif:h the schlieren system. For high
" pressure tests, the dei-;ailed ignition events can be observed érxd rec’ord-

ed by a separate high-speed movie camera equipped with a borescope which
-: can providé close-up views. A Varian 3700 dual-column gas chromatograph
I with a Varian 427¢ programmable integrator has been set up for analyzing
N the gaseous Species pyrolyzed from the éurface 6f test propellant sam-
E | ples. ’

Figure 28 shows the ass'et.nbly drawing of~‘the low-pressure 'ignition
~ test chamber, thch was designed arﬁ fabricated to ease the difficulties
in flow visualization and gas sampling. The diménsions of the low-
| pressure chamber are 25.4 am wide, 25.4 om deep, and 36.48 cm high. The
size of the chamber was based o;'x various factors, such as the effects of

possible disturbance by the motion of the surrdunding gas, visual

' . . clearance for photography, flexibility for the installation of various
probes, and handling of the samples. The f§Ur side walls of the square
;.’ chamber are made of plexiglass to provide clear visual access to the
- sample during ignition. The top and bottom stainless steel plates are
‘ clamped together with eight steel rods. The bottom plexiglass plate is
:.' cemented to the assembly of the four side walls to eliminate sealing
a problems. A Zefée main window located at the top center of the chamber
’ | was chosen for its high transmissivity and high thermal conductivity. In
. order to protect the Ze-Se window from contamination by gaseous products
f.: generated from the pyrolyzed sainples, a saciificial window made of tran-
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sparent KCl material, and its 'holder, are installed below the main
windovld. The KCl window was selected as the saérificial window because
it is felatively cheap and has good optical properties for CO2 laser
beam transmisson. The sample holder is a long stainleé‘s steel cylindri;
cal rod, which caﬁ be changed readily depending upon the size of the
sample. and the optical arrangement of the beam delivery system.

Figure 29 shows the schematic diagram of the gas control system for

- the laser ignition study. Various' inert gases, 'including He, Nz, and Ar

gases, can be used as the envirommental gas. Since nitrogen gas may he

generated in the ignition processes, He or Ar gas is more appropriate
for the ignition study of nitramine-based propellants. The gas control
system is designed for both high-pressure and low-pressure test cham-
bers. Figure 30 shows a picture of the control panel of the gas control

system.

Figure 31 shows the data acqusition system which includes a mini

- computer system, an oscilloscbpe,'a transient waveform recorder, and a

set of charge amplifiers. 'Ihe mini computer, Modular INstrument Compu~
ter (MINC), has been incoporated to cont'r'ol the sequeqées of events, to
ntonit;or the data generated, and to store and analyze the signals from
various measurements. The MINC system includes’ a main chassis, two
disketté drives, four lab modules, 'a monitor, a keyboard, and a printer

with built-in graphic capability.
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AThe transient waveform recorder, Biomation model 1915, is used to
vecord transient data. The sampling rates. range from @.01 to 100,000 Hz.
‘ The memory size of the recorder is 4695 wofds, with 10 bits per word. an
oscilloscope, Tektronix 535, is used to record two additiona‘l transient
analog data. The sweep rate of the oscillo‘scbpe varies from 5 sec/am to
1 usec/an. The pressuré signals from transducers are amplified by a set
of Dynamics charge amplifiers, model 678¢. The gain iange of the ampli-
fier is @.5 to 2500 mv/pCb, with accuracy of +1%. .

4,2.2 Safety Aspects

The laser beam is totally enclosed in the beam delivery system to
‘reduce any possible hazards caused by emission of the laser beam. &n
interlocking system is in the doors of the test, cell to minimize the
possibility of undesirable exposure to the laser beam. The cooling water
lines for each mirror, lens, and kaleiduscope are equipped with rotating
indicators so that heat genera{:ed by coz laser beam is removed from op’.-
ical components. A safety protection system has a}so,been designed,
constructed, and installed behind the fifsf llaser mirror to detect any
failure caﬁsed by overheating of the mirror system by CO2 laser beam.
Warning lights have been instalied to indicate the operation of the
laser system. Protective goggles tnat absorb réar infrared radiation are

worn by all test participants when the laser is in operation.
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The 002 laser ignition work is continuing at a rapid pace. It is

anticipated that useful data and observations will be obtained from this

study in the near future.
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